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Global Existence for the Relativistic Vlasov—Maxwell
System with Nearly Neutral Initial Data

R. T. Glassey! and J. W. Schaeffer?

! Indiana University, Bloomington, Indiana 47405, USA
2 Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

Abstract. Global classical solutions to the initial value problem for the
relativistic Vlasov—Maxwell equations are obtained in three space dimensions.
The initial distribution of the various species may be large, provided that the
total positive charge nearly cancels the total negative charge.

Introduction

Consider a plasma which consists of a large number of charged particles. We
assume there are N distinct species of charge and that particles of the o™ species
have charge e, and rest mass m,. Their distribution in phase space at time ¢ is
f.(t, x,v), where xeR?® represents position and veR® momentum. Thus the charge
and current densities are

ot %) = 4nj<ze f>dv

and

jlt,x)= 4nj<2e fv>
where
b, =(m2+c v~ 1%

gives the velocity of a particle with momentum v and rest mass m, (c is the speed
of light). The state of the plasma at time ¢ is given by f,(¢,-,") fora=1,..., N and
E(t,-), B(t,"), where E and B are the electric and magnetic fields. If electromagnetic
effects dominate collisional effects, we may model the time evolution of the plasma
with the system:

Ofu+ 0, Vifut e (E+c 0, ,B)V, [, =0
(RVM)S 8, E=cV B—j, V-E=p
0B=—cV,E, V'B=0

! Research supported in part by NSF DMS 85-20662
2 Research supported in part by NSF DMS 86-02952
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with the initial data

120,%,0) = f3(x,0)
E(0,x) = E°(x)
B(0,x) = B%(x).

The goal here is to find conditions on the initial data which ensure the existence
of a smooth solution of (RVM) for all time, thus ruling out shock waves and other
singularities. Two results in this direction are due to Glassey and Strauss: In [4]
it is shown that solutions may be continued as long as the v-support of each f,

remains finite on every finite time interval. In [5] global existence and decay in
time are shown for a class of “small” data. The result of [5] requires that

112 lowey + 1V £ 2 llo@s,

(we’ll denote this by || f2]..) be small for each o, hence the total positive (and
negative) charge must be small. Here we generalize this result by requiring a
smallness condition which allows the total positive charge to be large provided
the negative charge nearly cancels it. Thus the result of this paper applies to more
realistic physical cases than that of [5]. Unfortunately the method of [5] does not
suffice for this result and a substantial new element is required.

More is known about the Poisson—Vlasov system (than (RVM)) in which
magnetic effects are ignored. The interested reader is referred to the survey [2]
and also to [1,3 and 6].

The Main Result

In order to correctly state the appropriate neutrality condition we reindex the
problem in the following way: Define

9u(t, X, u) = fo(t, X, m,u)
and
ga(x,u) = f3(x, mu).
We define
d=014c ?ul>)" Yy
for any ueR?. By making the change of variables v = m,u we see that
[ f2(x, v)dv = m [ g3 (x, u)du.
Similarly
p(t,x) = 4n§<2eamgga(t, x,u))du
and ’

jt,x)= 47rj<zeam2ga(t, X, u))ﬁdu.

Thus we will require ) e,m?g, to be small.
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For k, M, and ¢ positive define
Dk, M,e)={(g3,...,g% E° B°):
gieC3(R%); E°, B°eCy(R®); g720; glx,0)=0
if |x|=k or |v|=k E°xX)=B%x)=0 if [x|=k;
V'B°=0 and V-E°= 4n§<2eam3g2>du;

Ylgele<M;

3.0
Zeama 9a
a

Theorem. For any k and M positive there exists ¢=¢(k,M)>0 such that if
(4°,...,9%, E°, BOe%(k, M, e(k, M)), then (RVM) with initial data (f9,..., f%, E°, B%)
has a unique continuously differentiable solution for all t = 0. Here f9 is given by

+ 1 E®|l2 + 1| B®|» < &}

falx,0) =g5(x,m; o).
Moreover, for |x| <t +k,
|E(t, )| + |B(t, )| S C(1 + k+t +|x])73* (1 + k+¢t—|x])73*

and
IVE(t,x)| + |V, B, )| SCA+k+t+|x)"3*A +k+t—|x|)~ 74

An Outline of the Proof
Consider data in Z(k, M, ¢). Define

U |x) <kt
%”‘)"{o ifox|2 k4t

It follows from the continuation result of [4] that a unique continuously
differentiable solution exists on some time interval. For 5 > ¢ the estimate

E|+|B|sn(l+k+t+|x]) 3*A+k+1t—x|)" 32 (t,x)
IVLE{+ |V, Bl <yl +k+t+|x])"¥* A+ k+t—{x)) 74 (t,x)

will hold for some time interval. The idea is that the (FSC) ensures that the motion
which occurs is essentially “free streaming”; that is, uninfluenced by E and B. The
proof consists mainly of a sequence of estimates which show that if ¢ is sufficiently
small, then the (FSC) (with an appropriate choice of #) holds on [0, c0). The first
set of estimates use the neutrality assumption, i.e.

(FSC) {

Zeam:gg . + ”EO ”cz + “ Bo ”02 <g,

to show that the (FSC) persists for a long time if ¢ is small. This is essentially
stability analysis on bounded time intervals. The second set of estimates are similar
to those in the small data result [5]. The structure of the argument is then roughly
as follows: For ¢ small the (FSC) must hold for a long time, during which the
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solution disperses. By taking ¢ smaller we force the dispersion to be more complete.
Once the dispersion is sufficiently complete, the (FSC) holds by virtue of the
dispersion only. This line of reasoning is similar to that used in [7].

Preliminaries
Define the characteristics & ,(s,t, x,v) and ¥",(s, t, x, v), induced by E and B, by
{3&,=VA,, Xt t,x,0)=x

V=B, Z,) + ¢ 'V AB(, X)) ¥V tt,x0)=0.

It follows from (RVM) that
Jolt, %, 0) = f2(Z (0,1, %,0), ¥, (0,1, x, 1)),

hence also

gt %, m; 10) =£,(t, x,0) = fAZ (0,1, x,0), ¥, (0,1, x, 1))

= G2 (Z,(0,1,x,0), m; 97,0, £, x,0)),
or equivalently
gt x, u) = gAZ (0, t, x, myu), m; 140, t, x, mu)).

Thus g, and f, remain nonnegative.

Constants which may change from line to line are denoted by C. These may
depend on k, M, e,, and m,, but not on & Similarly C(t) denotes the value of an
increasing locally bounded function from [0, ) to [0, ). Also || E(?)|~ and
| f,(0) ]l denote the C* norms of the mappings x> E(t,x) and (x,v) f,(t, x, )
respectively. Henceforth the speed of light, ¢, is taken to be 1. For brevity we will
write

K(t,x,u)=E(t,x)+ 4 A B(t, x).
where “ A” denotes the ordinary vector cross product. We will also write
|K(z, %) = [E(t, x)| + | B(t, x)|

when no confusion may arise. The Lebesgue surface measure on the unit sphere
in R3 is denoted “dw.”

Consequences of (FSC)

The following two lemmas will allow us to estimate the support of f,(t,-,-) as long
as the (FSC) holds.

Lemma 1. There exists n; > 0 such that if the (FSC) holds for 0 <t < T withn <,
then the following holds: If |x| £k, |v} <k, and 0 <t < Tthen (for each o)

[77,(t,0, x,v)) < 2k,
and

| %, (6,0, x,0) Sk +cqt
with ¢, < L.
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Proof. Assume the (FSC) holds on [0, T). Fix «, x, and v with |x| <k and |p| <k.
Define

T, =sup {te[0, T):| ¥ ,(s,0,x,v)| £ 2k for all se[0,¢]}.
Now for te[0, T})
2k

S 1
Jm2 + (2k)? b @

t
|Z,(,0,x,0)| Sk + [|7,(5,0,x,0)|ds Sk +
0

so by the (FSC)
|E@ %)+ 7 ABLEZ) S Cn(l+k+1+|Z,1) 73U+ k+t—|2,1)73*

2k -3
<Cn(l+2k+ Ct)‘3/4<1 + [1 ——~:|t>
m2 +4k?

SCn(l+10)732
Thus for te[0, T;)

t
1772(6,0,x,0)| Sk + [Cn(1 + 1) 2dr <k +2Cn. 2
0

Now if # is taken sufficiently small, (2) says that
[77,(t,0,x,v)| < 3k,
and it follows that T, = T. Now the lemma foliows by (1) and (2).

Definition.
S = [aj{(t, Z(t,0,x,0), ¥ ,(t,0,x,0))
t20, |x|<k, and [|v|<k},
so that support f, = &. Also define
SL(t,x)= g{Va(t,O,y,v):|y| <klv|<k, and Z,(0,y,0)=x}

for each t =0 and xeR3, so that

ffa(t,x,v)duz f f,z(t,x,v)dv.

F(t,x)

Lemma 2. There exists n,€(0,1,) such that if the (FSC) holds for 0 <t < T with
n = n,, then the following holds:

|Z,0,¢t,x,v) — F,0,t,x,w)| = Ct|v — w]
for te[0, T), (t,x,v) and (t,x,w)e&, and ae{l,....N}.
Proof. Assume the (FSC) holds on [0, T) with (0, %,). We may write (for te[0, T))
(8,8, %, 0y =X ,(5,0,% (0,1, x,0), ¥ (0, £, x,0))
and similarly for ¥”,. Since (t, x,v)e %, |Z,(0,t,x,v)| <k and |7,(0,¢t, x,v)| £k, so
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Lemma 1 applies. Now by Lemma 1 and the (FSC),
LE(s, Z (s, t, %, V)| + | B(s, Z' s, £, x, v))]
Sl +k+9)7 1 +k+s—[k+c;s])
< Cy(l + )7 %% = h(s) 3
and
IVLE(s, Zo(s, £, %, 0))| + |V B(s, Z s, 1, %, 0))| < Cry(L + )7 = g(s). (4)

By the same reasoning (3) and (4) hold if we replace v by w. Now the proof is the
same as that of Lemma 3 of [5], except that the decay rates in (3) and (4) are
slower than those in [5]. Even with the slower decay rates, the proof in [ 5] works,
the key point being that

fim | [sg(s) + h(s)1ds = 0.

mo 0

Lemma 3. Assume the (FSC) holds on [0,T) with ne(0,1,]. Then for all
(t,x)e[0, T) x R? the Lebesgue measure of ¥ (t,x) is less than C(1+¢)~3.

Proof. Let us denote
S,={v:|70,t,x,0)| <k and [Z,0,tx,v)| <k}
for a given (¢, x). Note that
#(t,x)=US,

If |7 ,0,¢t,x,v)| <k and | Z,(0,t,x,v)| £ k, then by Lemma 1,
v =177,(t0,%,0,t,x,v), ¥ ,0,tx,0)| < 2k.
Hence
S, < {v:fv| < 2k}.
Now suppose also that | 77,(0,t,x, w)| £ kand | Z (0, t, x, w)| £ k. Then by Lemma 2,
2k 2 |F,0,t,x,0) — Z,0,t,x,w)| = Ct|v — w|.
Hence S, is contained in a ball of radius min {2k, 2k(Ct)™'} and the lemma follows.

Comment. Lemma 3 will be used repeatedly. To illustrate how it will be used we
observe that

el s | Ylelfalt,x,v)dv<CL+1) 3

Flt,x) *

as long as the (FSC) holds.

Representation of the Fields

We begin with the representation formula for E and B from Theorem 3 of [4]. Let

w=|y—x|""y—x),
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and let & be the solution of
Ex—A6=0
&0, x) = E%(x)
£,0,x) =V A B°(x)—j(0, x).
Note that by (RVM)
[6:9s+0-Vog, + Vo (eamy ' Kgo) iz =0. &)
Now following [4] we take

T=V,—wo,
and
S=0,+4V,,
and obtain
E=E. +E;+E; (6)
where
E,=8—t70 | [+aw w- u-w)a><2eamsg2(y, u))dudsy, (7)
lx—yl=t a
Er=— | |x—y[P2f(l+aw) 21 —|aP®)(w+ )
[x—yl<t
'<Zeam29a(t—|x“YI,J’>”)>dUdy, (8)
and
Eg=— | |x—y[_1§(1+ﬁ'w)_1(w+ﬁ)<2eam2Sga> dudy.
Jx—yl<t o (t—1x—yl.y.u)
By (5)
Sga: -Vu'(eama—lKga),
so, integrating by parts we obtain
Es=— [ |x—=yI ' [V ([1+aw] '[w+ ﬁ])(Zeﬁmiga>K' dudy.
Ix—yl<t & (t—lx—yly.u)
O
In the same fashion
B=B,+ B+ Bg, (6B)

where

B.=#+:t"' | [A+daw) '(wad) <Ze m3g°(y,u )>dudSy. (7B)
x—yl=t
B = f [x —y|~ 2;(1 +4-w) 721 = a3 (w A 1)

Ix—yl<t

'<Zeam30a(f—|X“Y|,y,u)>dudy, (8B)
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and

Bs= | Ix—yIm'fv,([1 +ﬁ'W]_1[WAﬁ])<Z€3m§ga>KI dudy.
« (e~ 1x—yl,y.8)
t Yy, (9B)

Ix—yj<t

Here # is defined by the solution of
By — AB =0
A(0,x) = B°(x)
B,0,x)= —V A E°(x).

We point out that the expected cancellation in the sums over « is indeed present
in the formulae (8) and (8B) for E, By, but that this fortunate circumstance does
not hold for Eg, By (compare (9), (9B)). Thus the methods of [5] cannot be applied
to the terms Eg, Bg.

We will need to estimate derivatives of E and B, so we again appeal to [4] to
represent the derivatives of E and B. By Theorem 4 of [4] we have

OF!

w=;@+Aw+AW+Am+AH+A$: ﬂ@
k

where

Arr=_ | |y—XI_3fa(W,ﬂ)<Zeama3,ga(t—|X*y|,y,u)>dudy, (11)

[x—yl<t

ATS+AST= j |y x| Zjb w, u)(zeam Sgaz> dudy: (12)
Jx—yl<t (t~x—yly,u)
and
Ass= Iy—x!“IC(w,ﬁ)<Zeama?Szga) dudy. (13)
Ix—y<t @ (t—Ix—yly.u}

The kernels a,b, and ¢ are given in [4]; they are smooth functions for |u| bounded.
Moreover, a has the property that

[ aw,d)dw=0 (14)

=1

for each 4. A, is the sum of all the data terms, namely

E,
A, = 0 -2 j" J‘d w, u)(Ze m2g? y,u))dudSy
5Xk x—yl=t
+¢7t j j e(w, i) <Ze m2Sg°(y, )>dudSy. (15)
[x—yl=t

Here d and e are again smooth for |u| bounded. 4, is derived by an integration
by parts. Due to the cubic singularity in (11), all integrals are taken over e {|x — y|{¢,
and then e is allowed to tend to zero. This limiting procedure gives rise to the
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term A4,
A, =— jd(w,ﬁ)(ZeamSga(t, X, u))du. (16)
A highly similar representation holds for the derivatives of B; we will write it as
0B ~ ~ - » 5
ax =Az+Aw+ATT+ATS+AST+ASS- (17)
k

All the data terms may be dealt with at this point.
Lemma 4. For all (t,x)e[0, 00) x R3, we have
|E|+ B, +|A4,| + |4, £ Ce(l + k4t +|x|) " (1 + k4t —|x)"2Z(t,x),
provided the data is in 2(k,M,¢).
Proof. It may be shown that
[ 1W()dS, < |1y 0min{e, 1} (18)

lx—yl=t
for any yeCy(R?) for which (y) =0 if |y| > C. Hence, also for ¢eC5(R?) with
d(y)=0if |yl =C,

0
R B R s I I e
Ix—yl=t jx—~yl=t |x—y|=t
<Cll¢ . min{L,t""). (19)

Now since we may solve the homogeneous wave equation for & as

1 0
& ,0,y)dS
~amt L £| ‘ 0 +at<4 L |y {! tf(Ode)

(and similarly for derivatives of &) we have by (18) and (19)
&1+ V.61 <t 1C| 6,0+ min{t3 1} + C||EO)]| . min {1,671}
S C(IVAB° = j(O)]les + | E®flz)min {1,671}
< C(HBO Il + ‘

<Ce(l+87% (20)

3g%du

+ IIEOHCz)(l +0)71

Again using (18) we have by (7),

|E,—&|<t™ | [ C

Ix—yl=t ul<C

Y e.mage|du

a

Y emige

4

duds,

=N e e

| <C

<Ce(l+0)7? 1)

min {t,1}

c0
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and
IVL(E.— &)
Vx< I f(l+ﬁ'W)‘l(w—(ﬁ-w)a)<zeamggg(x+xw,u)>dudw>
wi=1 )
[ fa )" Hw — @ W)V, <Zem ) duds,
lx—yl=t (v,u)
StTIC|[Y e,migldu 1min«{t2,1}§C‘9(1+t)_1. (22)

We may estimate A, — 0E,/0x, in a highly similar manner, when we observe that
1892 (v, u)l = le,;m; ' K(0,)-V,g2(y,u)| < Ce.

The result is, again,

2 < Ce(l+8) L 23)

Xk
Now, collecting (20) through (23) we get
|E,|+ |4, < Ce(1+1)~ 1,
However, E, and A, vanish on the sets |x| <t — C and |x| >t + C, so

[E,|+ A, S Ce(l +k+t+|x])" Y1+ k+t—|x])72%(t,x).

The estimation of | B,| + |A4,| is very similar and is omitted.

Estimation Using Neutrality

As noted earlier if we take data in 2(k, M,¢) with ¢ <5 = n,, then it follows from
the continuation result of [4] that a unique continuously differentiable solution
exists and satisfies the (FSC) on some time interval [0, T,). We may take 7, to be
as large as possible. In this section we make crude estimates using the neutrality
assumption, i.e.

uga +“E0“c2+ ”Bo“c2<8a (24)

which show that T, tends to infinity as ¢ - 0. Although T, actually depends on
the data, the following estimates depend only ¢ (and k, M,m,, e,).

Lemma 5. Let us denote
,Va(s) = ,V{Z(S’ t’ x’ mdu)
and

‘%‘a(s) = '%‘a(sa [9 X, mau)'
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Then for all (t, x,u)e[0, T,) x R® x R, we have
1 0) = mi 14 (0)] +12,(0) — 2, 0)
< CJ(1+9(1 BO)lla+ | BO)lLo)ds,
1V (1 1974(0) = 15 97, O] + 1V (,(0) — 7, (0)]
= CO (1B + 1B,

and
Vi, Z 2(0)] + [Vie 7,0} = C(2).

Proof. Recall that

T () =7 (D) =m2 + ¥, ()29 (1)
and
V(1) = e[, Z (1)) + ¥ (0) AB(t, Z o)) ].

Note that P

Vo ? 20 < CLIE@)1 Vg, X o(0)]
V07 O B@ o + [ BE@) [t Vi Z 201
< CUIE@ ot + | B@ ) (Vi Z 20| + Vi ¥ 20

and
Ve LoD = Vi 7 20| £ Cl Vo 0.
Now for 0=s <1<t < T, we use (25), (26) and the {FSC) to obtain
IV @ o)+ Ve, 7 ol3))

=C+C } (A +TE@H e + I BEH Vi@ D] + | Vw7 D) )de

S C+ Cl(IViaZ O+ Vi ¥ a0

Hence by Gronwall’s inequality we have
,V(x,u)g‘a(s)’ + {V(x,u) 7/11(‘9), § C(t)
for all se[0,1].

363

(25)

(26)

27)

Note that %a(s) - ‘%"1 (S): V(x,u)(‘%ﬁa(s) - %‘1 (S))a m; ! “Va(s) - ml_ ! n/l (S)> and

View(my 2 4(s)—m7 ¥ ((s)) all vanish when s=¢. Thus for 0<s<t< T,

Iy ) — mi (9 [(my 0]+ Imp A (e

< C{(1E@ o + | BO) )d,

(28)
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and by (25) and (27)
Ve (mg 177, (8) —my 1971 () £ CO (I E@) [les + I B() |2 )d. (29)

In the same vein, by (28) we have
|Z8) = &) = jlfa(f) — 7 \(1)ldr

m; Y, my Y,

“s[fﬂm Ly 2 \/I—Hml’l”//(

II/\

o Vg my Y |dT < CHC( IE®@) o + | B}l 0)dTdr

=) E(@) o + | B(D) | c0)d.

cfm
il

Let “0” denote partial derivative with respect to any component of x or u. We
compute
AT e= TRy = — W+ |72 PPV S 08 4 (2 + 7)™ 2007
Hmi + |V P)TIANS 0V —(md |V
Define for ueR3
Bw) = — (1 +(ul’)"*2ufu
and
Su)=(1+ |u?)2
Then by (27), (28), and (29),
10(74(s) — X)) = | Blm; 247 8(my 197 — B(mi ¥ 1)-8(mi ¥y
+ &my M 7,)0(m, R — Emy HY)O(m Y )
< |Blmg 1 )| 0mg Vo —mi )
+B(mg 1) — Blmy Py y)|[0(my 1Y)
+1&mg P )N0my t G —mp P
+ 1 my ) = Emy ) (my P )]
SClomg 'Y, —mi 1Y)
+ Clmg My —my 11|07

< COJ(1E@ o + | B@))dr.

Thus

Ve (Zo(8) = Z1 (N = [ Vi (F a(0) = F 1 (0)) T

C(r)i(n E@) | + | B@).)dde

lIA

P P S

< COJNE® L + | B@ o)dx.

The proof is now complete.
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Lemma 6. For 0<t<T,,

<o+t c;(l + (| ES) eo + | BS) o)

2 e g,(t)
and

=C@e+ C(t):f)(ll E(S) et + [ B(5) |l c1)ds.

Y e,y g,(t)
P S

Proof. First we recall that
9alt, %, u) = g2 (X 0, t, x, myu), my 19 ,(0, 4, X, m,u)),
SO we may write
Ze m; g, (t,x,u) = e,ma[gAX (0,1, x, mu), my 17 ,(0,1, x, myu)),
a—gg.(% (0 t,x,muu),m; 197 1(0,t, x,m u))]
+Ze m2g2(Z ,(0,t, x,myu), m; 1, (0,t,x,myu)).  (30)

Now by (30), Lemma 5, and the neutrality assumption
< Yledm; g7 (1% ,(0) — &, (0)]

Lemgy

<g+c§1+s 1EG) o+ | BS) o) ds

z eamg ga(ts X, M)
a

+m 1Y 0) —my 1Y (0)]) +

Let “0” denote partial derivative with respect to any component of x or u.
Then again using (30), Lemma 5, and the neutrality assumption we have

|a(zeam3gua,x,u>) <

Vg2 (% o0),my 1Y, (0))-0(my 17 ,(0) — Vg2 (%1 (0), my *#71(0))-8(21(0))

Zeama? [V.g2(Zo(0),m; ' ¥, (0))- 0(%,(0))

= Vg2 (X1 (0),my 171 (0))-8(my 771 (0))]

M3 (Vg2 (% 1 (0),mi 17, (0))-0(%,(0))

+ Vg2 (@ 1(0),my 1¥71(0)-0(my ' 471 (0))]

< CY (192 1 [0 o0) — Z 1 (0)] + [8(my 1 ¥7,(0) —my T 971 (0))1]

+ Vg2 (& o 0),my ¥ ,(0)) — Vg (%1 (0), my ¥, (0))] 10(Z'1(0)]
+ Vg2 (X0, m; 147 (0)) — V,g2 (X1 (0). my * ¥ (O)]]0(my 171 (0)])

Ia(f O] + [0my "7, (O)])
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=C@ <lega e )I WE(s) [er + (| Bs) [lc1)ds

+COY 92 l2(125(0) — X, (0)] + [mg ¥ (0) —my ' 47, (O)]) + Clo)e

< (e + cmi (VEG) s + | B 1) ds.

The lemma now follows.

Lemma 7. For te{0, T,),

IE@® s + | B@) s + | Ez@)llco + I Bz lleo + [ A7z (&) leo + | App(0) o + || Asr(0)
+ Aps®) o + | Asr(®) + Ars(@ oo + | A(®) 0 + [ A0 o < £C(2).

We point out that it follows from Lemma 7 that T, tends to infinity as ¢ — 0.
Proof. Since t < T, the (FSC) holds and hence by Lemma 1 the support of
u Y e,m3 g,(t, x,u)
is bounded. Hence by (8) and Lemma 6

|Exl< f lx—yI7* |

jx—yl<t lul<C

Czeamaszga(t - |X ﬁy,)

<4

dudy

c0

SC | Ix—yl*Cl—Ix—yle
Ix—yl<t
t—lx—yl

+Ct—Ix—yl) g (NES) [l + 1 B(s) llc1)ds]dy

=C@ f Ix *W”(ﬂ +i[ll E(s) [l + 1 B(s) Ilcl]d5>dy

[x—yl<t

< C@)(S + i[HE(S) fler + 1 B(s) llcl]d5>- 31
Similarly by (9)

|Esls | Ix—=yI™t | C

Ix—yl<t Jul<C

Zeamaga t—'|X—

a

(NEE—1x=yD o+ 1Bt —1x =y o) dudy
SC | Ix=yIT UEE—x = yDlleo + 1Bt = |x — yD) |l o)dy

Jx—yi<t
< C(r)i(u E()]. + | Bs)].,)ds. (32)

Also using the boundedness of the u-support we have by (16) and Lemma 6

4,0 | C

Jul < C

2. a5 9. (t)

a

du= C(t)<8 + (J:(II E(s)[lc: + [ B(s) [lcl)d5>- (33)

c0
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It follows from Lemma 4 that
|Ez| +14,] = Ce. (34)

Now we consider A;y, Agr + Arg, and Agg. In light of (14) we may use (11)
to write

|[Arri=| | Ix—=y7° | a(Wit(Zemgat—lx vl,y,u)

|x—yl<t lul<C

-Ze 3g.(t—|x—yl, xu)>dudy

< J Wl ] Clemi—ix=yh| v yldudy
S ] Iyl Teamtane—1x )|
Now by Lemma 6 °
|Am4§cuiij—yr2aru—yn[»ﬁEMWE@mﬂ+umgmdw]m
gcm[a+ynmﬂm+WB@mowJ. (39)

To estimate A;g + Agr we integrate by parts (in the u integral) in (12) and use the
identity Sg, = — V,"(e,m; ' Kg,):

|Ars + Asrl = _f |x—y|_2 f V.[b(w, 4 (Ze m2g, ) dudy’
Ix—yl<t Jul < C (t—1x = yl,y,u)
< | lx—yITPCOIEC—x— v+ I BG—x— y])]e]dy
Jx—yl<t
= CJULEQ s+ 1B6) o)ds (36)

In order to perform a similar integration by parts in (13), note that

Szga = S(_ Vu.(eama_ 1gaK))
on; dle,m, 1g,K;)

= — 'S ~1
VorStem; ' g.K) + Y20 S B,

and hence
Ass= [ Ix—=yI™' | V,(cw,a) (Zezsz ))‘ dudy
x—yl<t Jul<C (t—tx—yly.u)
_ , A9.Ky)
+ [ Ix=ylt [ cwd)Y eZm Z dudy.
Ix—yi<t lul < C « 16“' ayz (1%~ M50
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Note also that
S(9.K) = (89,)K + g,(SK) = — (V,(e,m; ' Kg,)K) + ¢,(SK),

SO
Age=T+11+111, (37)
where
L 2(c(w, 1))
I= | Ix—yi° jzaa S eim,g,K K dudy,
x—yl<t w<cii 04 E: (tf\xfyiyy,u)

O= | |x—y7* § Vu(c(w,ﬂ))(ZefmfgaSK)’ dudy,
(t—Ix—ylyu)

[x—y|l<t lul < C «

_ -t
M= | [x—yl"' | cw, u)Zem 6 ('Jy, gaK,)| dudy.

Ix—=yl<t lul < C (¢ |x—yl.y.u)

Using the (FSC) and the bounded u support, we have

t

Hls | Ix=yI7'ClIK(t—Ix—yDI&dy < C(t) JUIE®)ll o + | B(s) | o)ds.  (38)

[x—yl <t Y

Next note that
(9(SK)@) 0 + [ V(g K)D) [l o < CUK @) fes + [0, K (B [lco) + [ K@)l ol gl )l 1. (39)
By Lemma 6

Y e,m3g(t,yu)| du < Cle)e + C(0) f (1 EG) s + [ B(5) 1),

<2

eyl |

j<C

so by Maxwell’s equations

t

10K (D) [lco < 1K (8} e + C(t)e + C(0) [ (IEG) o + [ B(s)]ler)ds (40)

4]
By Lemma 5
Vgt )| = [V..[95(F 0, £, x,m,u), my 97,0, 8, x,myu)) ]|
< V202 [0l Vo2 ol0, 1, x, matt)] + [V, 92 o] V770, £, x, ) [ my
= C
Similarly

IV.g.(t y,u)| < C(1),
SO
g0l < C(0). (41)

Now use of (40) and (41) in (39) yields

gu(SK) @) lco + V(g K)(B) | 0 = C(t)[ [ K@l + &+ f(ll et + [ Bs)|)d ]
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and hence

I+ | Jx—y7'C@)

lx—yl<t

t—|x—y|
[ IK(E—1x =yl +e+ g (I Es)ler + 11 B(s) ch)dS}dy

< C(t)[8+£(liE(S)Hcl +1 B(s) ch)dS]. (42)
Therefore, by (37), (38) and (42)

[Asst= C(t)<6+ i[NE(S)ch +1 B(S)ch]dS>. (43)
Now collecting the estimates (31) through (36) and (43) we have (by (6) and (10))

IE@ e = C(t)<8 + 5)[” E(s) s + IIB(S)IICIJdS)

The estimation of || B(z)| .« is omitted since it is highly similar and clearly leads to
the same result. Thus if we let

QO =IE®|:+ I BO| .,
then

o@mn C(t)(e + fQ(s)ds).

In order to apply Gronwall’s inequality we fix Te[0, T,). Then for all te[0,T],

o)< cm[e + iQ(S)ds}.
4]
Hence (by Gronwall)
(1) = C(T)eexp(C(T))
for all te[0, T]. In particular
O(T) = C(T)eexp(C(T)T) = C(T)e,

and the proof is complete.

C°-Estimates Without Neutrality

The estimates of this section rely on dispersion and will be used for large values
of t only. E and B are estimated first; their spatial derivatives will be estimated in
the next section.

To estimate E note first that by Lemma 3,

JA+aw)2(1 = [a?) @ + W)<Zeam39a(t— (x—yl,y,u)>du

<C f Ylfle—=Ix=ylyo)ldo SCA+t—|x =yt —|x—yl,y)

Fle—ix—-yy) «
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for 0<|x—y| <t < T, Note that any possible cancellation in the « summation
has already been discarded. Now by (8)
|EflSC | |x=pI72Q+t=Ix—y) Xt —x—yl,y)dy.
be—yl<rt

On the support of &, where [y] <t—|x—y|+k,

L+k+t—|x—yl+ Iyl CA+1—|x—yl)
$0
|Ef|<C | |x—yl"2 (A +k+t~|x—yl+]ly)~dy (44)
Jx—yl<t
for0=t<T,.
To simplify (44) we will use the following Lemma, which is Lemma 7 of [5].
The proof appears in [5] and is not included here.

Lemma 8. For any continuous functions g(t, ) of two real variables, and h(c) of one
real variable,

27‘[‘ x|+t—1
§oge—Ix—ylLlyDh(Ix—yDhdy=—[ [ g(z,)AdA(t — 1)h(t — 7)dx,
[x—yl<t %10 1 o

where the integration on the left is over a ball in R®.
Lemma 9. For all xeR® and t =0 with |x| <t +k,

[ Ix=yI7 2+ k+t—|x—yl+Iy) PdysCl+k+t+r" A +k+t—r)~ L

Ix—yl<t

Proof. By Lemma 8§
Jolx=yI2Q+k+t—Ix—yl+1y)3dy

Ix—yl<t

2nt|x|+t—1

=—| | (+k+t+22di(t—1) 'du (45)

%10 g 24
We denote

r=|x|

and

(t—1), = t—r if t—rz0

Tl 0 if t—r<O.

Case 1. Assume r<3(1 +k+1). f 0<t<t—r, then
M=) 1<@t—t+nt—1) ' <St—t+t—-7(Ct—17) " 1=2

Hence
t r+t—1
j j Q+k+1+A)3AdAt—1) Yde
Olr—t+1
@=ryr—c+r
<2 | | (+k+r+2)2dAde
0

t—t—r

t r+t—t
+ [ | Q+k+r+D)2dAe—1) Ydr

t=r,r—t+z
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(t=r, t
<2 | 2(l+k+r+[t—t—r)3de+2 | (I+k+o+[r—t+]) %de
0

t-n,
Sdrt—r), (0 +k+t—n"3+2r(l+k+t-1r"2
<6r(l+k+t—r)2<6r(l+k+t—3i[1+k+1t])?

<Cr(l+k+t+r) YA +k+1—r)"1 (46)
Case 2. Assume r = 1(1 + k + 1), then

tr+t—t
| (1+k+1+A) " 30dA(t—1) dr
Olr—t+1
tr+t—rt
<{ [ (I+k+t+A)2dit—1) 1de
Ofr—t41
t t—r,
L2f(0+k+t+lr—t+2)) 2dr=2 | (14+k+t—r)"?ds
0 4]
t
+2 [ (I+k+2t+r—0 2de
t-n,
S2(1+k+t—n"2(t—r) ++k+2[t—7], +r—0) !
SCA+k+t—r*SCr(l+k+t+n" "1 +k+t—r)"" 47

Now, if we use (46) and (47) in (45) we obtain the desired result.
Lemma 10. For 0<t<T,,
|Ex|+|Bgl SCU+k+t+|x]) " +k+t—|x) 12, x).

Proof. Note first that E; =0 on |x| > k + t by (8) and the support property of g,.
The estimate for E; now follows from Lemma 9 and (44). The estimate for By is
similar.

To estimate Eg and By we will use the following lemma which is a space-time
version of Gronwall’s inequality.

Lemma 11. Given T, > 0, define
€ =CO({(t,x): 0=t < T,, xeR3, |x| Sk + t}).
Given D >0, A >0, pe(0,1], and qe[0,p + 1], define L€ —>%€ by
Lw=AQ+k+t+|x))"PA+k+r—]|x])¢
+ [ Ze—Ix—yLyx =y IDA+k+t—|x—yl+|y) 3

Ix—y|<t
u(t—[x—yl,y)dy.
If ve¥ satisfies v < L (v) (on |x] £k +1t), then
v<24PpT (1 +k+ o+ |x])TA1 + k41— |x|)7¢
on x| <k+1t.

Proof. Standard techniques show that .# has a unique fixed point u €%, and that
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LMu)—u, for every ue®. We will construct ze® such that #(z) < z. Then
VS LS LS S L) g
and
U ?(DS S LD LE Sz
In particular v < z, which will give the desired inequality.
Take r=|x|<t+ k and

z2(t,x) = oz (t + 1)z, (t — 1),

where
() =(1+k+&)7*
zy(my=(1+k+n"“exp[fD{1 —[1 +k+n]"7)],

and a, B are to be chosen later. By Lemma 8

[ Ze—|x—yl»lx—yI "' DA+ k+t—|x—yl+y) " >2(t—|x—y|,y)dy

fx—yl<t

2—”5? T%(r =1 'D(L+k+ 14+ az(t+ Az (t — HAdAr —1)de

Q- t+1|

where we are abusing notation by writing
Z(w,y) = Z(5.y]).
Making the change of variables
E=14+4 n=1—24
we obtain

o Ze—1x—yl)Ix—yI ' DA+ k+t—|x—yl+|y) ">zt —|x—yl,y)dy

Jx—yl<t

<D [ (1+k+972,(0) [ 20— n)dnde

gcmrl(T(l+k+5)-2—Pd¢><l]'zz(n)dn>. (48)

To estimate the ¢ integral note that if r > 3(1 + k + t) then

t+r

r1 j(1+k+é) 2-rgE<

1+k+t—7r)"17?
1+k+t1+ [ ttkti=n

SCl+k+t+n"YA4+k+t—r"172 (49
Ifr<i(l+k+o0),

t+

-1 j' L +k+8)72Pde <r Q01+ k+1—r) 27

20 +k+ -1+ k+D) WA +k+t—r)t7F

g
SCA+k+t+r) 1 +k+t—r) 172 (50)
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For the n integral in (48) note that

S +k+ t—r)”“*ql]’:(l +k+y)" P lexp[fD1 —[1+k+n]"?)]dn
=(L+k+t—r?"174pDp)" texp[AD(1 — [1+k+n]1" "))
S(A+k+t—rP*UBDp) texp[AD(1 —[1 +k+t—r]7D)] (51)
Now we substitute (49), (50), and (51) into (48) to obtain
| Za—Ix—y»Ix—yI7 "D +k+t—[x—y|+y]) >zt —|x—yl,y)dy

Jx—yl<t
SCDa[C(L+k+t+r) " (1+k+t—r)"177]
(L+k+t—r)?*174(pDp) " exp[BD(1 - [1+k+t—r]"7)]
=CR ' p Ml +k+t+r)P "z
Hence

F)SAQ+k+t+r) PA+k+t—r) 2+ CB 'p 1z (52)
Now we take o =2A so that
Al +k+t+r) " P(1+k+t—r) <3z
and hence by (52)
L)< (F+CB 'p )z
Finally taking B =2Cp~?, we get
ZL() =z,

so (as shown before)

vSz=2A00+k+t4+r) (1 +k+t—r)_4exp[2CTD(1—[l +k+t—r]_”):|

S2Aexp(CDOp™ M1 +k+t+r)"2(1+k+t—r)"4
The proof is now complete.
Lemma 12. There exists a function D:(0,1,)— (0, 00) such that
lim D(g)=0

g0+
and

[E(t,x)] + B, )| DA+ k+t+|x)" ¥4 +k+t—|x])) 3% (t,x)
for0=st< T,
Proof. Note first that by Lemmas 4, 7, and 10,

|E[+ B, +|Ez|+ Byl S Ce(l + k+ 1+ x) ™21 + k41— |x]) " 2, x)
+min{C(t)e, C1+k+t+]x)"1(1 +k+t—|x))" 2, %)} (53)
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for 0=t < T,. Before proceeding let us simplify this estimate. Writing r =|x| and
taking r <k +t, we note that
(L+k+t+r)¥* A +k+t—r)**min{C(t)e, CA+k+t+r) A +k+t-r) "1}

Smin{CO)e(l +2k+2t)*%, Cl+k+t+r)"V* 1 +k+t—r)" 14}

<min{C(t)e, C(1+k+1)~**} < Cmin{C(t)e,t™1*}. (54)
Define D(¢) to be the maximal value of the mapping

te(0, 00)> Cmin {C(t)e, t ™14},
Note that
lim D(g) =0, (55)

=0+
and that by (54)

min{C(t)e, Cl+k+t+r) '(1+k+t—r)1}
EDE(lL+k+e+r) 31 +k+t—r)" 34

for r £k +t. Hence by (53),
|E,|+|B,| + |Ex| + B¢l £(Ce + D(e))(1 + k+t + |x|) " 3* (1 + k+t— |x|) 3 (t,x)

(56)
for0<t<T..
Now we consider Eg. By (9)
Esl< | lx—yrlj“wu([l+a-w]-l[w+a])||<2e§m§ga>1<" dudy.
lx—yl<t @ (¢~ 1x— yl.y.u)
By Lemma 1 the u support is bounded for 0 <t < T, so by Lemma 3
|Es|<C ]x—yl*‘< ) Zfa(t—lx—yl,y,v)dv>
Ix—yl<t Fl—Ix—yly) @
'(|E|+’B’)|(t——\x—y|,y)dy
SC | x—yTE—Ix =yl CA+1—|x—y])73
x—yl<t
(EN+H1BD ey 4y (57

Note that for [y| <t —|x—y|+k,
(I+t—lx—y) > SCU+k+t—Ix=yl+|y)~°

The same analysis of By reveals that |Bg| is bounded by the right-hand side
of (§7). hence (for 0 << T,),

|Es|+[Bs|<C | |x—y|" &t —]x—yl,y)
[x—yl<t

Ltk +t—x=y[+ 1) UE + Bl pdy. (58)
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Now using (56) and (58) in the representations (6) and (6B) we get

|[E|+|B|S(Ce+ D)1 +k+t+|xD 30 +k+t—|x]) 3%, %)
+C [ Ix—=yIT'Fe—|x—yL A+ k+t—|x—yl+[y)7>

[x—yl<t

(EI+ BNl jx—ypdy- (59)
We now apply Lemma 11, with ¢ = p = 3/4, and obtain
|E(t, x)| + | B(t, x)| £ 2(Ce + D(e))e“(1 + k+.1 + |x|) 7341+ k+ ¢ —|x])"¥*

for 0<t< T, and |x| £t + k. Now since E and B vanish on | x| >t + k, the lemma
follows.

Corollary to Lemma 12. For 0 <t < T,, we have
1j®) o < CDE)(L+1)" 7",
where D(g) is as in Lemma 12.

Proof. By Lemmas 6 and 12 we have

Se+ Ci(l + S)LIE®) o + 1 B(s) [l 0] ds

2 eam; 9(0)

0
t
<e+ CD(e)f(1 +5)*ds < CD(e)(1 +1)>/*.
0
Now using Lemma 3 we have

L, x)| < C(1+10)72||Y e,m2 g,(1)

<CDEI +1)" "

4

C'-Estimates Without Neutrality

Our goal in this section is to obtain the analogue of Lemma 12 for derivatives of
the fields. Explicitly, we will show that there exists a function D(g) mapping
0 < ¢ < n, into (0, co) with the properties that D(g) =o(l}ase—>0andon 0=t < T,,

|E.(t, x)| + | B(t, x)] < DE)(1 + k+ ¢+ |x|)"¥* (1 + k +t — |x])~7*% (1, x).

This will enable us to establish the validity of the (FSC) for all times ¢ > 0.
We begin with the representation (10):

J
i E'= At Ayt App + Arg + Asr + Ags, (10)
k

where the various terms are given in (11)—(13), (15)—(16). We will estimate 0E'/dx,
only, since the estimates for 0B'/0x, are nearly identical.
By Lemma 4, we already know that

|A,| < Ce(1 +k+t+]x]) (1 +k+t—|x|)" 22, x). (60)

In order to estimate A, we require
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Lemma 13. Let 7, be chosen as in Lemma 2, and let the (FSC) hold for 0 <y <#,,
0 <t < T,. Then there exists a constant C depending on k, #,, e,, m, (but independent
of t) such that for all ueR?, |x| <k +1t, 05t < T, we have

max|nga(t9 X, U)I § Cmax ” gz(z) ”cla
o a

ma‘x'Vuga(ta X, u)l :<—_ C(l + t)max ” gg Hcl'

Proof. This is a slightly modified version of Lemma 5 of [5]. Indeed, the (FSC)
shows that the kernel I(s) (appearing in (25) of [5]) now becomes (1 + 5)~>/2. The
pointwise inequality for V,g, appearing above Eq. (26) of [5] now has the kernel
c(1 +5)~ ¥2, which is integrable. The argument is concluded by simply noting that
(1 + s)I(s) = c(1 + 5)” ¥/? remains integrable.

Now we can estimate A,, and A;q:

Lemma 14. Let r =|x|. There exists a constant C independent of t such that for
rst+k 05t<T,,

A+ |Arp SCA+k+t+1)" 1 +k+t—r)"?log(l +k+t+ (7).
Proof. From (11) we have

ATT: .[ ly—x|_3ja(w,ﬁ)<26¢miga(t—|x—y|,y,u)>dudy, (11)

lx—yl<t
and the kernel a has zero mean value over |w/=1 by (14). Consider the
integral A$) defined to be that taken over the set 1<|y—x|<t We
have
[Afl=C | Zly—x|7* [ Ylflt—Ix—~yl,y0)dv
Lgly—x|st Fl—x—yly) *
Z(t—|x—yl,ydy
lgley|§tiy'—x|3(1 +t— Ix _y|)3 ’
where we have used Lemma 3 to bound the measure of &. On the support of Z,
where

I7AN

C

yISk+t—|x—yl,
we have
L+k+t—]x—yl+|ySCAL+1—]x—y))
hence

f Z(t—1x—yl,ydy

A< C ,
T iy = xPU+k+t—|x—y[+y])

and by applying Lemma 8 we arrive at
=1 dr  rtimt F(r,)AdA

AR sCrt T
| rrl = £ t—1?, g g +k+T+2)>

(61)

This integral is split up into integrals over [0,t/2] and [¢/2,t —1]. We assume
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without loss of generality that ¢ is large. Then

t/2 4t/2 r+t—1 di
£ |d _—
g =i g T|,_L,(1+k+r+,1)2
4 12 t+r—1)—|r—t+r1

== d
ol +k+t+r(+k+r+]r—t+1]) ‘

4 “ne o 2r L 2 —)de
< —_
:t2(1+k+t+r){ | di+ | }

o l+k+t—r (t7,)+1+k+21—t+r
<5 4 {Zr—i— L j 2(t—r)dr}
t(l+k+t+7) Ltk+t—r
SCr(l4+k+t+r 2 +k+t—r"" (62)

since r £t + k. For the integral over the complement we have

t—1 t —3t—1r+t—1 dr t =3:-1 dr
S{14+k+- AdA—— = Z S
t/j2_< + +2> [ ] 7 i 2r<1+k+2> |

2 |r—r4q| 2 t—71
t
<Cr(l+k+ t)‘3-10g<2> SCrl+k+t+r 3log(l+k+t+7r), (63)

since again r £t + k. Using (62) and (63) in (61) we certainly get
AR S CA+k+t+r) A +k+t—r)"log(l+k+1+rZ@Er). (64)
Returning to the formula (11) for A;4, we can write the integral over the set
ly—x|<1 as

AR =] [ ly—x|"3falw,d)) e,mg(t —|x—yl,y,u)

Ix—yl<1

_ga(t_ |x —J’|sx,“)]dudy s

since j adw =0 by (14). Again, by Lemma 3, the u-integration is taken only
jw|=1

over a set of measure less than C(2 + ¢ — [x — y|) . Now we apply the mean-value
theorem to the integrand of A%}, noting that |V, g,(¢, x,u)| is uniformly bounded
by C| ¢2|l.: in view of Lemma 13. Thus

Z(t—[x—yl,ydy
|AZ} < Cmax || g2 |l .
" - ,xff,<1|y~x|2(2+r—|x—y|>3

3

For large t, this integral is clearly dominated by Cr™ 7, and hence also by

C(1 +k+1t+7r)"3, hence also by
CA+k+t+n A +k+t—1)22(r),
since r £t + k. Using this bound and (64), we see that
Al SCA+k+t+r A +k+t—r)"?log+k+t+1)Z.
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This is the desired estimate for Ar.
Turning to A,,, we have from (16)
Ay =~ [d(w,0)Y e,m3g,(t,x, u)du. (16)
By Lemma 1, the kernel d is uniformly bounded, as are the g,’s. By Lemma 3, the

u-integration in (16) is taken only over a set of measure less than C(1 +1¢)7 3.
Therefore A,, satisfies the same estimate as A, so we have proven Lemma 14.

Corollary to Lemma 14, For r <t +k and 0 <t < T, we have
A, | +|A, | +|Arpl SCA+k+t+r) 11 +k+t—r) 2log(l +k+t+7r)
This follows immediately from (60).
Lemma 15. There exists a function D,(g) on (0,%,) into (0, c0) such that
Di(e)=o0(1) as &—0, and
[A |+ Ayl + [ Arpl D@ +k+t+1)"¥* A+ k+t—r)” 4%, 1)

for0<t< T,

Proof. By Lemma 4, 7, and 14, we have
(A + A, + | Appl S Cmin {C@t)e,(L +k+ 1+ 1)1
A+k+t—r)"?log(l +k+t+r)}
for r £k +t. Note that for r £k + ¢,
(I +k+t+r)*1 +k+t—r)"*min {C(t)e,
A+k+t+r) M +k+t—r) log(l+k+r+7)}
< Cmin {C(t)e, ¢t '/8}.
Define D, (¢) to be the maximal value of the mapping

tr>min {C(t)e, t~ V8.
Note that
lim D,(g) =0

e—=>0+
and also

min {C(O)e, (1 +k+t+7) " 0 +k+1—7r) " 2log(1 +k+1+1)}
SCD (M +k+t+r) A +k+t—r)7*

for r <t + k. Hence
A+ A, + 1A SCD (I +k+ 47 ¥ * A +k+t—n"""
for r <t + k. But
A+ 1A, + 1 Arrl=0

if ¥ >k +t, so the proof is compiete.
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Lemma 16. There exists a function D,(¢) on (0,%,) into (0, 00) such that
D,(ey=o0(1) as &—0,and
|Asy+ Ars| SD, )1+ k+t+7) L+ k+t—r) 7*Z(t,r)
forO<t<T,.
Proof. By Eq. (12) we can write

Ars+Asp= | Ix—y!_sz(w,ﬁ)<26¢m259a(t—IX~yl,y,u)>dudy, (12)

|x—yl<t
where the kernel b is bounded for bounded u, as is the case by Lemma 1. Since
Sg, is the u-divergence of —e,m_ 'Kyg,, we can integrate (12) by parts in u (as
was done in (36)) to obtain, with =% — |x — y|, y),
|Aps +Ase|SC | |x—yI72%

lx—yl<t

I YIK@E—Ix =yl [t —1x— yl,y, v)dvdy.

Fle—Ix—yhy) *

By Lemma 3, then,
[Aps + A SC | Ix—y[ 2 IKE—|x—yL,y)I(L+t—|x—y])~dy.

x—yl<t
We may replace (1 +¢—{x—y|)"3by C(1 + k+t—|x— y|+ |y|)”* on the support
of Z, and apply the bound for K from Lemma 12 to get
[Ars+ Asr| = C
ID(e)dy
[y =xPU+k+t =y =x|+ |y +k+ =y —x]+[y)¥*(1+k+1—|x—y[—]y])¥*

|x—yl<t
where D(g) = o(1) as e »0. The factor 1 + k + ¢ — |x — y| —|y| exceeds unity on the
support of Z, and moreover

L+k+t—|x—yl+|y|21+k+t—r,

so that

) Z(@—|x—yl,y)dy
sy =X P+ k4t =y —x[+[y])?
SCDE(1+k+t+r)" YA +k+t—1) 7227,

|Aps + Asr| S CDE) (1 + k +t—r)~ ¥4

where we have used Lemma 9 in the last line. This is stronger than what is required
in Lemma 16.

Lemma 17. For all xeR3, t =0, p = 3, and q<[0, 1) we have

F= [ lx—yITA+k+e—ly—x+y)*

[x—yl<t
A+k+t—|y—x[=y)" %~y —x|,y)dy
SCAl—g) Y +k+t+n" A +k+t—r3277@,r).
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Proof. By Lemma 8 we have for |x|<k+¢

2 tr+t—z
f=7n.f [ (k4140721 +k+1t—2) 1%z, )idide
Ofr—t41]
trtt—rt
<2mr [ | (QAkd T+ )P 4kt — A) 9% (x, A)dAdr.
Or—t+1]

Changing to the variables ¢ =1+t and 4 =t — A, we obtain

e I T e B A

t—r —k

t+r
SO l—g (U4 k+t=nt"1 [ 1+ k+ O Pde
t—r

By the computations in (49) and (50) we see that

t+r
P L+ k+ O TPAESCA ko4 T+ k=)0,
)

and hence (for {x| £k +1)
FECl—g MU +k+t—n" Y1 +k+t+r ' (1+k+t—r?>""

The Lemma now follows since ¢ =0 if [x| >k +¢.
Only the term Agg in the representation (10) for (6/0x,)E' has yet to be estimated.

From (37), we have
Agg=T+1+ 111,

where the terms are given explicitly beneath (37), and will be written again below.
Since the velocities # are bounded by Lemma 1, the kernels (0%/du;0u;)c(w, ), etc.
are uniformly bounded. For the first expression we have

. ¢
|I! - (Y*iktly_ X| lji,;aauiallj(wa u)egmagaKin (lfix*)’h}'s")dudy
dy 2
<cC \K(t —1x =yl )P 2Lt = 1x — yl, y, v)dv
1y*x<<:(y—x|sﬂu-ux—yi,m) *
SC [ Ix=yI D)1 +k+t—|y—x|+]|y)~*?
ly—x{<t

A +k+t—[y—x|—[y) 37220 -y — x|, yMdy
SCDe) [ ly—x|"YL4+k+t—ly—x|+[y) P&~y —x|,y)dy,

v -xl<t

where we have used Lemmas 3 and 12. Now using the fact that D(¢) = o(1) as e >0
and Lemma 17 (with p=9/2 and g = 0) gives us

IS CD*e) (1 + k+ 141" "1+ k41— )22 r)
SCDE(L+k+t+r 3 U+ k+1t—r) 72,7

for ¢ sufficiently small.
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Now for terms II and 11, we have from (37)
M+1I= | |x—y[7'Z[Y e2mZH(t—|y—x|,y,uydudy, (65)

Jy—xj<t
where

H(t“|J’_X|,y,u)ZVuC(W,ﬁ)'ga(t_D"‘Xfaya“)SK(t“|y_xl:y5u)
oh; 0

+ ¢c(w, d) S
%;0”1' 5)’,’

(9.K) (66)

(t=ly—xl,y.u)
By the definition of S, |SK| = C(|K,|+ |K,]), and by Maxwell’s equations
‘Kt(trx)' é CIKx(t’x” + l](t5x)[

Moreover, by the Corollary to Lemma 12,

ISK| = C(IK(t, )|+ D(e)(1 +1) %), (67)
The last term in H involves
0 0K, Jg
—_‘(gaKi):ga : +Kl a'
0y, 0y; 0y

The first of these is of the same form as above. Hence we can write
H(t_|y_x|ayau)
=0[g.(t =y —x, W) {| K.t — [y — x|, )| + D(e)(1 + 1 — [x — y|)"7*}]

g,
ay;

I

ol

ou

+e(w, )Y LKt =1y —x|,») == —|y— x|, ,u). (68)

i o,
To handle the integral of the last term here, we again replace d/0y; by appropriate
combinations of the operators T; and S beneath (5). Letting ¢;(w,4)=
c(w, @)01i;/0u;, we obtain for the integral of the last term in H from (68), the

expression

— W e
—yl Y em?*{Keé, | —2V, | *g,K
b'fj;]«'x v ;ea aj lcu[l a'w (”laga >

Wi
+ <5 A7 +’ﬁfW>T,ga}dudy, (69)

where & =Z'(t — |x — yl|,y), and we employ the summation notation. The first of
the terms in (69) is integrated by parts in u, resulting in an integral which is
estimable as I was (because |V, K| < C|B]). The last term in (69) is integrated by
parts in y. There results a term involving only the data, which is estimated exactly
as in Lemma 4, and terms bounded by

C | Zlx—yl " fgle—1y—xl,y,wlK (t—y—x|,y)|dudy

ly—x|<t

+C | Zly—xI"2[g,t—|y—xl,y,u)|K(t—|y—x|,y)|dudy.

ly -x|<t
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Thus by (69), the integral of the last term of H in (68) is dominated for small ¢ by
CD(e)(1 +k+t+r) 3 * A +k+t—r)""*%Z(,r)
+C j. ‘Qﬁj{'x_ylklga'le
Iy—xl<r

+ ly_xl_zgalKl}|(t—|y~-x\,y,u)dudy’ (70)

where D{(e)=o0(1) as ¢—>0.
Now using (70) and (68) in (65), we obtain for small ¢

I+ 1 S CDENL+k+t+7) A +k+t—r)"*Z(t,r)

+Z<CD(8) [ Zly—xI"' 0 +t—1y—x1)""*fg,(t =1y — x|, y,u)dudy

ly—xl<t
+C | Zly—x|" [g.lt—1x—yl,y, WK (t—|x— yl, y)|dudy

ly—xl<t

+CI |y —x|7*[gq(t —1x —yl, y, )| K(t — Ix—yl,y)ldudy>- (71)

The second term here is dominated by

CD(e) | Zly—xI"'(1+t—ly—x)) 1y, (72)

ly—xl<t

where we have used Lemma 3. On the support of Z, we have
(I+t—ly—x|) P =Ch+k+1—|y—x|+]p))~

Hence, using Lemma 17 with p = 19/4 and g = 0, the second term of {71) is bounded
by
CDG) [ Zly—xI"'(L+k+t—|y—x|+]y)) 1*dy

ly—x|<t

SCDE I +k+t+r) H+k+t—r)~ "%

Thus the second term of (71) is bounded by the first.
The last term in (71) is, by Lemmas 3 and 12, dominated by

C | Ie=yI2ZDE +k-+1—Iy—x|+[y)~ ¥4 e+t~ |y— x| —[y)~¥*dy

ly—x|<t

SC | |Ix—y72 2D +k+t—r) 1 +k+t—|y—x|+y))3dy

ly—xj<t

SCDE( +k+t+r) YA +k+t—r)7*%(,r)

by virtue of Lemma 9.
Therefore the bound (71) simplifies for small ¢ to

L+ I < CD@E)(L +t + k+7) ¥4+ k+t —r)~ 742, 7).
+C | Zly—x{T'U+k+t—y—x|+Iy)TIK L~ |Ix =yl »)Idy, (74)

ly—xf<t

where D(g) = o(1) as ¢ >0 and we have used Lemma 3 again. Our bound for the
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term I above (65) is the same as that displayed in the first term of (74). Summarizing,

we have proved

Lemma 18. There exists a function D;(g) on (0,n,) into (0, o0) such that
Diy(e)=0(1) as e—0, and

[Ags| ED3E 1 +k+t+r) 34U+ k+t—r)"7*Z(t,71)
+C [ Zly—xI"'+k+t—|x—yl+y) 71Kt =[x =yl y)|dy

ly—x|<t

on0=t<T,.
Lemma 19. There exists a function D(€) on (0,1,) into (0, 00) such that

Die)=o0(1) as €—0, and

‘aiEi(t,x) <DEEFEGHA+k+t4+1) A +k+t—r) 74
Xk
+C | Zly—xI"" A +k+t—]y—x|+|y) 73Kt —|x—yl.y)dy
ly—x|<t
on0=Zt<T,

Proof. By the representation (10) and Lemmas (14)—(18), the result follows
immediately.

Now, since the same estimates hold for (8/0x,)B(t,x), Lemma 18 yields the
inequality

K (t,x)| < CDe)A + k+t+r)"3* A +k+t—r)~7*%(t,r)
+C | Ix—=yT A +k+t—ly—x+1y) T NEK)(E —|x—yl, y)dy

ly—x|<t
over 0<t < T,. We can now apply Lemma 11 with the choices p =3/4, g =7/4,
u(t, x) = | K(t, x)|. This gives us the inequality

K6, X)| S CDE) (1 + k+t+r) 341+ k+1—r) "*%@,r), (75)

where 0 <t < T,, C is independent of t and D(g) = o(1) as ¢ —0. Now we observe
that from (75) and Lemma 12, the (FSC) holds on 0 <t < T, whenever ¢ is chosen
sufficiently small.

Proof of the Main Theorem. From the above, we know that

{|E| +IBI S D)L+ k+t+1x) 73 + k41 —|x)) 3%, x)
|V E|+|V, B S D)1+ k+1t+]|x)) "1 +k+t—|x|)” 7%, x)

holds for te[0, T,), provided ¢ is sufficiently small. But recall that T, is just the
maximal time for which the (FSC) holds with # = 5,. Now take ¢ sufficiently small
that D(s) < 3#,. Assume T, is finite, then by (76) and continuity we see that the
(FSC) actually holds for te[0,T,+ ) for some 6>0. This contradicts the
maximality of T,, and hence T, must be infinite. Hence the stated decay rates hold
for all time and by Lemma 1 the v-support of each density f,(t, x, v) is uniformly

(76)
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bounded for all o, xeR3,0 < ¢ < oo. This is a sufficient condition for global existence,
as we know from [4], and the proof is complete.
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