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MOMENTUM REGULARITY AND STABILITY OF THE
RELATIVISTIC VLASOV-MAXWELL-BOLTZMANN SYSTEM

YAN GUO AND ROBERT M. STRAIN

ABSTRACT. In the study of solutions to the relativistic Boltzmann equation,
their regularity with respect to the momentum variables has been an outstand-
ing question, even local in time, due to the initially unexpected growth in the
post-collisional momentum variables which was discovered in 1991 by Glassey
& Strauss [13]. We establish momentum regularity within energy spaces via a
new splitting technique and interplay between the Glassey-Strauss frame and
the center of mass frame of the relativistic collision operator. In a periodic box,
these new momentum regularity estimates lead to a proof of global existence
of classical solutions to the two-species relativistic Vlasov-Boltzmann-Maxwell
system for charged particles near Maxwellian with hard ball interaction.
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1. INTRODUCTION AND FORMULATION

In 2003 it was shown for the first time that the full (Newtonian) Vlasov-Maxwell-
Boltzmann system [I7] has global in time unique classical solutions on the torus
for initial conditions which are sufficiently close to the steady state. Then in 2006
the rapid convergence [20] on the torus for these solutions, as predicted by the
H-theorem, was established. However it should be pointed out that this model
is physically limited because it is not fully Lorentz invariant in the sense that
the symmetries of the Maxwell system are inconsistent with those of the Newto-
nian Boltzmann equation and serious difficulties are encountered in extending the
method from [I7] to the relativistic fully Lorentz invariant regime. In this work, as
explained in the following developments, we overcome these difficulties and establish
the momentum regularity as well as the existence of global in time classical solu-
tions for the fully Lorentz invariant relativistic Vlasov-Maxwell-Boltzmann system
with hard-ball interaction.

Y.G. was partially supported by the NSF grant DMS-0905255, a NSF FRG grant, and a
Chinese NSF grant.
R.M.S. was partially supported by the NSF grant DMS-0901463.
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We study the following two-species relativistic Vlasov-Maxwell-Boltzmann sys-
tem which describes the time evolution of charged particles:

8tF+ + Cﬂ
p

0
(1.1) *
O F_ + cpﬂo Vo F_ —e_ (E + p% X B) VpF-=Q (F)+ QF(F).

Vil +ey <E+Z%XB>VPF+:Q+(F)+Qi(F)7
+

def

The collision operators, defined in (I4) below, are given by Q1 (F) = Q(F4, F4),
Q~(F) = Q(F_,F), Q*(F) < Q(F,,F_), and QF(F) = Q(F_, F}).
These equations are coupled with the Maxwell system:

OE —cV,x B = —477/ {e+£0F+ —e%F}dp,
R3 L p-

OB+ cVy x E

0,

with constraints
V. E= 47r/ {exFy —e_F_}dp, V., -B=0.
RS

The initial conditions are Fy (0, z,p) = Fo.+(z,p), E(0,z) = Ey(z), and B(0,z) =
By(z). Here Fy(t,x,p) > 0 are the spatially periodic number density functions
for ions (+) and electrons (—), at time ¢ > 0, position # = (21,29, 23) € T® &
[, 73 and momentum p = (p1,p2, p3) € R3. The constants +ey and m4 are the
magnitude of the particles charges and rest masses respectively. The energy of a
particle is given by p = /(m+c)? + [p|2 and c is the speed of light. Note that
here and below =+ indicates two possible sign configurations.

For number density functions Fy (p) and F_(p) a collision operator should satisfy

1 1
/ p | oFL PO+ | p | o Fow) S dp=o.
BL\Y j

The same property holds for the other sign configurations. By integrating the
relativistic Vlasov-Maxwell-Boltzmann system and plugging in this identity, we

obtain the conservation of mass, total momentum and total energy for solutions as
d d
dt T3 xR3 er +( ) dt ASXRSm ( ) ’
d 1
a2) L[ smer e r @)+ - [ B0 x B0 =0
dt {Jrsxgs A Jrs

T
d 1 0 0 1 2 2
15 (mypy Fi(t) +m-p” F_(t)) + —— | [E@)]" +[B@®)]" p =0.
dt 2 T3 xR3 81 T3
The entropy of the relativistic Vlasov-Maxwell-Boltzmann system is defined as
H(t) = —/ drdp {Fy(t, x,p)log Fy(t,2,p) + F_(t,x,p)log F_(t,2,p)} .
T3 xR3

Then the celebrated Boltzmann H-theorem for the relativistic Vlasov-Maxwell-
Boltzmann system corresponds to the following formal statement

d
—H(t) >
SH(D 20,
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which says that the entropy of solutions is non-increasing as time passes.
The global relativistic Maxwellian (a.k.a. the Jittner solution) is given by

exp (—cpg[/(kBTi))
dresm?i ckpTe Ko(myc?/(kpTy))’

J+(p) =

Where kp > 0 denotes Boltzmann’s constant, Ko(-) is the Bessel function Ky (z) o

fl —#t(t2 —1)3/2dt, and Ty is the temperature. From the Maxwell system and

the periodic boundary condition of E(t,z), we see that < & | B 0. We
thus have a constant B such that
1 _
1.3 — B(t,z)dx = B.
(13) |, Bt e
Let [, -] denote a column vector. We then have the following steady state solution

to the relativisitic Vlasov-Maxwell-Boltzmann system
[F:t(tv 'rvp)a E(tv CC), B(tv CC)] = [le:v 0, B]a

which maximizes the entropy.
We furthermore define the relativistic Boltzmann collision operator [5] as

(14) Q(Fy.Gy) ™ / / / L Wae [Fe(0)G () — Fi(p)Gr ()]

It is written similarly for other sign configurations. Here the “transition rate”
Wix = Wax(p,qlp’, ¢') is defined as

(1.5) Wiz = s 0ui:(0,0) 6% + 4% — 92 — ¢ (p+q—1p — ).

The quantities here are s = s(p+,qx), 9 = 9(P+,q5), 0 = 0(p+,q5) and o4(g,0)
are defined exactly as in the following sub-section.

The physical intuition provided by the Boltzmann H-theorem is to say that solu-
tions should converge to their steady state, which is chosen by the initial conditions
and the conservation laws ([L2)), as time goes to infinity. Our goal in this work is to
prove this global existence and rapid convergence in the context of perturbations.

We define the standard perturbation fi(¢,z,p) to J+ as

JL+ \/jifi.

We will plug this ansatz into (II) to derive a perturbed system for fi(¢,x,p),
E(t,z) and B(t,z). The two relativistic Vlasov-Maxwell-Boltzmann equations for
the perturbation f = [f, f_] take the form

{(%—l—c—o V. +es <E+%xB> -Vp}fi:F =l {E~%}\/ji+Lif
Y p Y

def

Fy =

0 kpT
o, exc P
(1.6) —iszT {E-p—&}fiJrFi(f,f),

with £(0,2,p) = fo(z,p) = [fo,+(x,p), fo,— (z,p)]. The linear operator L4 f, defined
in (L8), and the nonlinear operator Iy (f, f), defined in (7)), are derived from an
expansion of the Boltzmann collision operator (L4]).

In particular, using (LH), we observe that the collision operator (4] satisfies

Q(J+, J+) - Q(J+, J,) = Q(Jf, J+) = Q(J,, J,) =0.
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Then we can write the nonlinear operators as

(1L7) Tl h) E I PO T s fe VT shs) + I3 QT s o, Vi 5 h).
Furthermore the linearized collision operators take the form

(1.8) Li(h) < =Ty (h,VJ) —=TL(V'J, h).

We estimate these operators in Sections Bl and [41
In this linearized system, the coupled Maxwell system is given by

WE —cVyx B=—4rT & —4n /]R%{e'f‘p%\/jﬂ'fﬂ' e o\/_ f- }dp=
: +
OB +cV, X E =0,

(1.9)

with constraints

def

(1.10)  V, E_47rp_47T/RS{6+\/3+f+—e,\/1f,}dp, V,-B=0.

The charge density and current density due to particles are denoted p and J re-
spectively. In computing p, we have used the normalization fR3 J+(p)dp = i
In all of the following developments, none of the physical constants
will affect the results of our anaylysis. Then without loss of generality
but for the sake of simplicity, we normalize all constants to one. We set
e 7

Jx(p) = J(p) = - —

We drop the inessential + notation all over, in particular we use the
kernel notation o(g,0) = 04|+ (g,0) and we set p = p° < T+ [p?, ete.

Furthermore we assume that initially [Fo, Ep,Bo] has the same mass, total mo-
mentum and total energy (L2) as the steady state [J, 0, B], then we can rewrite the
conservation laws in terms of the perturbation [f, E, B] as follows:

(1.11) /T3XR3 dedp fo (VT = dxdp f_(t)\/jz 0,

T3 xR3

(1.12) /WXR3 dxdp p{f+(t) )} J( —— | dx E(t) x B(t),

'JI‘S
) [ dexdppo{f+(t)+f7(t)}\/_ =g / de B +1B() - BP.

We have used (3] for the normalized energy conservation (LI3).
In the next sub-section we will discuss reductions of the collision operator (4.

1.1. Collision operator in the Glassey-Strauss frame. In a pioneering work
of Glassey and Strauss [I4], the collision operator Q was represented as follows:

) erm= [ TR @) k) - F@)ldeds

)

P

where the kernel is

o 7+ @)% ’w 5

(115) B(p,q,w = [(po + qO)Q _ (w . [p+ q])

| e
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Above the quantity s = s(p, q), which is the square of the energy in the “center of
momentum” system, p + ¢ = 0, is defined as

def
s =20%" —p-q+1).
The relative momentum, g = g(p, q), is denoted

(1.16) 9= V20090 —p-q—1).

Notice that s = g2 + 4. We point out that this notation, which is used in [5], may
differ from other authors notation by a constant factor.
The condition for elastic collisions is then given by

P4+ = pO4qo,

1.17

In this expression, the post collisional momentum are given as follows

/ —
(1.18) v p+a(p,q,w)w,

q = 4q- a(p7Q7w)wu

where
0 0Y,0,0
s 200"+ )% {w- (q%—p%)}
a(p, q;w) = ———= 7
(P°+¢°)? —{w - (p+a)}
The Jacobian for the transformation (p,q) — (p’,¢’) in these variables [13] is

o . q' /0 /0
(1.19) (r',d) _ v
a(p.q) P’q
Now we turn to a discussion of the collision kernel o(g,0) in (ILI4). The kernel
o(g,0) measure’s the interactions between particles. See [8l9] for a physical discus-

sion of general assumptions. We use the following hypothesis.

Hypothesis on the collision kernel: We consider the “hard ball” condition
o(g,0) = constant.

This condition is implicitly used throughout the rest of the article. In fact to sim-
plify the notation, without loss of generality, in the following we use the normalized
condition o(g,f) = 1. The Newtonian limit, as ¢ — oo, in this situation is the
Newtonian hard-sphere Boltzmann collision operator [24].

In the next section we will discuss our main results.

2. STATEMENT OF THE MAIN RESULTS

Let the multi-indices v and 8 be v = [y°,7',~%,~%], 8 = [, 82, 3%]. We will use
the following notation for a high order derivative

6% def agoavlavz 97’ 98" 982 95"

1 %2 Tx3 TP1 P2 TP3

We also denote a collection of weight functions by

we = (p)', ) EVI+[pPR, (eR
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Given a solution [fi(t,x,p), E(t,x), B(t,x)] to the relativistic Vlasov-Maxwell-
Boltzmann system (L6]), (L9), and (LI0), we define the instant energy functional

(2.1) Enve®)~ Y wedifOI+ Y 197[E®), B@)|.
[v|+IBI<N <N
At time ¢t = 0 the time derivatives in En¢(0) are defined customarily through
equations (LO) and (T3). In (1) and the rest of this paper, the norm || - || denotes
either the L?(T3 x Rg) norm or just the L?(T3) without ambiguity depending upon
the variables in the functions being measured. Throughout the rest of this paper
we furthermore assume N >4 and ¢ > 0.
We are now ready to state our main results:

Theorem 1. Suppose that [fo +, Eo, Bo] satisfies the constraint (LI0) and the the
conservation laws (L)), (LI2), (CLI3) nitially. Fiz £ >0 and N > 4. Consider

Fo+(,p) = Ji +VJq fo,+(z,p) > 0.
There is a constant M > 0 such that if
SN,K(O) S M7

then there exists a unique global solution [f+(t,x,p), E(t,x), B(t,x)] to the perturbed
relativistic Vlasov-Mazwell-Boltzmann system (L6]), (L9) with (LIQ) satisfying

5N)g(t) < 5N)g(0).

Moreover Fy(t,z,p) = Ji + VJife(t,z,p) > 0 solves the relativistic Viasov-
Mazwell-Boltzmann system (L.
If En1,0(0) is sufficiently small for some k > 0, then we have rapid decay as

Yo lwedi O + Y- 197[E®), Bt) = BII” S Enere(0) (147",

IvI+IBI<N Iv|<N
where the constant B is defined in (L3)).

There have been many investigations about various kinetic models for describing
charged particles. Standard references include [3|BLII]. We refer to several results
such as 1,20 10,218 2T]. In [16], global classical solutions were constructed
for the Vlasov-Poisson-Boltzmann system (no magnetic fields) via introduction of
a nonlinear energy method for which the linear collision operator L is positive
for solutions near Maxwellians. In [I7], an improvement of such a method led to
construction of global solutions to the Vlasov-Maxwell-Boltzmann system in the
presence of magnetic field. In [23], such a construction was carried out in the whole
space case using some new dissipation estimates. Even though the Vlasov-Maxwell-
Boltzmann system can be viewed as a ‘master system’ for kinetic models, from
general physical principle, the classical (non-relativistic) Boltzmann is not compat-
ible with the (Lorentz invariant) Maxwell system, which obeys special relativity.
It is therefore important to study the relativistic effects for the relativsitc Vlasov-
Maxwell-Boltzmann system ([LT]) and to generalize the result in [I7] to a relativistic
setting. However, such a project was easily stopped due to a severe difficulty of lack
of regularity in the momentum p variables for the relativistic Boltzmann equation.

In the Glassey-Strauss frame ([LI4)) and (II8]), the following pointwise estimates
were discovered by Glassey & Strauss [13] in 1991:

(2.2) Vodi] + [Vopi] < Cg)° (1 +p- Wll/zl{\P-wb\wa\S/Q}) :
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This is a sharp estimate at least in regards to the p growth. Furthermore
5
Vapil +1Vqail < C(a)"p°.

Although in this second estimate, no attempt was made to further refine it. Notice
that higher derivatives do not exhibit momentum growth in p:

|Vipi| + |VEd)| + | VEpl| + |Vig| < Clg)’, Vk>1.
The g growth above does not cause any difficulty because we have strong exponential
decay in that variable in T'. But the p momentum growth in ([22]), introduces high
order growth of p in {|V,qi| + |[Vppl|}Y, within the highest order derivatives of
95 () with 8] = N.

Such a growth phenonemon is purely a relativistic effect, which is absent in the
classical setting. Consequnetly, no regularity for the momentum variables, even
local in time, for the solutions of the Boltzmann equation has been obtained. This
is because of the presence of highest polynomial growth rate in p in the highest
order derivatives of the solutions, which makes it impossible to close the estimates
in any reasonable energy norm. Up to now, all existing work for the relativistic
Boltzmann equation only involves spatial and temporal regularity. Unfortunately,
it is necessary to obtain momentum regularity to study the relativistic Vlasov-
Maxwell-Bolztamnn system due to the Lorentz force term: [E + p x B] -V, f.

2.1. Collision operator in the center of mass frame. Our key idea to overcome
such a severe difficulty in the Glassey-Strauss frame is to resort to the following
center of mass representation of the Boltzmann collision operator. We remark that
the study of such a center of mass frame was initiated recently in the absence of
momentum derivatives [22,26]. For a function G : R? x R? x R? x R3 — R:

sB(p,q,w)
/ dw 0,0 G(p7q7p/7q/) = dw Vg G(p7Q7pN7q”)u
S2 P q s2

where B(p, q,w) is given by (ILI5) and (p', ¢’) on the Lh.s. are given by (II]). On
the r.h.s. we use that v, = v4(p, q) is the Moller velocity given by
def 1 9\/g
2p%°
The post-collisional momentum, (p”, ¢”), on the r.h.s. can be written:
(p+a)- w>
lp+al? /-

(2.3) Vg

of P+ ¢ g
p"d:fT 3 (w+(p—1)(p+q)

pdef D+q g (p+q)~w>
=2 - wut+(p-Dp+q—"Ls |,
q 5 5 ( (p=1p+q) T oF

where p = (p + ¢°)/+/s. See [26, Corollary 5] for basic properties of such a center
of mass frame. In particular the Jacobian ([LI9) effectively also works here as

(2.5) / dp/ dq/ dw vy 0(g,0) G(p,q,p",q")
R3 R3 S2

=/ dp/ dq/ dw vg 0(g,0) GO", 4", p, q)-
R3 R3 §2

A more detailed explanation is given in [26] Corollary 5 and (23)].
Clearly, there is also a problem in the center of mass variables from ([24). In
these variables it is straightforward to compute that high momentum derivatives

(2.4)
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of p” and ¢” create high singularities when p = ¢ and p = —¢q. These two distinct
problems in each separate representation formula for the relativistic Boltzmann
collision operator illustrate the main reason why it has remained an open problem
to prove energy estimates with momentum regularity.

To resolve these difficulties, and to prove the main nonlinear estimate in Theorem
below, we will split the desired estimate into two different cases. These cases
correspond to the following two different integration regions:

{Ip| > 1, |p[*/™ > 2¢°}.

Here m > 1 is taken to be a given large positive integer. On the set A, we can use
the Glassey-Strauss frame ([LI8]). Large growing polynomial momentum weights
in p, as described above and in (Z2)) can be controlled by the factor J/4(q) since
Ip| < (¢°)™ on A. On the other hand, on the region A., we will use the center-
of-momentum variables ([24). Note [p| > 2|q| so that |p £ q| > % > 3. Then the
deficiency in these variables, namely that derivatives of ([Z4) create singularities
(even though there is no momentum growth at infinity), is fortunately avoided on
the region A.; meaning that our estimates in this region are safe as well. Without
such a magical use of the center of mass frame, it is still an outstanding open
question if one can control the growth in p solely within the Glassey-Strauss frame.
We would like to say that we think it would be interesting to study this analogous
problem in the whole space R including the convergence rates, as in [61[7,23].

def

(26) AL {p <1}U{lpl =1 Ipl" <2¢°), A

def

2.2. Notation. In addition to the notation from 2I), we will use the L? spaces

|h|2d=°f\/ [ode [ dpirre e[| dp il
T3 R3 R3

Similarly any norm represented by one set of lines instead of two only takes into
account the momentum variables. We also define ||h||, = ||h||2, which is justified
by @I) later on. The L?*(R3) inner product is denoted (-,-). We use (-, -) to denote

the L2(T2 x Rg) inner product. Now, for £ € R, we consider the weighted spaces

def def def def
[7ll2,0 = lwehll2,  hllv,e = lwehlly, Rl = [wehla,  |hlue = [wehly.
We will furthermore use A < B to mean that 3C' > 0 such that A < CB holds
uniformly over the range of parameters which are present in the inequality (and
that the precise magnitude of the constant is unimportant). The notation B 2 A
is equivalent to A < B, and A ~ B means that both A < B and B < A.

2.3. Organization of the paper. In SectionBlwe will prove the estimates for the
momentum derivatives of the non-linear collision operator (7)) using the splitting
into the Glassey-Strauss frame and the center of momentum frame. Then in Section
[ we will use these nonlinear estimates to deduce quickly several linear estimates,
using also [25]. Lastly in Section[B we show how to use our estimates to prove the
global existence and rapid decay, following the arguments from [191[20].

3. MOMENTUM DERIVATIVES OF THE NONLINEAR COLLISION OPERATOR

Recalling the decompostion of A and A, in (2.0), consider the smooth test func-
tion x € C5°([0, 00)) such that 0 < x < 1, and x(p) = 1 for p € [0,1] with x(p) =0
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for p > 2. We use the splitting 1 = xa(p, q) + xa.(p, ¢) with

1
p|

xa(p.a) = x (0°) + (1= x () x <—>

q°

lp| ™

def m
xa.(pq) = (1=x(p%)) (1—x<q—>>-

We split T'(f1, fo) =Ta + T4, as
sB(p,q,w

rAz/ dwdgq 7(1;% )|

R3 xS2? p-q

Ty = / duodq voF1 (") F2(a") — F1(0) F2(@)]x . (0 0)-
R3xS2

Here without loss of generality, we have taken f; and fs to be scalar functions.
Using these important decompositions, we will prove the main estimate:

Fi(0) f2(d') = f1(p) f2(0)]xa(p, q),
(3.1)

Theorem 2. We have the following nonlinear estimate for any |3 > 0:
[(w70sT(f1, f2), 05 f3)| S 10pfalae > 105, fil2.el0s, falae.
B1+B2<8
Here we can include any € > 0. Then for |y| + || < N with N > 4 we have
|(wBOIT (1 20, 038) | S N03flloe TT D2 193 il
J=L12 |ya|+BiIEN

The second estimate follows easily from the first and Sobolev embeddings.

Now this theorem will follow directly from our Lemmas Bl and E below. It will
be our focus in the rest of this section to prove these estimates.

3.1. Estimates in the Glassey-Strauss Frame I' 4. To avoid taking derivatives

for the singular factor of |w - (& — )| inside B(p,q,w) for dsl'a in B.I), we

introduce the following change of variables ¢ — u (for fixed p) as:

(3:2) u=p"q—q’p.

By (32), we have that ¢ = g—zp + 5 and taking norms on both sides yields
" = (u-p)+/(u-p)?+[uf? + (p°)%

Such a transformation ([B.2]) therefore defines an invertible mapping with

du; 0 Gpi
= p’oy — L, (1,5 =1,2,3),

du du; ®°)? 0 0 (»°)?

—| = det = —-p-q) > .

8q' (3(1;') q¢° e’ =p-q) 2 q°
Since |w - (& — 5)[ = :ql we can express I'4 from 3] as

$B|w-u
) Ta= [ dean| F L TGAG) £0) ~ H0) @) xar0),
R3xS2 u
where now 0
p et ®° +4¢°)
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We take a high order derivative dg of (B3] to obtain
Oal £ X [ dedu K T (05 5000 O ) 1
% b

2
2,
where the sum is over Sy + 31 + B2 < . Furthermore

9q

p) 24

50 <‘ au

B1

Also pug, = g, (u,p,w) is the term which results from applying the chain rule to

1|p|%5qodwdu KE‘() V J(q) |aﬁ1f1(p)aﬁ2f2(Q)|a

3%x§2

B T2 (q)x alp, q))

def
(34) KE?O = K?D(u,p,w) = |w ' u| poqo

J2(q).

the post-collisional velocities p’ and ¢’. Here u'g; contains the sum of products of
high order momentum derivatives of the smooth functions p’ and ¢’. The next step
is to reverse this change of variables (8.2) to go from u back to an integration over
q. After that change of variables:

Lemma 1. On the set A, we have the following estimates

n
A (9)
U’M(p) ‘Kﬂo(poq - qop,pvw)‘ S po—qo-

Similarly, we also have the upper bound of
’ugi (g - qop,p,w)} S{a"
Above n > 1 are a fized large integers which depend upon £ >0, 8, By, B1, and Bo.

Proof of Lemmalll We start with the estimate for Wgy- Clearly, up to constants,

,ug; is a sum of products of terms of the form

(05,9")7 (95,4') ",

where (1, (2, 71 and o are suitable multi-indicies. It is therefore sufficient to
estimate the size of these derivatives from above. This follows from the multi-
dimensional generalization [], from 1996, of the Fad di Bruno formula (1855).
After the change of variables ([B:2]) we have

P = ptalp,u,ww,
0
/ u q ~
q = — + P — a(p,u,w)w,
p’ o p°
where
2(p 0 . N
a(p, u,w) = b tq)wu ==

2
P +4°)?—{w-p+q)}” D
Our goal will be to estimate derivatives of these functions. We thus compute

apy, da(p, u,w)
= Opj +wp—pfy—,
Op; ! Op;
dqy, uep;  ¢° q° q° pr da(p, u,w)
= + L6+ ——pips + —— = w2
Ip; (0) ~ po ()3T ap; p° Ip;
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We compute the final derivative as

oa 10N N 0D

B, " Don, Do,
ON <pJ 9q° )
M Y + 24
Op; Op;
9q° 2(u - p)u; + 2p;

opj " lu-p)?+ Ju + (°)2

The derivative of the denominator is further given by

oD dq
— =2(p"+¢° ( + —)
Op; (p ! ) Ip;

0 0
o b L e (L) 4 Lk
20 (p—kg)?&)k (5k;+p05kj +pkapj (p0> + (pO)S).

Now the key observation in all of these calculations is that the denominators, e.g.
p°, D, and \/(u-p)? + [u]? + (p°)? are in all cases uniformly bounded from below,
so that no singularities are present. Therefore, after applying the reverse change of
variables u — p°q — ¢"p to (B2) we can see that we always have the crude upper
bound (for some n > 0) of

93,
8[) '

P}
8[) '

< (p) (@)™

This estimate will conclude the second estimate in Lemma [Iif all of the derivatives
are first order derivatives. Note that the exact value of n is in fact unimportant
to our argument. The crucial observation now is that this pattern repeats for the
higher derivatives. We mean that in the sense that higher derivatives of p’ and ¢’
after applying (8:2) and then reversing this change of variable are all (complicated)
polynomial type expressions but the denominators of all of these functions are
always of the form (p°)7, D7, or (1/(u-p)% + [ul> + (p°)2)? for some j > 0, so that
they are always uniformly bounded from below by a positive constant. This implies
that the higher order derivatives are all bounded above by ((p) (¢))™ for some n > 0.
After that, the second estimate for u'g; in Lemma [l is a consequence of the region

A from (). We conclude the estimate for 4.

The estimate for ([B4)) is similar. The point is again that momentum derivatives
of ([B4) are all ratios of quantities in the variables u, p, p’, and ¢". It is readily
apparent that the denominators of these ratios are all uniformly bounded from
below. Thus after reversing the change of variables in ([B.2]) the term (34) must be
bounded from above by a constant multiple of ({p) (¢))™ for some n > 0. O

Lemma 2. We have the following estimate for T' 4 with any ¢ > 0:
|wg(p)3ﬁFA| S 67§|p|1/m/ dgdw 1 1 _ | Ji (q)
R3 x§? lpl™m Sq

(3.5) x> {105 )W) (952 2) (@) + 196, 1) (2) (D52 f2) (9)]} -

B1+B2<8
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Moreover, from there one can deduce the uniform estimate
(3.6) [(wi0sT 4 (f1, f2), 05 f3)| S10pfsla D |08, f1l210p, folo.
B1+B2<p

Proof. The proof of BX) follows directly from the previous Lemma [Il by noting
that J=5(q) = esPI”™ > (1 + |p| + |g|)™ for any large n > 0 since |p| < (¢°)™
To establish ([B.6]), we apply the Cauchy-Schwartz inequality to obtain

|(widsT 4,05 f3)|

> [ L 105 005 o)+ 105, 1010 o)} 195550)

51+,32<ﬂ
<losfsh S /mwm (U@mwwmmmf
B1+B2<p
Hopfsls D 108, f1]2108, fala:
B1+B2<B

We finally complete the proof by making pre-post collisional change of variables

(p,q) = (p/,q¢) from (LI9). 0

3.2. Center of Momentum Frame. In this section we prove estimates for the
term I' 4, from BI). We take § momentum derivatives of I'4_ to obtain

ECAVHESDY /]R . dgdw 1ip1/m> g0 |08,/ T (@) (9, 1) (") (Op, f2) (¢ )51
3%§2
+§ |3ﬁhf1(p)|/]R . dgdw 1j,1/m>q0 |08,0s|\/ J ()03, f2(q)
3 %S2
B1 -

Here kg is a collection of sums of products of momentum derivatives of p” and ¢”
from (24). Again the sum is over 8y + S1 + 2 < 5. We then have

Lemma 3. Let |p|= > ¢° with m large, ZB). For some n > 1 we have for 8 # 0,

(p) |95,
|vg]

Proof of Lemma[3 We first show the decay of dsv,. Recall v, = £ Zoqf) from (2.3).
For g as in (ILI0) we consider the first derivative

1/ pi .
Op,g = — < qO_QZ)a i1=1,2,3).
bid =2\ 0 ( )

From [I4] Lemma 3.1] we have \‘;’_‘1‘ < g < |p—g|- Then for |p|= > ¢° from (Z0):

~
pOO

+10s0"| + 1084”1 S ()"

(p)

ML <<
S9Sp)-
(@)
We conclude that |9,,g] < <q>3/2 <p>71/2 . Iterating this procedure yields
218
q _
(3.7 9501 < a0l S 02 2

g
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Since s = g2 + 4, it then follows that for [p|7 > ¢°,

2|8
q
(38) 053] 5 L, (s3] £ 0 ()7
We therefore conclude (p) |05v4] < (g)" |vs| by applying the product rule to
9v/'s
ol = 105 { S 11 S 3 105090550555
p-q pq
N N n
< @ 1 e gvs (@) o,
~oog 0T g2 P (p)

To show |0sp”| + 059" | < (g)™, we note from (Z4) for |3| > 0 that

5ij +Zﬁ‘85a (g(p—l)) Oa ((pi“Lqi)w)}'

g +
e p+ql?

0
591
2

10sp] | <

We estimate each of these terms individually. The first term is trivially bounded.
By B1), the second term on the right side of dgp! is bounded as in the previous
estimate. For the third and last term on the right side of dsp! we notice that

+q) w e o
00 (0 + ) 5D < a0 5 )71,

The first inequality holds generally; the second inequality holds on [p|# > ¢° from
(Iﬂil). Now for the term 4(p — 1) we notice that [4(p—1)| < p®+¢° < (p) on
Ip|7 2 ¢°. The first inequality in the previous chain holds because of % <1 and

the definition of p from (24). We conclude that if § — a = 0 then the third term
on the right side of dgp! is bounded as in Lemma Blsince in this case |a| = |3] > 0.
It remains to estimate the last term on the right side of dgp; when |8 — a| > 0.

To this end, notice that $(p —1) = 3 (% - 1) . Therefore

g 1 Pi o g Dpi g 0 0 Pi o
(Zp—1)) = — —q ) (p—1)+ S —q ).
3p1(2(p )) % <qu Q>(P )+ 250 153 (p +q)<p0q q>

Above we have used s = g% + 4. From the previous estimates we have (on A.)

o (200-1)| 5 (0.

Following the same procedure we have generally that }8/3 a (—( -1) )} < (¢)" for
some n > 1 and any |8 — «| > 0. Collecting all of these completes the estlmate for
Opp’ in Lemma[3l Notice that the estimate for dgq’ is exactly the same. O

Lemma 4. Fiz |§| > 0. Then we have the uniform estimate

v J1/4
B39 1000l X [ dads Loz i 05, 5) )05 2) o)

8 d Vg ‘]1/4( ) a
+Z| ﬁlfl(p)| . qdw 1\p\1/m>q W| 8, f2(q)|-
Above the sum is over By + 1 + B2 < B. Moreover, for £ > 0, we obtain

(3.10) (wi0pT a.(f1, f2), 0sfs)| S 10afsloe D 105, fil2.elOp, folo.e-
B1+p2<8
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Proof. First 33) follows directly from the previous Lemma Bl and the fact that
J1%(q) = (g)" for any n > 0. We then have the upper bound of

’<wgaﬂ1—‘Ac’aﬁf3 Z/ P)ve T4 (q) (98, f1)(®") (D3, f2)(q")D5 f3(p)|
+° [ dudpde wd )vod 4(0) 105,200 95 (s £

Above the sum is over 81 + 52 < 5. The second term above clearly has the desired
upper bound in (BI0). For the first “gain term”, notice from [I4] Lemma 2.2]
that we have the estimate we(p) < we(p”)we(q”). We remark that the estimate
[14, Lemma 2.2] is true for any variables satisfying the conservation laws (IT).
Now using Cauchy-Schwartz we obtain the upper bound (v < 4)

1/2
|05 f3]2,¢ {Z / ve wi (p")wi (q") Iaﬁlfl(p”)%fz(q”)lz)dpdqdw}

1/2
S 108 fsl2.0 {Z/ vo Wi (p" w7 (q") 0, F1(p") D, fo(d")I” dp”dq”dw} :
Once again the pre-post change of variables from (2.1 establishes Lemma [l O

4. THE LINEAR ESTIMATES

We will use the estimates proven in the previous section for I" from (7)) to prove
the linear estimates in this section. Recalling (L]) and (7)) we write

L(h) = [Lihy L ], L(k) = v(p)h — K (k).
Here we recall that h = [hy, h_]. From (I4), (IEZI) and (LI4) we can define

def B s Y /
anm(f f2)—/ dwdg S pq fl

R3xS2

v (o) 2 [ dodg PRL T

R3xS2

Above f; and f5 are scalar functions. Then followmg ([C1) we can write

(4.1) v(p) 2wt (1,77) =2 / dwdg BP9 50

R2 X2 P°q°
With these developments the operator K (h) = [Kh, K_h] can be expressed as
(4.2) K () D90 (e /T) 4 D900 (i VT) 4+ T (V).

We abuse notation by considering v/.J as [v/J,V/J] in the definition of K. Then
from [25] Lemma 3.1] we clearly have that v(p) ~ C, for C, > 0. Furthermore

Lemma 5. Let |3] > 0, then |9zv(p)| < C (p)~"
Proof. As in (@), we apply B3) and 3) with f; =1 in the loss terms. O

Proposition 6. Let |8| > 0 and fiz ¢ > 0. For any small n > 0, there exists a
large R = R(n) > 0 and C' = C(n) > 0 such that

(wids{v(p)h}, 05h) = |0shl5 o —n Y |0ahl}, — Cyll<rhl3.
jal<I8]
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Proof. We will prove the desired coercivity estimate for a real valued function h
to simplify notation; the result follows trivially for a vector valued function h =
[hy,h_]. We expand out the inner product as

wids{v(p)h},0gh) = wi v |0gh|* + ch w? dp,v Op_p,h Dgh
VB B [ B B1 ¢ UB BB B
R 0<B1<B R

= 0stle+ Y B [ doube) 05,010) 95 hir) O31(0)
0<p1<B

Here C’gl is the constant which results from the high order differentiation. Since

81| > 0 we have from Lemma Bl that |5, v(p)| < C (p) ™"
Then, for fixed R > 0, we split the second term above as

> Oﬁl/ dp wi O,v(p) Dp—p, h 3ﬁh:/ +/ :
0<p1 <8 R3 IpI<R Ip|>R
On the unbounded part we use Cauchy-Schwartz as follows

C
[ o 1050(0) 05 05| < Li00hls DT 105l
[pI>R

0<B1<B 0<B1<B

C
< E Z |851h|12/,2'
B1<pB

On the bounded region we use the compact interpolation of Sobolev-spaces

/ dp > 05—, 9shl S/ > dp |9s-sh)* +i1|0sh)?
lpI<R 0<B1<B IPISE | 0<p,<p
<n > / dp |0ah|* + c,,// dp |h|?
la|=| 8] IpI<R [pI<R
<n Y 10ahlZ,+ Cyl1<rhf3.
le| <181
Above the n’s are allowed to be small. This completes the desired estimate. O

Proposition 7. Let |5| > 0 and ¢ > 0. For any small n > 0, 3C;, > 0 such that

(70K (h1), 0pha)l S 40 D |0ahal,, + Cyll<rlnly ¢ [9phal,,, -

ll <[]

Proof. For || = 0, this follows from [25, Lemma 3.3]. We then explain how to
prove the case with || > 0. To do this we split K into two parts. We apply (B.5)
and (B9) with fo = V/J and fi = h; as in the definition of K from E2), ete.

For the term as in [39), we deduce that it is bounded by a different linear kernel
with vyJ I (¢") and v,J 1 (¢). Such a new linear operator has the same property as
the original K in the center of mass frame with v,J%(¢”) and v,J%(g). So the
Lemma follows from the result for K without derivatives in [25] Lemma 3.3].
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For [B3), the term with 8; = /8 is bounded by

sB(p,q,w 1 el L /
Lo P das 74a) {10k @) I+ 1746 Os) o)1)

Al

(@)]-

This new linear operator has the same property as the original K. So the lemma
follows in this case from the result for K in [25, Lemma 3.3]. On the other hand,
for terms with 8y < 3, by compact Sobolev imbedding, it suffices to conisder the

sB(p,q,w) 1
+/ 2D dgdw J 7 dsh1)(p)J
I (q) 1(9sh1)(p)

case where |p| is large, for which the fast decay factor e=sPIV™ i B3) provides
the small constant 17 and we complete the proof. 0

5. GLOBAL SOLUTION AND RAPID DECAY

In this final section, we explain how to use the new estimates from the previous
sections to prove the global existence and rapid decay of nearby Maxwellian classi-
cal solutions to the relativistic Vlasov-Maxwell-Boltzmann system (L.6) and (L9)
with (LI0). We prove global existence following the approach from [I7[19]. The
decay follows as in the method described in [20]. Since several of these previously
elucidated details [T7[1920] are similar, we will simply write down the main steps
and refer to the prior results for an elaboration of the full argument.

First in Section Bl we explain the local existence argument. Then in Section [5.2]
we exposit the argument for proving the crucial positivity of the linearized collision
operator for solutions to the relativistic Vlasov-Maxwell-Boltzmann system (L6,
(C9), with (LI0). Finally in Section (.3 we explain how these estimates can be
used to prove the global in time existence and rapid decay.

5.1. Local solutions. We now sketch the procedure for obtaining a unique local-
in time solution to the relativistic Vlasov-Maxwell-Boltzmann system (L], (L9,
(CI0). These arguments are rather standard [I7,[19].

Given a solution [f(t,z,p), E(t,z), B(t,z)] to the relativistic Vlasov-Maxwell-
Boltzmann system we recall the definition of the instant energy functional En ¢(t)
as ([ZI). We furthermore define the dissipation rate Dy ¢(t) as (¢ > 0)

Dye(t) = D" w'dif@))*
[v|+[BISN
We state the following local existence theorem.
Theorem 3. Fixz £ >0. 3My > 0, T* > 0 such that if T* < My/2 and
En,e(0) < My/2,

then there is a unique solution [f(t,z,p), E(t,x), B(t,x)] to the relativistic Vlasov-
Mazwell-Boltzmann system (L), (LI), and [LIQ) on [0,T*) x T3 x R3 such that

t
sup {5]\[7@(15) +/ ds 'DN)g(t)} < M.
0

0<t< T

The high order energy norm En¢(t) is continuous over [0,T*). If Fy(x,p) = J +
JY2fo >0, then F(t,z,p) = J + JY2f(t,z,p) > 0. Furthermore, the conservation
laws (I11), (112), (I113) hold for all 0 < ¢t < T* if they are valid initially at t = 0.
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This local existence theorem can be proven in the standard way using the esti-
mates in this paper combined with the local existence proof in [19] for the relativistic
Landau-Maxwell system. The positivity of solutions follows from the proof in [I7].

5.2. Positivity of L. In this subsection we illucidate the positivity of the linearized
operator (LL8)), L, for any small amplitude solution [f (¢, x, p), E(t, x), B(t, z)] to the
full relativistic Vlasov-Maxwell-Boltzmann system (L), (TC3), and (TI0).

Our main result in this section is as follows.

Theorem 4. Let [f(t,z,p), E(t,z), B(t, )] be a classical solution to [(L.4) and (I.9)

satisfying (L10), (LI1), (I12) and (II3). Then there exists an My > 0 and a
do = 0o(My) > 0 such that if N >4 and

(5.1) 3 {%IIWf(t)IF 0 E®)|+ ||a”B<t>||2} < My,
[vI<N

then

S TLOT),07f () =60 Y 107 F(H)]I.

[v|<N [v|<N

In the rest of this section, we always work exclusively with a classical solution
[f(t,z,p), E(t,x), B(t,z)] to (L) and (L3). This argument proceeds, as is cus-
tomary, via a careful study of the the six dimensional null space of L, for any fixed
(t,x); this null space is given by (1 <i < 3)

(5.2) N(L) ¥ span{[\/?, 0], [0, VJ1, [piVJ, piV ), [poﬁ,poﬁ]} .
Define the orthogonal projection from L*(R?) into N(L) by P. Then decompose

f=Pf+{I-P}f

It is now standard to call Pf = [P, f,P_f] € R? the “hydrodynamic part” of f
and {I-P}f =[{I—P},f,{I —P}_f] the “microscopic part.” By separating its
linear and nonlinear part, and using Ly (P f) = 0, we can express the hydrodynamic
part of f through the microscopic part up to a higher order term h(f):

s {orLovideers{p LhVi-n@-pi s

This is a decomposition of (L) (with normalized constants), where
6 tr-pin < {o+ Lov b a-prr s Lo a-py).

(5.5)  he(f) 3 <E+ 2 x B) Vofet {E ]%} e+ Ta(f f).

We further expand P4 f as a linear combination of the basis in (5:2)) as

3
(5.6) Pif=<ax(t,z)+ Z bi(t,x)p; + c(t, x)p° J(p).

j=1

The positivity of L is obtained via a careful study of the relativistic system of
macroscopic equations (5.7) - (BI1); this system was derived in [19].
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We will sketch the derivation of (7)) - (5I0]) for the convenience of the reader.
Expand the left side of (B.3]) with respect to the terms in (G.0) as

0
Here 8° = 9; and 8 = 0,,. For fixed (¢, z), this is an expansion of left side of (5.3)
with respect to the basis of {e}, whose components are given by (1 <4,5 < 3)

[\/77 0]7 [07 \/7]7 [pj\/j/poa 0]7 [O,pj\/j/po],pj\/j[l, 1]=pjpi\/j/p0[17 1],p0\/j[1, 1]'

We expand the right side of (B.3]) with respect to the same basis and compare the
coefficients on both sides to obtain the macroscopic equations:

{80@[ + % {ay FE;} + Pibi 9'b; +p; {0 + & c} +p0800} J(p).

(5.7) % =1l.+ he,

(5.8) e+ 9%; =1; + h,,

(5.9) (1 —6i)0'b; + 0b; = l;; + hj,
(5.10) 'ax F Ei = laix + haix,
(5.11) ay = log + hox.

To ease the notation we define the following index set
ME {¢, i, ij, ait, a+]|i,j=1,2,3}.

Thus M is the collection of all indices in the macroscopic equations. For A € M
each [)(t,x) are the coefficients of [({I — P} f) with respect to the basis elements
{er}; similarly for each hy(t,z). Precisely, a given [, can be expressed as

=Y CX{l+({T=P}),l-({T-P}f)],es), C ER.
k

Also the hy(t,z) can be computed similarly.
From (B.0) and (L9) (with normalized constants) we see that

(512) 7=~ [ VI =T (- P s,
R3
Next, we explain how to estimate each of these terms.

Proposition 8. Suppose that N > 4, then we have

> (Z |6m||+|w|> <D HI-Pro .

[Y[SN—1 \AeM [vI<N

This Proposition B is proven for the relativistic Landau-Maxwell system in [19]
Lemma 11]. Because the structure of the operator [ is similar, the proof of Propo-
sition { is exactly the same as [I9, Lemma 11]. The only difference between these
cases is for the term L. in [y, since the operator L1 is in fact very different. However
because of (L) the required estimate for (L{I —P}d7f,ex) used in [19, Lemma
11] is supplied by our Theorem 2l We then refer to [I9, Lemma 11] for the rest.

We now estimate coefficients of the higher order term h(f) from (5.

Proposition 9. Let (1)) be valid for some My > 0. Then

ST N oml < vy > ol

[Y|SN AeM lvI<N
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As in the previous proposition, Proposition[@lis proven for the relativistic Landau-
Maxwell system in [I9, Lemma 12]. Again the structure of hy is similar in both
cases, meaning that the proof of Proposition [ the same as [19, Lemma 12]. The
only difference between these cases is for the term 'y in hy; the operator I'y is
in again quite different. However the needed estimate for (9T'(f, f), ex) used in
[19, Lemma 12] is supplied by our Theorem [2I Otherwise the proof is exactly the
same, and for the full details we refer to the proof in [I9, Lemma 12].

Next we estimate the electromagnetic field [E(t, z), B(t,«)] in terms of f(¢,z,p)
through the macroscopic equation (5I0) and the Maxwell system (5.12)).

Proposition 10. Let [f(t,z,p), E(t,x), B(t,x)] be the solution to (I.4), (1.9) and
(LID) constructed in Theorem[3 Let the small amplitude assumption (&) be valid
for some 0 < My < 1. Then there is a constant C' > 0 such that

Y T EGI+107{B@) - B} S > 107 f(@)l-

[v[<N-1 [v|<N

Similar to the previous propositions, this Proposition [I0lis proven in exactly the
same way as [I9, Lemma 13] except that we replace the estimates in the proof of
[19, Lemma 13] with their corresponding analogues herein. Specifically, we follow
directly the proof of [I9, Lemma 13] however we replace the use of [I9, Lemma 11
and Lemma 12] with Propositions [§ and [l respectively.

Collecting the previous estimates in this section, we can now prove the crucial
positivity of L from (Lg]), as stated in Theorem [ for a small amplitude solution
[f(t,z,p), E(t,x), B(t,z)]. Once again the proof is the same as the analogous proof
for the relativistic Landau-Maxwell system from [I9, Theorem 2]. We need only
replace the estimates used in [I9, Theorem 2] with their analogues in this section;
in particular we replace [I9] Lemma 13] with our Proposition [0} [19, Lemma 12]
with Proposition @ and [I9, Lemma 11] with Proposition[8 We then refer to [19]
since otherwise the details are exactly the same. This completes Theorem [l

5.3. Global Solutions. In this section we establish Theorem [[I We first explain
how to derive a refined energy estimate. We use the instant energy functional

Eme(t)~ Y > WO+ D [07EW), BOI.

|BI<m |y|<N—[B] [yI<N

We also define the refined dissipation rate as
def
D)= Y > i)
[BI<m [y|<N—|B]|

Here 0 < m < N. In these spaces we have the estimate:
Proposition 11. Fiz ¢ > 0. Let [f(t,z,p), E(t,z), B(t,z)] be the unique solution
constructed in Theorem [J which also satisfies the conservation laws (L11), (IL.12)

and (LI3). Let the small amplitude assumption [51]) be valid. For any given
0 <m < N and |B| < m, there are constants Che >0 and Om.e >0 such that

d

Egm,é(t) + 0m D e(t) < Gy, o\/ENe(t) D e(t).
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We point out that the proof of Proposition [[T]is exactly the same as the corre-
sponding proof in [19, Lemma 14] for the relativistic Landau-Maxwell system. The
differences are that we use the relativistic Boltzmann estimates from this paper,
instead of the corresponding estimates from [19], and secondly that we include the
weight ¢ > 0. For the estimates, we specifically replace [I9, Theorem 4] with our
Theorem [ [19, Lemma 13] with Proposition [0 [19, Lemma 7] with Propositions
and [ and otherwise the argument follows exactly the proof of [19, Lemma 14].
To include the weights £ > 0, we refer to the argument used to prove [, Eq (4.6)].

Finally we prove the global existence of solutions to the relativistic Vlasov-
Maxwell Boltzmann system (@) and ([L3)). Notice that using the estimates above,
in particular Proposition[IT] this follows from the standard continuity argument as
in for example [I7[19]. Thus we have proven all of Theorem [ except for the decay
rates. But the decay rates in this case follow directly using the interpolation pro-
cedure from [20] (which was applied to the Newtonian Vlasov-Maxwell-Boltzmann
system and the relativistic Landau-Maxwell system in [20]). Q.E.D.
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