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ABSTRACT. We consider an ensemble of classical particles coupled to a Klein-
Gordon field. For the resulting nonlinear system of partial differential equa-
tions, which we call the relativistic Vlasov-Klein-Gordon system, we prove the
existence of global weak solutions for initial data satisfying a size restriction.
The latter becomes necessary since the energy of the system is indefinite, and
only for restricted data a-priori bounds on the solutions can be derived from
conservation of energy.

1. INTRODUCTION

When considering the interaction of classical particles with classical or quantum
fields various different situations arise: On the one hand one can consider the cou-
pling of a single classical particle to a field. How this should properly be done for
the case of a Maxwell field is a classical problem, cf. [1], and the effective dynam-
ics and asymptotics of such systems is an active field of research, cf. [7, [9, [10] 1]
and the references there. On the other hand, in kinetic theory ensembles of classi-
cal particles are considered which interact by fields which they create collectively.
There is an extensive literature on such systems, with particles interacting by non-
relativistic, gravitational or electrostatic fields — the Vlasov-Poisson system —, by
electrodynamic fields — the Vlasov-Maxwell system —, or by general relativistic
gravity — the Vlasov-Einstein system. In all these systems the only interaction
of the particles is via the fields which they create collectively, a situation which is
sometimes referred to as the mean field limit of a many-particle system.

In the present paper we consider an ensemble of particles which can move at
relativistic speeds and interact by a quantum mechanical Klein-Gordon field. Let
f=f(t,x,v) >0 denote the density of the particles in phase space, p=p(t,z) their
density in space, and u=u(t,r) a scalar Klein-Gordon field; t€R, x€R3, and
v €R? denote time, position, and momentum respectively. The system then reads
as follows:

Ouf +0-0pf —Byu- 0y f =0, (1.1)

Ofu— Au+u=—p, (1.2)
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p(t,x):/f(t,z,v)dv. (1.3)

Here we have set all physical constants as well as the rest mass of the particles to

unity, and
v

)= —— 1.4

= e (1.4)
denotes the relativistic velocity of a particle with momentum v. We call this system
the relativistic Vlasov-Klein-Gordon system.

To our knowledge it has not yet been considered in the literature. Our motivation
for initiating a study of this system is the following. In [8] a single classical particle
coupled to a Klein-Gordon field is considered, and the system , , is
meant as a natural generalization of this to the many-particle situation. On the
other hand, the system falls within the general class of nonlinear PDE systems like
the Vlasov-Poisson or Vlasov-Maxwell system, and by studying it one may hope to
learn more about the general properties of this important class of problems from
mathematical physics. A major issue in this area, which we also focus on in the
present paper, is the question of global existence of solutions to the corresponding
initial value problem.

The coupling in the system above is set up in such a way that the system is
conservative;

/ V1t v fdrdu+ % / [\@u‘Q + 10 ul* + |u|2] dzr + /puda: = Ex+Er+Ec

(1.5)
is conserved along sufficiently regular solutions. From experience with the related
systems from kinetic theory mentioned above one knows that for global existence
questions it is essential to derive a-priori bounds on the solutions from conserva-
tion of energy. In this context the relativistic Vlasov-Klein-Gordon system poses
the following specific difficulty: The interaction term FE¢ in the energy need not
be positive. Therefore, one has to try to estimate this term in terms of the pos-
itive quantities Ex and Ep. By Holder’s inequality, interpolation, and Sobolev’s

inequality,
/ pudz

the details of a more general version of this estimate can be found below, cf.
Lemma Here ||-||, denotes the LP norm. The problem is that, after applying
the Cauchy inequality, the right hand side in this estimate is of the same order of
magnitude as the positive terms in the energy, and no a-priori bound on the solu-
tion seems to follow from conservation of energy. This situation is similar to the
gravitational case of the relativistic Vlasov-Poisson system where it is known that
spherically symmetric solutions with negative energy blow up in finite time [3]. Our
way out of this difficulty is to observe that in the estimate above the constant C'

<llo(®)lls/slu®)lle < CBx (8) /|0 ult)|2;

depends on ||f||1 and qu||007 fbeing the initial datum for f, and if we require that
it is smaller than an appropriate threshold then a-priori bounds on the solutions
can be derived from conservation of energy. These bounds are such that one can
pass to the limit along a sequence of global solutions to an appropriately regularized
system, and this limit is a weak solution to the relativistic Vlasov-Klein-Gordon
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system. The details of these arguments are then similar to the corresponding ones
for the Vlasov-Maxwell system [2], cf. also [12].

The paper proceeds as follows: In the next section we collect for easier reference
some results on the linear, inhomogeneous Klein-Gordon equation. In Section 3 we
prove a global existence and uniqueness result for smooth solutions to an appro-
priately regularized version of the Vlasov-Klein-Gordon system. We then proceed
to derive uniform a-priori bounds on a sequence of such regularized solutions from
conservation of energy for restricted data, and prove the existence of a global, weak
solution to the original system. This is done in Section 4, where we also discuss
some of the properties of these weak solutions.

We conclude this introduction with some remarks on related results in the lit-
erature; we restrict ourselves to results on the initial value problem in the three
dimensional case. For the Vlasov-Poisson system global classical solutions for gen-
eral initial data have been established in [I6] 14 19]. For the relativistic Vlasov-
Maxwell system such global classical solutions are so far only known for small,
nearly neutral, or nearly spherically symmetric data [5, 4 [I7]. For general data
the existence of global weak solutions was obtained in [2]. When passing from the
Vlasov-Poisson to the Vlasov-Maxwell system a lot of the difficulties with classical
solutions of course arise from the different field equation which becomes hyperbolic
instead of elliptic. However, it must be emphasized that already for the relativistic
Vlasov-Poisson system where the only difference to the Vlasov-Poisson system is
that a v in the Vlasov equation is replaced by a © no global existence result is known
for classical solutions with general initial data, and for the gravitational case where
the energy is indefinite classical solutions can blow up in finite time as mentioned
above, cf. [3]. An investigation of the fully relativistic gravitational situation, i.e.,
of the Vlasov-Einstein system, was initiated in [18].

2. THE LINEAR KLEIN-GORDON EQUATION

Although our notation is mostly standard or self-explaining we explicitly mention
the following conventions: For a function h=h(t,z,v) or h=~h(t,z) we denote for
given ¢t by h(t) the corresponding function of the remaining variables. By ||.||, we
denote the usual LP-norm for p€[1,00]. The index ¢ in function spaces refers to
compactly supported functions. Throughout the paper the convolution denoted by
x refers to the spatial variables.

For easier reference we now collect some results on the linear, inhomogeneous
Klein-Gordon equation

OPu—Autu=g (2.1)
with a prescribed right hand side g=g(t,7). For t >0 and x € R3 let
16(x)—t) 1 J1(y/t? —|z|?)
R(t,z)=———~——H(@{t—|z|) ——=—"=
47 t 47 2 —|x|?

where § is the J-distribution, H is the Heaviside function and J; is the Bessel
function of the first kind.
Given initial data
u(0) =11, dpu(0) =1 (2.2)
the solution of the initial value problem (2.1)), (2.2]) can be written as

w(t,x) =unom (t,2) +uinn (¢,2), t>0, reR3.



4 M. KUNZINGER, G. REIN, R. STEINBAUER, AND G. TESCHL

Here

Unom (t,2) 1= (O Rx101)(t, ) + (R* 1) (t, )
1

1
= r—y)dS, — / Vi (z—y)-ydS
eS| Vie—y) s,

1 1 . J1<£)>’t
= - Ui (z —y)dS, — 47T/y§t”1(93 y)( e ) e

1 . 1 o Ji(§)
— us(x—y)dS ——/ us(x—y dy
At Jyy|= ol )4y AT Jyy|<e ol ) £

with the abbreviation

=7 —y?
is the solution of the homogeneous Klein-Gordon equation ([2.1)) with initial data

, and
t
Uinn (¢, ) ::/ /R(t—&fv—y)g(s,y)dyds

e [ st

with the abbreviation

—lz—yl

is the solution of the inhomogeneous Klein-Gordon equation with vanishing initial
data. These formulas can be found in [I5] and [20]. They can be established by
observing that the substitution w(t,z,() :=u(t,z)exp(—i¢) transforms (2.1)) into a
wave equation for w which can be solved in the usual way.

If «€N§ denotes an arbitrary multi-index and 9% the corresponding spatial
derivative the above formulas imply the following estimate for the solution of ,
, which is not very sophisticated but good enough for our purpose:

10 u(®)]loo < CA+8)* (0% oo + VOt oo + 0%tE2 | o0 + 09 (D)) - (2:3)

3. GLOBAL CLASSICAL SOLUTIONS OF THE REGULARIZED SYSTEM

The aim of the present section is to establish the following global existence and
uniqueness result for a suitably regularized Vlasov-Klein-Gordon system:

Theorem 3.1. Let § €C°(R3). Consider the reqularized, relativistic Viasov-Klein-
Gordon system where the right hand side —p in is replaced by —p*6. For
initial data ngGCCI(R(S), iy €C3(R?) and 1y € C3(R3) there exists a unique solu-
tion (f,u) to the reqularized system with f € C*([0,00[xR®) and ue C?([0,00[xR3),
satisfying the initial conditions f(0) :]?, u(0) =1i1, Opu(0)=1iy.

Proof. We begin by recursively defining iterates f,:[0,00[xR®—[0,00[, wuy:
[0,00[xR3 — R: Let fo(t z):=f(z), z=(z,v), and suppose f, has already been
defined. Let pn(t x) f fn(t,z,v)dv and let w, denote the solution to the Klein-
Gordon equation with right hand side —p, *d and initial data i, 1y, cf.
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the previous section. Denote by Z,(s,t,2) = (X,,V,)(s,t,2,v) the solution of the
characteristic system

0,

z
0 = —0gun(s,x)

with initial datum Z,(¢,t,2) =z. The next iterate is then defined as fy,41(¢,2):=

o

f(Z,(0,t,2)), i.e., as the solution of the Vlasov equation 1) with u replaced by

Uy, and initial datum f.
The flow of the characteristic system is measure preserving, hence || f,.(¢t)|1 =

||pn(t)||1:|\f||1 This implies that for any a €N, [[0%(p,(t)*6)|/ is bounded,
uniformly in ¢>0 and neN. Let T'>0 be arbitrary. In what follows constants
denoted by C may change from line to line and depend on the initial data, on the
regularization kernel 6, and on 7', but never on n€N. By [2.3), [[0%uy (t)||c <C

for || <2 and ¢t €[0,T]. Hence there exist R>0 and P >0 such that f,(¢,z,0)=0
if [u|> P or |x|> R and t €[0,T], in particular, f,(t)€C}(R%). Using these bounds
it is now easy to show that (f,)nen is a uniform Cauchy sequence on [0,77] x RS:
By definition,

||fn+1<t)_fn(t)”00 SCHZN(O’t’ ')_anl(oata )”oo

Using the characteristic system and the bound on 92u,,(t) we obtain, abbreviating
Zn(s,t,2,v) by Zp(s),

X () = X1 (3)] < / V() = Vi (1)
Vi(s)— Var ()] < © / X (7) = X (7) | dr

t
+/ Hazun(T)_8xun—1(7')||ood7',
hence
t t
|Zn(0)—Zn,1(0)\§C/ \Zn(T)—Zn,l(T)|dT+/ |0zt (T) — Optin,—1(T)]| 0o dT-
0 0

By Gronwall’s inequality,

an—i—l(t)_fn(t)lloo SC/O ||8wun(7')_8ﬂcun—1(7)||ood7~

On the other hand, the formulas for u,, from the previous section, the fact that we
have regularized the right hand side of ([1.2)), and the above bounds on the support
of f, imply that

|02un (1) = Optin—1(7)[loc < Cllpn(T) = pn—1(7) 1
< C’//|fn(7'7sc,v)—fn,l(T,cL‘,U)\dvdx
< Ol fn(r) = fam1(T) [l oo-

Combining these estimates we obtain

sr(8) = fu(®) e <C / 17) = Fur ()
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Thus, by induction,
Cntn

1£nt1(®) = fa ()l < C—

0 (fn)nen is uniformly Cauchy on [0,7] x RS. The same is true for (p,)nen and
(0%up)nen for |a| <2. That the uniform limit (f,u) of the iterative sequence has
the required regularity and is the unique solution of our initial value problem on
[0,T] follows, and since T' >0 was arbitrary the proof is complete. O

In the next section we want to obtain a global weak solution of the relativistic
Vlasov-Klein-Gordon system as a limit of a sequence of solutions to systems regu-
larized with §,,’s that converge to the d-distribution. To do so we will need energy
bounds on these regularized solutions, but since we have modified the system en-
ergy conservation takes a somewhat different form from what was stated in the
introduction:

Lemma 3.2. Let d€C(R3) be even, §=dxd, and 1y, 1ia €C.(R3). Let OSJ?E
CLR®) and let (f,u) be the unique solution to the regularized system according
to Theorem with initial conditions f(0)=f, w(0)=1i %4, Oyu(0)=1zx5. Let
p(t,x)= [ f(t,z,v)dv and denote by @ the unique solution to the initial value prob-
lem

02— Ali+1=—pxd,
12(0) :121 *d, 8,511(0) 2122 *d.
Then

- 1 I
E::/\/Wfdxdv+§/[|atﬂ/|2+|8I17/‘2—|—|a‘2]d$+/pud$::EK+EF+EC

is constant in t.

Proof. Using the Vlasov equation and integration by parts we obtain

—EK = /&gpudx

Also,
d -

%EF_ /8tﬂp*ddx:—/8t(a*d)pdx;

for the last equality observe that d is assumed to be even. The convolution u*d
satisfies the Klein-Gordon equation with right hand side —p* 4 and initial conditions
(a*d)(0) =1y 8, O¢(t*d)(0) =1z +5. Hence by uniqueness, u =1 *d. Summing up,

d

d
—EC /8tupdx+/u8tpdx7 p —Ep— thK~

4. WEAK SOLUTIONS

Based on Theorem we now prove existence of global weak solutions to the
relativistic Vlasov-Klein-Gordon system. The following auxiliary result will allow
us to derive a-priori bounds from conservation of energy, at least for appropriately
restricted initial data:



GLOBAL WEAK SOLUTIONS OF THE VKG SYSTEM 7

Lemma 4.1. Let p€]3/2,00] and 1/p+1/q=1. In addition to the assumptions of
Lemma we assume further that d>0 with fdzl. Let (f,u) be a solution as
obtained in Lemmal3.4. Then

'/u(tm) p(t,z)dz

o 4q 1/2 3 q+3 (g+3)/6 o (o °
othy=(2) e (L) e e,

Proof. For any R>0,

_ 4r o l 5
p(t,x)—/UléRfdv—i—/UDRfdvg ( . R) ||f(t,x7.)||p+R/\/1+|v| Fav.

If we choose R such that the right hand side becomes minimal we obtain the estimate

3/(q+3)
plt.2) <Cllf (1o, ) |2/ ( / \ﬁ1+|vl2fdv>

o 41 1/(q+3)q+3 § q/(q+3)
T\ 3 3 \¢ '

We take this estimate to the power (¢+3)/(¢+2), integrate in z, apply Holder’s

<C(f)|0u(t)||2 Ex (£)/%, t>0,

where

where

inequality, and observe that || f(¢)||, = ||f\|p to obtain

1P() | g+3)/(a+2) < Call FIIZ @) B (£)>/4F9).
By assumption on p we have (¢+3)/(¢+2)>6/5, and by interpolation,

3— 6 3)/6 21(3— 6 %
o) llsss < oD o) 132y < CSTEDO FI D70 £1]2/° Exc ()12,
(4.1)

By Holder’s inequality, Young’s inequality, and Sobolev’s inequality,
- 1 -
<lla(®)llsllp(t) xdlle/s < —==l10=u(t)ll2llp(t)ll6/5

udx| = / xdudzr
‘/ P ‘ P NG

1 o 5o/ o i
S i 1 e B P O] o O
with Sg:=3(m/2)%/3, cf. [13] 8.3]; recall from the proof of Lemmathat u=1uxd.
O
We now proceed to the main result of the present paper. In its formulation we
employ the space

L (R%):= {f R® >R || flxin: —/ V1t f(z,v |da:dv<oo}

o

Theorem 4.2. Let fe Li, (ROYNLP(R®) for some pe[2,00], f>0, 1 € H'(R?),
1y € L2(R3), and assume that

o _ 7'[' q
LA 171° < ”"(

(g+3)/3
q+3>
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where 1/p+1/q=1. Then there exists a global weak solution (f,u) of the relativis-
tic Vlasov-Klein-Gordon system , , with these initial data, more
precisely,

fEeL>([0,00[xLP(R®)), ue L>®([0,00[x H"(R?))
with
Oru € L™ ([0,00[x L*(R?))
such that the following holds:

(a) (f,u) satisfies , , in D'(]0,00[xR®).

(b) The mapping [0,00[3t— (f(t),u(t),0:u(t)) € L*(R%) x L2(R?) x L%(R3) is
weakly continuous with (f,u,d,u)(0)= (f,81,1).

() F(H)20 ae, |FOlp<Ifllp t>0. and dp+divi=0 in D'(J0,00[xR?)

where j(t,x):= [0f(t,z,v)dv. The weak solution conserves mass: || f(t)|1=
Hf”l for a. a. t>0.

Remark. Regardless of whether one considers data satisfying the restriction of the
theorem as small or not it should be emphasized that this is not a small data result
of the type known for example for the Vlasov-Maxwell system, cf. [5], since it does
not rely on the fields being small and corresponding dispersive effects of the free
streaming Vlasov equation. In particular, it is worthwhile to note that there is no
size restriction on the data for the Klein-Gordon field.

Proof of Theorem By our assumption on f, C(f)? <2 where the left hand

side is defined as in Lemma We choose € €]0,1[ such that C’(Jg)2 <2e. Next we
choose sequences (f,) in C2°(R%), f,, >0, (i1 ,n), (tzn) in C°(R?) such that f, — f
in Ll (RS)NLP(RE), iy, — 14y in H'(R?), 1y, — iz in L*(R?), and we require that

supC’(]?n)2 < 2e. (4.2)
neN
Let d,, € C2°(R?) be non-negative, even, of unit integral, and with suppd,, C B1/,(0),
and define 6,,:=d,, *d,. Denote by (f,,u,) the regularized solution according to
Theorem with d,, replacing § and initial conditions
fn(o) = fo'ru un(o) - ﬁl,n *6717 atun(o) :17'2,71 *571

Let p,,:= [ fndv and denote by @, the solution to the Klein-Gordon equation with
right hand side —p,, *d,, and initial data

’&;n (O) = ﬁl,n *dn, at’&n(()) :122777, *dn
As in the proof of Lemma 3.2 it follows that u, =1y *d,. Using Lemma and
Cauchy’s inequality we find that (with E from Lemma
- 1. 1 . 1 -
E > || fn(t)llxin + g\lﬁtun(t)\lg + illun(t)\lg + illamun(t)\lg
9 - 1/2
— C(f)| i () 1211 £ ()
1

1 . 1. . 1 2 -
> (=) O lhan+ 510 O+ 5110 1 + (5 - 50p 2 ) 10 (01
keN

Hence by conservation of energy and (4.2)) there exists C' >0 such that for all
neN and t20, |[fn(t)ldn, [0run(t)l2, [[un(@)]zr <C. Also, [[fa(t)llz=[fnll2 is
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bounded by interpolation. Since the bounds are independent of n and ¢, by ex-
tracting appropriate subsequences (again denoted by the same indices) we obtain
f€L>(]0,00[; L*(RY)), ue L>([0,00[; H}(R?)) with d,u € L>([0,00[; L2(R?)) and
fn — fin L*([0,7] x R),
u, — u in L*([0,7] x R?),
Dyt — Opu in L2([0,T] x R?),
Oy, — Opu in L2([0,T] x R?)
for all T'>0. Moreover, f € L>([0,00[;Li; (R)) since

/\/1+v2fdxdv: lim lim V1+0v2f,drdv<C.

R—oon—oo [ |z|<R
[v|<R

Since || fn ()|, = ||J?an is bounded as well, implies boundedness of || p,(t)|l¢/5-
Hence without loss of generality we may assume that p, — p in LS/°([0,T] x R3) for
any T. Moreover, |[u,(t)||e < C||0zun(t)||2, so we may finally suppose that w, —u
in LY([0,T] x R?) for any T. We claim that u satisfies the Klein-Gordon equation
in the weak sense. Indeed, let € C°(]0,00[xR3). Then

0= /(8t2un—Aun+un+pn*6n)<pda:dt
= /(Una?@_unAQO'i'un(p"i_(pn*5n><p) dxdt

— /(u@fgo—uA<p+ugo+pg0) dxdt

which yields the claim; note that [ (py, *6,)@= [ pn (6, * @) and 8, x o — ¢ in LS(R3).
Turning now to the Vlasov equation, we adapt an argument from [I2] Sec. 3].
For 0<e<T let & €CX(R), 0<¢é.<1, & =1 on [¢,T], suppé: C[¢/2,2T). Then

Hence by the velocity-averaging lemma of Golse, Lions, Perthame and Sentis ([6] 2])
we have

VR >0 V1) €C(Bg(0)) 3IC=C(R,)) VneN,e>0:
|[& () fa(., )0 (v)dv| € HY4(R xR?)
1S a0 dvll s < C (€ fall3+ | frbeBorinlB+ [ Fu€l13)

In the case p=oo the boundedness properties derived above already assure the
boundednes of the sequence ([ &:(.) fu(.,.,0)¥(v)dv)nen in HY4(R x R?). The case
p < 0o is more delicate and will be treated below. Since the restriction operator from
HY*(R xR3) to L*([0,T] x Br(0)) is compact, by a diagonal sequence argument,
for each ¢ €C>(R?) we may extract a subsequence (again denoted by (f,)nen)
independent of e:=1/m, R'=m (m €N) such that

/fn(.7.,v)¢(v)dv—>/f(.,.7v)w(v)dv (4.3)

in L2(]0,T[x Br:(0)).

For p < oo we show the validity of as follows: For >0 we define §,(7):=
7/(1+n7). Then B,0f,, in addition to satisfying Vlasov’s equation (with force
Ozuy,) and the same bounds as f,, is bounded in L*; and we may use the previous
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case. In the limit 7— 0 we obtain L!-convergence in which together with the
uniform integrability of {([ f™(.,.,v)¢(v)dv)?} implies the desired L?-convergence.

We use this property to prove that f is a weak solution of the Vlasov equation.
For 1 €C(R), 2, p3 €CE(R3),

T
0:/0 / fn(t,:c,v)(so’l(t)cpz(:c)sog(v)+@.am<p2(x)<pl(t)¢3(v)

— O, (t,x) - O3 (V)1 (t)gog(as)> dvdzdt

Choose a subsequence as above for ¢ = 0,3 and R’ > 0 such that suppys C Br/(0).
Then

/ Falor o 0)Byps(v) dv— / F(r 0)Bups(v) do

in L2([0,T] x Bg/(0)) and 9y, @102 — dpupipz in L2((0,T) x Br:(0)). Thus, fi-
nally,

0= /OT//f(t,x,v)(<P/1(t)<P2(x)tp3(v)—i—ﬁ.@x(pg(xypl(t)(p?)(v)

—Opu(t,x) - Oyp3(v)e1(t)pa (x)) dvdxdt

which establishes (a).
As to (b), we integrate the Vlasov equation once with respect to ¢ and define

f(t);:f—/o ®~8If(s)ds—/0 Dpu(s) -0y f(s)ds

(to be understood as an identity between distributions in z and v). Then, using the
construction of f it is not hard to see that f(t)= f(¢) in D'(R°) for a.e. t€[0,00],

that is, we can replace f by f. Moreover, f(0)= f and a straightforward application
of the dominated convergence theorem shows that ¢+— f (t) is weakly continuous. A
similar argument applies to u.

As to (c), we only prove that mass is conserved, the other assertions being
standard. Let e>0 and choose R>0 such that f‘w|>Rp(0,x)d:c<5. Without
loss of generality we can assume the same for p,(0), but since for the regular-
ized problem the particles move along characteristics with speeds |9] <1 we have
ﬁx|2R+Tpn(t7x) dx <e on any time interval [0,T]. Hence,

/p(t,x)d:c 2/ p(t,z)dxr= lim pn(t,x)dx
|z|<R+T =0 J1z|<R4T

> lim | pu(t,z)dze—e=||f]l1 —c.

n—oo

Since on the other hand [ p(¢,z)dx < H]%H 1 and € is arbitrary this proves conservation
of mass. O
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