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Viscosity solutions for the relativistic
inhomogeneous Vlasov equation in Schwarzschild
outer space-time in the presence of the

Yang-Mills field
Foko Kamseu Maturin, Dongo David, Nguelemo Kenfack Abel, Woukeng Jean Louis

Abstract. This paper provides an existence and uniqueness result for the viscosity
solution of the relativistic inhomogeneous Vlasov equation with a given Yang-Mills
field in temporal jauge. The geometric background used here is the Schwarzschild
outer space-time.

Keywords. Relativistic Vlasov equation, viscosity solution, partial differential equation,
spherically symmetric

1 Introduction

The notion of viscosity solutions was introduced in 1981 by M. G. Crandall and P. L. Lions
for first order Hamilton-Jacobi equations. The main interest of this theory, applied to certains
partial differential equations is based on the fact that it allows merely continuous functions to
be solutions of these equations. It provides a very general existence and uniqueness result and
precise formulations of the boundary conditions [5]. For more details about the notion of viscos-
ity solutions, we refer interested readers to ([3], [5], [6], [14], [15]) and references therein. The
method has not yet been widely used in kinetic theory where one of the main equations is that
of Vlasov, more specifically in the framework of general relativity, excluding works ([2],[9]).

The relativistic Vlasov equation describes the collision free evolution of massives particles where
speeds are relatively high. It is distingusted from other equations of kinetic theory by the fact that
there is no direct interactions between particles, solely by the field which are collectively gener-
ated by the motion of all particles. The characteristic feature of kinetic theory is that, its models
are statistical and particles system are described by a distribution function f = f(t, z, p, ¢); which
represents the density of particles at a given space-time position (t,z) € R, x R3, with momen-
tum p € R* and non-Abelian charges of particles ¢ € RY. Note that, here we are working in the
presence of Yang-Mills particles, see ([2],[9],[11], [16]) and references therein for the notion on
Yang-Mills charges. Many authors have already studied the relativistic Vlasov equation, taking
it alone or in association with other field equations, see ([2],[7],[9],[10],[11], [13],[16],][18],[20]).

In the work carried out in ([9]) by two of authors, the study of the Vlasov equation was made in
a homogeneous background and they obtained a Cauchy problem for the Hamilton-Jacobi equa-
tion. One of the first simplest ways to describe the universe, when taking in consideration the
inhomogeneity is to use the spherically symmetric space-times. We consider here the particular
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case of Schwarzschild outer space-time for which we need the Dirichlet condition on the sphere
which is the boundary of the domain.

This work is therefore an extension of work [9] for two reasons: we work here in a non-homogeneous
framework and the Hamilton-Jacobi problem that we obtain is a Cauchy-Dirichlet problem. The
rest of the paper is organized as follows:

In section 2, following Etienne Takou and Fidele L. Ciake Ciake [20], we provide the correct for-
mulation of the relativistic Vlasov equation in Cartesian coordinates, taking as the background
space-time a Schwarzschild outer space-time in presence of a given Yang-Mills field.

In section 3, we give the relativistic Vlasov equation in the new variables following [20], next we
give the Hamilton-Jacobi equation equivalent of the relativistic Vlasov equation and we prove
energy estimates.

In section 4, we prove existence and uniqueness theorems for the relativistic Vlasov equation.

2 The equation and the space-time

In this paper, greek indices (o, 3,7, ...) vary from 0 to 3 and latin indices (i, j, k,1, ...) from 1 to
3. Unless otherwise specified, we adopt the Einstein summation convention

aad® = > anb”.

The general form of Vlasov equation is as follows:
0 0F | 5o OF

)y pa P
b 8xa+ Op™

of
a2l — 2.1
+Q o = (2.1)
where
P = -T$ p*p" + pPq.Fg, Q= —Crp*Abge. (2.2)

Equation (2.1), which governs collisionless evolution of charged particles with non-zero mass m
in the presence of a given Yang-Mills field, is considered here in the Schwarzchild outer space-
time. The momentum of particles, denoted p = (p®) = (p°, p*), provides information on their
speed; their non-Abelian charge is denoted g. The distribution function f, is then a function
of (x%,p®, q%) where (z%,p®) denotes the usual coordinates of the tangent bundle T'(R*) of R%.
Particles evolve without collisions in the space-time (R*, ), on the one hand under the action
of their own gravitational field represented by the given metric tensor h = (hag) which informs
on gravitational effects, and on the other hand under the non-Abelian force generated by the
Yang-Mills field F' = (F,p), itself deriving from a given Yang-Mills potential A = (A,). Consider
V a neighborhood of the origin Ogs, we consider space (Ry x (R3\ V), h) as Schwarzschild outer
space-time whose symmetric metric tensor h = (hqg) is of Lorentzian signature (—, +, 4, +) and
can be written in the following form

ds? = =M dt? v dr? 4 r2d0? 4 r2sin®0dp?, (2.3)

where \, v are given class two differentiables functions which depend on the ¢ and r variables,
t € R, r €]0,+o00] and (6,¢) € [0,7] x [0,27]. Such a metric is said to be Schwarzschild outer
space-time since it admits an action of the group SO(3) by isometries.
The trajectorie s — (z(s),p*(s),q%(s)) of such particles are non-longer geodesics, but are
solutions of differential system:

dp® dx® dq®

ds = P K:P; ds:Q' (2~4)
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Since equation (2.1) is expressed in Cartesian coordinates while the Christofell coefficients are
given in spherical coordinates, then in what follows we will give a transformation of the equation
(2.1) into spherical coordinates

So, let:

xt = rsinfcos p, 2% = rsinfsinp,2® = rcosd and r=/(x1)2 + (22)2 + (23)2 = \/6;;xiad.
Setting x; = d;j27, h can be written as:

h = hoodt? + hjda'dx?, (2.5)

with components hgg and h;; as obtained in [20],

Tij

hoo = —e*, hij = 0i; + (€” — 1) 2

hoi = 0. (2.6)
we obtain the determinant of metric h using relations (2.5) and (2.6). Its expression is given by:
det(hag) = —e M.

After computation, the reverse of (h) is given by
h™t = h%adt* + " dx;dx; (2.7)
with
R = —e=® KU =5V 4 (e - 1)%, h% = 0.

The rest mass of particles is normalized to the unity, that is m = 1. Actually, the collisionless
charged particles move on the future sheet of the mass hyperboloid P(R*) C T(R?*), whose
equation is P, ;(p): g(p,p) = —1 or equivalently, using expression (2.3) of g:

P p’ = 6_%\/1 + hyjpipd, (2.8)

where the choice p® > 0 symbolizes the fact that particles eject towards the future. We also
suppose that the non-Abelian charge ¢ of the Yang-Mills particles are functions of class C*° from
R* to G whose given norm are is e > 0. To clarify this idea, let us suppose that in fact G is
the Euclidean space RY embedded with an ad-invariant scalar product positive defined, which is
denoted by the dot \-/. Thus, ¢ takes his value in an orbit of G, which is the sphere S described
by

(S):q-q=e>. (2.9)

Notice additionally that, the ad-invariant property of this scalar product means that:
u- v, w] = [u,v]-w, u,v,weEQG. (2.10)

The relation (2.9) allows to express the components ¢" of ¢ as functions of ¢ = (¢%), a = 1,..., N—
1. Using relations (2.8), (2.9) and the fact that we study a inhomogeneous phenomenon, we obtain
that the distribution function f of Yang-Mills particles is in fact a function of (t,z,p% ¢%) =
(t,z,p,q), i=1,2,3; a=1,2,..,N—1. Thus, f = f(t,7,p,q), t € R, 2 € (R®\ V), p € R3,
q € RV~ Thus, for the transformation of the equation (2.1), we shall need expressions of the
Christofell symbols T, 5 which are given by (see [20]):

T
1 '

i 1 a' —v i
FOO = §8TA7€)\ 5 FO] == _iatl/ 7‘2 ) (211)
i 1—e™" rirepl a1 T LT ;
i = [5j - ZT] T4 Joa R (2.12)
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3 Hamilton-Jacobi equation and energy estimates

In order to find a more simplified form of equation (2.1), we consider the new momenta variables
as in ([13], [20]). Before we define the geometric framework on R? characterized by vectors defined
in the following way:

eg =104+ (e72 — 1)6der such that h;jegel = 654, (3.1)

here, we take d as index in this new geometric framework while the index i is for natural coordi-
nates. Thus the momentum p will be replaced by v and the p* components of p will be replaced
by the v* components of v.

T - pxt

pl =ovlel, with v =p'+ (e —1) , (3.2)

r2

. v
Using ¢ -p =e~ 2z - v, we have:

(3.3)
New coordinates in this change of variables (3.2) and (3.3) has the advantage that by the mass-

shell condition (2.8), we have
poze_%\/l—i—\vP. (3.4)

In the next, we will use following notations:

00 =142, p° = e 200, v = Sijvl (3.5)

By this change of variables, instead of (¢,z,p,q), we will use (¢,x,v,q) as new variables. We
henceforth set:

€T -vx

ft,z,0,9) = f(t,z,p(t,z,0),q) = f(t,z,0+ (e 2 — 1) -

Now, we look the computation of the partial derivatives of f that appear in equation (2.1) to
better reduce it. After calculation we get (see [20]):

af A of 1. x-va' Of
0 o e |2 , 3.7
P ot ¢y {315 T T G| (3:7)
of L (0F _,0f
v =t i ‘ 3.8
Pgs =P (8x1 +%8vl ’ (38)
where l
! v v U T v VT
v = 50vezrir— + (1 - 2)6irT (ez —1) p (39)
. szt v )
+(e7z —e?2) o
and
i 042 i 0, i gk .0 il o Of
(Tho(°)? + 21,0’ + 2% p7p* — pq - Fy — plq - F) = =
op
i 042 i 0] i gk 0 il n Of
(Too(p*)? + 2T0;p"p" + 205,0°p" — 7 F§ = plq - ) ==, (3.10)
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of b o Of
— 0% AbgC ]
a a C(bc ) aqa

(3.7),(3.8), (3.10) and (3.11) into the relativistic Vlasov equation (2.1), and still denote the
unknown function f instead of f , we obtain after using Einstein summation convention, some
rearrangements and by dividing the resulting equation by second relation of (3.5)

Of | 49 | piof of

op Abge (3.11)

4B oL =0, 3.12
or TN o TP T oy (8.12)
where . _
o e2 [ v z'T v
At = 0 |:UZ +(e72 —1) - ] ) (3.13)
A v . .
, e2ez-—1 i OA oowat O 'z v i v
B:v—0 5 S0t (2P — aFot) — 70—7 2 —q- Fje2
! !
viA U A viA | T - VT ;
—le 2 E+(e2—6 2 )r2v0)qFl, (314)
and ) .
v —v x-vT
co = <eévo T(e7T - eé)W) AL ge. (3.15)

Assumption 1. The following assumptions have been adopted.

A1. The distribution function is spherically symmetric i.e. f is assumed to be invariant under
simultaneous rotations of x and v. As a consequence, a direct computation leads to the following
condition (see [13] and [20]):

of
ozt

Spvt (vt — viah) = oy (zFvt — i) (3.16)

Ovt

A2. We require the assumption that all partial derivatives of A and v are bounded i.e. there
exists C' > 0 such that:

|atl/| S Oa |atA‘ S Ca |6TV| S Ca |6’r‘)\| S Cv (317)
and we take A and v such that there exists II € Cy([0,T7]) which satisfy:
et <TI(t), e” < TII(t). (3.18)

Assumption Al in (3.12) gives:

O - T 0, Ow L2 ix v vin v N vir. T - vt 1 of
e 2 71) + 9 —ez2 2 —q- Foe2 — e 2 —v0+(62 —e 2 ) 550 . ll o
k k
AU A—v A\ VT 8f A— Ap vl 8f af
+ler— +(e77 —e2)—- | Co AYg° —e b
< 00 ( ) v0r2 ) btk d 0q® W0 dxt ot

(3.19)
Now, we consider the function H defined by the left hand side of the relativistic Vlasov equation
(3.19) as follows:

A,Lv of PR A A x-vzh b o Of
H(t,x,v,q,Vauqef(t,z,v,q) = 0B (e2+(e 2 62)1]02> Cp.Ag ¢



242 M. K. FOKO, D. DONGO, A. K. NGUELEMO, L. J. WOUKENG

N omzt o O va'm-w
e 2 —u + —e?2

l l
o VA U VA T VT ] o
q.F562<ez*0+(6;63* ) Fl] f

r 2 v r290 o’
(3.20)
We set u; = %, zi = ggt and w, = g—qj; in the relation (3.20).

Let Q = R3\V. We will consider p > 0 as the radius of the neighborhood V in the sequel. The
Hamiltonian H can be rewritten as a function:

H:[0;400[xQ xR xRN x O xR3 x RVN-1 R
(t7 x7v7 q7 u? Z7 w) ’H H(t7x7v7Q7 u7 Z’ w)7

where
H(t,z,v,q,u,z,w) = Alu; + Biz; + D%w,, (3.21)
with 4
i —u V"
Al = e T (3.22)
i hA o-wxt o O La'z-w i v vt » wr x-vr! ;
B'=——e¢ P s—tq Fgez +|e? U——&—(e2 —e 2 ) 350 q-F} (3.23)
and
a Avk Aoy 2 fE"UZL’k a Ab c
D¢ = — 621]70—'—(6 2 —62)W CbcAkq . (324)

The relativistic Vlasov equation (2.1), in the Schwarzschild outer space-time has been transformed
into the following Hamilton-Jacobi equation:

fi(t,x,v,q) + H(t,z,v,q,u, z,w) = 0. (3.25)

Let us assume: fo: Q x R3x R¥Y"! — R and g:[0,7] x 902 x R3 x RN~1 — R two Lipschitz
continuous and bounded functions and T' > 0 a given real number.
We consider the following Cauchy-Dirichlet problem

(@) fi(t,x,v,q) + H(t,x,v,q,u,z,w) =0 in [0;T] x 2 x R3 x RVN-1,
() f(0,2,v,q9) = fo(z,v,q) in QxR xRN (3.26)
(© Ft,2,0,0) = glt,0,0) in [0,T] x 00 x B x RN-1,

where u =V, f, 2=V,f, w=V,f.

Our goal in the next, will be to prove that the Cauchy-Dirichlet problem (3.26) has a unique
viscosity solution f € C([0,T] x Q x R? x RN~1 R).

The formulation of the Cauchy-Dirichlet problem being completed, we will first of all establish
estimates which will be useful to us in the proofs of existence and uniqueness results. Firstly, let
us state the following proposition:

Proposition 3.1. Under Assumption A1, we have the following statments:

vt 1 N
1) R I'5, are bounded.

2) For allt € [0,T], mapping t — v(t) is uniformly bounded.
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Proof. 1) e Firstly, using relations (3.5), and some majorations we obtain:

—i <1 and ’1}10’ <1. (3.27)
e (2.11) and (2.12) show that:
ITho| < 001, T6,| < c and |I%| <= 2 i C (3.28)
where |II(¢)| < Cf.
2) By relation (3.2), we get:
@] < [pM)] + C1lp()]- (3.29)

Now, it is sufficient to show that |p(t)| is uniformly bounded. From equations (2.2) and (2.4), we
have:

dp’ ; P P
ds = - (F(Z)opo + 2T jp '+ QFJk op > +q.(Fy + EF;) (3.30)
Since,
; w x - vx _ _
ﬁ—v +(e 2_1) T2 <£e%+e%(6_%—l)x'vxl
»n 200 = 0 0072
we then have
Pl < \ez|+|ez\|e T s e (3.31)
p
Pl <V1+CilpP <1+ 01|p|2- (3.32)

Using equation (2.9), inequalities (3.28), (3.31), (3.32) and the fact that
F € C§°([0,400[xQ, R), we get:

dp’ ; v P
2| < (It 071+ 2108, 7]+ 210l [ B 11) + . (151 |5 RT) . e39)
1 ) 4 1
§§C(1+C’1)Cl|p\ + |C+ ;+C Ci||pl+elF| 1+2Cl+§ccl . (3.34)
So we obtain
‘p\ < Blp|> + Alp| + D, (3.35)

8 1
where A = C + ( + 20) Cy, B= fC(l +C1)Cy and D =€e|F|(142Cy) + 5001'
Integrating the relation (3.35) over [0 t], t € [0,T[, we obtain

p(t)] < B(t) + A / 1p(s)|ds + B / ip(s)P ds, (3.36)
0 0
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in which E(t) = tD + |p(0)|.
Applying the Gronwall Lemma of nonlinear integral inequatities (see [21] Theorem 2.4), we obtain
the following relation:

eAT AE(T)eAT
1 BeAT — A— E(T)BeAT”

E(T) A

lp| < t 0,1,

p being chosen such that A — E(T)BeA” is non-negative. Using relation (3.29), we see that v(t)
is bounded. Which end the proof of the proposition. =

Proposition 3.2. Let T > 0 and R > 0 two reals numbers, the Hamiltonian H

H:0;T] x QxRExRV I x QxR xRV — R
(tﬂx7v7q7uaz7w) — H(t7x7v7Q7u7z7w>
given by relation (3.21) satisfies following properties:
(i) H is continuous in (x,v,q,u,z,w).
(i) H is Lipschitz with respect to (t,x,v,q).
(i) H is Lipschitz with respect to (u, z,w).
(iv) There exists one modulus Mg such that
‘H(t,x,v,qm,z,w) - H(t/,x/7v/7q/,u/,z/,w/)‘ < MR(‘t - t/‘—i—‘x — :U/‘—&—’v - v/’—i—‘u - u/‘—i—
jo=d|+ ]z =<+ u—w)
Y (t v, qu, z,w), (E,x 0, q w2 w') € [0, T x QxR3 xRV -1 x Qx R3 x RV~ where
ful Jz] el o | |2 ] || < R

z

) )

The following remark will be very useful

Remark 1. R1. Using the inequality of finite increments, we obtain following inequalities in
which y is an element on the segment [z, x | and ¢; is also an element between ¢ and ¢ .

A a1 Ay
e2 —e2 Sie 2

IVA(t1,y)] (‘x — x( + ‘t - tD .

R2. We have the following estimations
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Proof. Let T' > 0 be given:
i) H(t,z,v,q,u,z w) is naturally defined and continuous in (t,z,v, ¢, u, z,w) since v° > 1.
i) Let (u, z,w) € Q x R3 x RV~! be fixed and (¢, 2,v,q), (t , 2 ,v,q) €[0,T] x 2 x R® x RN-1,
Using relation (3.21) of H, we obtain:

H(t,z,v,q,u,z,w) — H(t,,x/,v/,q/,u,z,w) = Nyu; + C AY {N{ + N5i| Wq

+ [(86”2, —qe?)Fy + Ny - F + Na- F + %NS + ;N4] 2 (3.37)
where
S e (e ]
Ny = ((6*2, - ey/y/ ) (x/)rz((i/))om/)k (@) — (e* — "+ x;QZQSk q) )
Ny = (EZ:;’; (q/)ce% - qu%% , Nz=0Xe 7 x?i’uo — 0\ ey;,' a::,)l(v/)o,
Ny = (5}1/65 zij; v 8t1//6u7/ (:c,)’g ,,)2’ (v')> )
e (1})0 (x/<)r'.)(v/) @M ) = b e, (3.38)

Now we have:

’ ’ N1 l l , , , 1 , ,
Ny = (g )el® +A)2 <(v ) v) + 5™ F2((g) — g) + Sos(eT N2 (P02,

(3.39)

i _ . . "Ni i
T (“’ ’ ) | (3.40)
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A (l’ )i

- N _ , ’ (x,)i N0 A;u _ A/;yl
+e 7 (v) (&)\ 5T/\)+(9T>\—T/ (v) (e e )

We then deduce, using Proposition 3.1, |q| = e, A, F € C;°°([0;T] x ) and Remark 1, that:

V1| < [V A2, 9) [ Cu (= £+ fo = 2') + Cr [Jol + 10+ 1] o = o] (3.45)
IN,| < 501 |V(t,a:))‘(t1ay)‘ (|t —t |+ |z — = ‘)
+Cr [l —al+e(jol+ 0+ 1) o =] (3.46)
NV < 5C1 [Vt ) + vt y)| (1t =1+ o - ') (3.47)
+C3 [ld —al+e (ol + 1 +1) o -],
INy| < 2C11q — gl + 2¢Cy {i|zx’| + (|v| 0] +1) |vv’|]
§(|t—t’|+|x—g{|) Vi At )| [Cr+ [Vimp(tn,y)| €1 (3.48)
IN3| < CC1Jv —v'| + CCy [1+ (1 + C)|v]?] Ki + p12> |z — x|
#2451V (o= ¢+l =) (3.49)
INi| < CCulv — o' + +CCa| | E|x—x’| bo4 ;|$—x/|} , (3.50)
Ml < 260 [jo +16 + 1] lo = ]+ 2C11a =g [+ 2r (242 ) fo =
PP
12|V At 9)| O (t—t |+|z—2 |)} (3.51)
Using the previous inequalities in (3.38), we have:
‘H(t,m,v,q,u,z,w)—H(tl,m/,v/,q/,u,z,w) <
K ([e=t]+]e-a|+|o=o|+]a-d]) (3.52)
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where K = K(C,e, M,C1,T,C,|A|,|F|,p,R), C = mlz)ix|C'§C| and |v(t)] < M .

iii) Let (¢,2,v,q) € [0, T[xQ x R3 x RN=1 be fixed and (u, z,w), (u',z ,w') € Q x R¥ x RN-1,
Using relation (3.21) of H, we have:

’

H(t,z,v,q,u,z,w) — H(t,m,v,q,u,,z/,w )=
Al (ui . (ul)i) + B (z - (z/)i) 4 Do (wa _ (w’)a) : (3.53)

Invoking Proposition 3.1, taking into account |q| = e, A, F € Cy>°([0;T] x ) and Remark 1, we
obtain following inequalities:

A’ < €, (3.54)
e c 2
B < 5 Ci(1+ (14 C1)) M+ S CLM + €| F|Cy + 3eCE| F| (3.55)
D% < 3¢C|A|C]. (3.56)
H(t,x,v,q,u,z,w) — H(t,x,v,q, u,,z,,w/)‘ < K/(‘u - u,‘ + ‘z — 2+ ‘w —w ), (3.57)
where K' = K'(C,e, M,C,C1,T, |A|, |F|).
iV) Suppose R > 0 be given and taking
(t,z,v,q,u,z,w), (t ,x,v,q,u,z,w)€[0,T[xQxR>xRV-1 x Q x R® x RN~
such that |ul, |2|, |w|, |u'|, |2 ], |w'| < R. We use relations (3.52) and (3.57) to obtain:
‘H(tax7v7q7uasz) - H(tlax/vv/7q,7u/azlaw,) <
K”<t—t/‘+’x—m/‘ + ‘z—z/ + ‘u—ul + ’w—u/), (3.58)

where K = K + K" and Mg = K" is a modulus. This ends the proof of our proposition. m

4 Existence and uniqueness theorems

This section is devoted to the existence and uniqueness results for the Cauchy-Dirichlet problem
(3.26). First of all, we will give the definition of viscosity solution.

Definition 1. Let f be a real values continuous function on [0,7] x Q x R* x RN=1 H and f,
be given.

(i) f is a viscosity subsolution of (3.26) if for all function ¢ € C1([0,T] x Q x R? x RVN=1 R)
such that f — ¢ has a local maximum point (tg, o, v0,q0) € [0,7] x Q x R? x RVN~1 then

@¢(to, w0, v0, qo) + H(to, xo, o, qo, Uo, 20, wo) < 0, (4.1)
where u = V,p, 2 = V0, w = V0.

(i) f is a viscosity supersolution of (3.26) if for all function ¢ € C*([0,T] x Q2 x R? x RN 1 R)
such that f — ¢ has a local minimum point (¢g, g,v0,q0) € [0,T] x 2 x R3 x RVN~1 then

@¢(to, w0, v0, qo) + H(to, xo,vo, qo, Uo, 20, wo) > 0, (4.2)
where u = V, 0, 2 = V0, w = V0.



248 M. K. FOKO, D. DONGO, A. K. NGUELEMO, L. J. WOUKENG

(iii) f is a viscosity solution of (3.26) if it is both a viscosity subsolution and a viscosity super-
solution.

Now we consider the following problem

(f)e + H(t,m,v,q,uc, 2e,w:) — eAfe = 0in [0,T] x Q x R x RN
fe=foin QxR xRN, (4.3)
fe=g-in [0,T] x 902 x R® x RN—1,

Before starting the resolution of problem (3.26), we summarize the " vanishing viscosity’ method
described by Evans in [12]. It consists in approximating problem (3.26) by the above problem
(4.3), which is a Cauchy-Dirichlet problem for a quasi-linear parabolic PDE and which turns out
to have smooth solutions (see [12] paragraph 7.3.2). eAf. in (4.3) is the term which regularize
the Hamilton-Jacobi equation. Thus we hope that as ¢ — 0, solution (f:) of (4.3) will converge
to a weak solution of (3.26). We suppose that fy : @ x R3 x RN=! — R and g : [0,T] x 99 x
R3 x RVM~! — R are Lipschitz continuous bounded functions and 7' > 0 a real number are given.
We need the following lemma.

Lemma 4.1. Let I be a compact subset of [0;T] x Q@ x R® x RN=1. Let f: I — R a continuous
function such that there exists ¢ € C(I,R) such that f — ¢ has a strict local mazimum at
(to, zo,v0,q0)-

If (fn) is a sequence of functions which uniformly converge to f, then there exists a sequence of
points (tn, Tn, Un, qn)neN Such that :

(t'fwxna Uan) — (t07x07’007 Qn)

fn(truzna Un,y qn) — f(t07x0a UquO)
n—> 00

frn — @ has a local mazimum at (t,, Tn,Vn, qn), for all n at some range.

Proof. Let I be a compact subset of [0;7] x Q x R? x RN~1 f a continuous function on
I. There exists ¢ € C*(I,R) such that f — ¢ has a strict local maximum at (to, o, vo,q0). We
assume that (f,,)n is a sequence of functions which uniformly converges to f and we show that
there exists a sequence of points (t,, Ty, Un, qn)neN such that

(tns Tns Un, gn) — (to, 0,0, o)
fn(tn>$navnaQn) — f(t07x0a7107q0)

n—>-4oo
frn — @ has a local maximum at (t,, Tn,Vn,qn), for all n at some range.

1

As f — ¢ has a strict local maximum at (to, Zo, vo, qo), for p = — enough small we can find ¢,
n

such that if

|(t7$aUaQ) - (t07$0,U07QO) S 14

)

then
f(t,z,v,q) —(t,z,v,q) +¢, < f(to, z0,v0,9) — ©(to, o, V0, qo)- (4.4)

Since (fy)n is uniformly convergent to f, then there exists N, € N such that:

Yn> N, Yz €Q, |fulz) — f(2)] < %ﬂ (4.5)
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Thus we can write

€ €
f(to,zo,v0,q0) — Zp < fulto, o, v0,90), In(t,z,v,q) < f(t,z,v,q) + Zp' (4.6)

Now relations (4.4) and (4.6), yield to the inequality:
€
fn(ta x,v, Q) - QD(t, z,v, Q) + Ep S fn(th Zo, Vo, qO) - QD(t(), Zo, Vo, qO) (47)
fn — @ is then bounded, hence there exists (¢, Zn, Vn, q,) such that f, — ¢ has a maximum at

(tn, Tn,Vn, qn) in the ball B((to, zo,vo,qo), p) at some range n > N,,.
In the other hand, when n — 400, p — 0, then we deduce that

(tnaxnvvnvtbm) — (t0;$0aU05q0)' (48)

Since (fy)n uniformly converges to f, then we have

fn(tnyxnaunycIn) — f(th‘rOvaaqO)' (49)
So, relations (4.7), (4.8) and (4.9) conclude the proof. m

Theorem 4.1. (existence)
Let (un)nen be a non negative sequence of reals which converges to 0; (fu, )nen a class of two
differentiable sequence functions, solutions of (4.3) for e = uy,.

(a) There exists f such that:

fu, — fin C([0,T] x Q x R x RN"1R) for the infinite norm on all compact,

n—-4oo

(b) [ is a viscosity solution of problem (3.26).

(¢) If fo = ge on [0,T] x O x R? x RN~ g. — g on C([0,T] x Q2 x R? x RN~1 R) and
fun — fon C([0,T) x @ x R® x RN"1R) then flio.mxoaxrsxry-1 = g.

Proof. a) Let (fu, )n be a smooth sequence of real-value functions of (4.3), I be a compact
subset of [0; T[xQ x R3x RV~ Thus Vn € N, f,, is a uniformly continuous function on I, hence
(fu, )n is a uniformly equicontinuous familly of functions and bounded. Then by Arzela-Ascoli
theorem, there exists a subsequence ( fun, )j C (fu,)n and a continuous function f, such that

( fuu, ); — f uniformly on I.

b) First of all, we show that f is a viscosity subsolution. We will then suppose that f — ¢ has a
strict local maximum at (¢o, o, vo, qo). Consider first that ¢ is a class two differentiable function.
Applying the previous Lemma in B((0R+XR3XR3XRN—1),€)E>O which is compact, there exists
(tn, Tn,Un, qn) such that

(tn; TnyUn, Qn) — (to,ﬂ?o,l}o,(]o), fun (tn,$n71}n, QTI) — f(th‘T()vUOa qo)
n—>-+00
fu, — ¢ has a local mazimum at (t, T, Un,qn), for all n at some range.

Thus

8tfun (tn; Tny Un, q'n) = at‘;p(tnv LTy Un,y Qn), aa:fu” (tna Tn,y Un, Qn) = 8@:(P(tna Tny Un, Qn)a
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avfun(tnavnavnaqn) = 8v(p(tn7xnavnaqn)7 8qfun(tnavnavn7Qn) = 8q@(tnaxnvvn7Qn)v (410)

and

Afun(tmmmUan) S A@(tmxn,'Uan)' (411)

Since fy,, is solution of (4.3) then
@t(tnv l’n, ’Un, (In) + H@(t’n; xn7 vn; qnv ﬂnv znv wn) S UnAQO(tn, xnv Un? qn) (412)

Thus, we obtain passing to the limit as n — +oo in (4.12), since ¢ and H are continuous, we
obtain:

@¢(to, o, vo, qo) + Hy(to, o, vo, qo, To, Zo, Wo) < 0. (4.13)
For ¢ a class one differentiable function, we rather consider a sequence (@y)nen of class two
differentiable functions which uniformly converges to ¢ on all compact and the sequence of their
derivatives also converges uniformly on all compact to the derivative of ¢. To show that f is a
viscosity supersolution, we use the same previous argument with reverse inequalities (4.11) and
(4.12), thus (i) and (ii) show that f is the viscosity solution of (3.26).
¢) We suppose that

fe=geon [0,T] x 92 x R3 xRN~ g. — g on C([0,T] x 0Q x R® x RN 1 R)
fu, — fon C([0,T] x Q@ x R? x RN~ R) (4.14)

and we show that V (t,z,v,q) € [0,T] x 900 x R® x RN=L f(t.z,v,q) = g(t,z,v,q).

Now [0, T]x 90 xR3 xRN 1 being a closed subset, then there exists a subsequence (¢, T1, Vi, qr )i C
[0,T] x 92 x R3 x RN~ such that (t, zx, vk, qr) — (t,2,v,q) on [0,T] x 92 x R? x RN~1. By
continuity of f,, , f and g we have

fun (s Ty Vs i) — f (o, Tho, O, @) — f(t 2,0, ).
In addition, (4.14) gives:

Jun ey Tho, Vs @) — (i, Ty Vky @) — 9(¢, 2,0, q).
Since C([0,T] x © x R? x RN¥~1) is a locally convex separated space, we obtain

f|[0,T]><Q><]R3><RN*1 =9
[

Theorem 4.2. If H in (3.33) verifies estimates of the Proposition 3.2, then the problem (3.26)
has one and only one uniformly continuous and bounded viscosity solution in [0;T] x Q x R3 x
RN-L,

A classical and very useful corollary of the previous theorem is:

Corollaire 1. Under assumptions of the previous theorem, if f, f € C([0;T] x Q x R? x RN~1)
are respectivly viscosity sub and super-solutions of (3.26) then:

max (f=1h< (f=1 (4.15)

max
[0;T]xQxR3 xRN -1 [0;T) x OQ X R3 xRN —1



Viscosity solutions for the relativistic inhomogeneous Vlasov equation 251

Proof. See ([3] corollary 2.2) m B
Proof. (of theorem) We suppose that there exists two viscosities solutions f and f of problem
(3.26), uniformly continuous and bounded in [0; 7] x 2 x R? x RV =1 with the same initial condition
Jo.
We take f as viscosity sub-solution and f as viscosity supersolution which have same initial data.

We are interested in the max (f—f)=M.
[0;T]xQxR3 xRN -1

Using the absurd reasoning, we suppose that M > 0:
Step 1: Let (¢,a) €]0,1[2, for all (t,2,v,q),(t,z ,v,q) € [0;T] x Q x R?® x RN~ we set:

@E(t,t/,z,zl,v,v/,q,q,) = f(t,z,v,q) — f(t',:c/,v',q/) — oz(t—|—t/) (4.16)
— el +1a P+ ol? + o' P+ lal? +1g1) — <‘v—v/‘2+ oo g —d| + |t—t’2) .
We choose in inequality (4.16)
(t,z,v,q) = (2,0 ,¢) €[0;T[xQ x R x RN~1,
and we can fixe a and € too small such that

_ M
sup {f(t,m,v,q) - f(tmc,v,q) - 2at — 25("1“2 + |U‘2 + |q|2)} > 7
[0;T[xQ2XxR3XRN 1

Since &, — —oo when |z|, |z |, |v],|v'],|ql,|¢'| = 400 then the supremum of ®, is reached at a
. . ’ ’ ’ 7

certain point (¢, t., T, 2., Ve, Vs, Qe, 4 )-

In orther side, we have :

Flte,we,ve,qe) = Flte, o200, 0c) = e(|zel® + |2 + oe* + [vel? + lge|* + | )

1 2
_52(

/

’
Te — T,

Ve — .| +

2 ’ ’
e — L 4 g - qEF) Caft ) >0,

hence,

/

f(tE)xE7U87qE) - f(t57x57U57Q5) Z +Oé(t5 + t&‘)
+e(wel? + |2 + |ve* + oe? + g + lg-[?)

]. 2 2 /2 /2
+52( +|t€_t5>'

+ + qE - qe
Since f and f are bounded, the above inequality yields to:

’ ’

Ve — Uy Te — T,

R+R > +alte +t.) +e(lze* + oo + o] + ol + g + |a_|?)
1 2 2 2 '
Jr? ( +|t57t5| > , (4.17)

+ -
where R and R are respectively bounded constants of f and f.
We obtain:

t. —t.| < V2R,

with R = max{R; R}.
Step 2: Since f is uniformly continuous on [0; 7'[x €2 x R3 xRN~ then we introduce the modulus
of continuity of f whose expression is given by:

’ ’

’
’Ug*'UE :C!;‘ixe qsqu

T — 3:; <ev2R, |v.— v; <ev2R, g — q; <eVv2R, (4.18)
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mf(l): sup |f(t,x,v,q)—f(t/,x,,v/,q/ﬂ,
[t—t'|<L|z—a" | <1, Jv—v"|<L,|g—q" <1

which m ¢(l) — 0 when [ — 0 or simply m (0) = 0.
Furthermore, we obtain after substitutions:

M
S (I)(tgateumeaméuvgaveaqeaqe)
g f(tavxf-:?v&?qa) - .f(tsaxs?vs)qs)
< f(t 71'571157(15) - f(O,xE,vE,qE) + f(O,l‘g,Ug,(]g) - (0 meﬂ’s;‘]a)
+ .f(o Te, Ve, QE) - f_(ts,l's,’l)&qs) + f(tsaxsavsa QE) f_( ,ZL’E,’UE, qs)
<myp(l) +0+mp(l) +mp(l);

finally, we obtain:

% <my(l) +mp(l) + mf(ax/ﬁ).

In particular, if [ = ¢. we have:

% < my(te) +mg(te) + mp(eV2R).

Moreover, if t. = 0, we get M = 0 when ¢ tends to 0, what is absurd. So there ex1sts v> 0 such
that ¢, > v. Similarly, following the same method as before with the variable (t a: U57 qE) it is
shown that there exists v > 0 such that t/ > .

Step 3: If (tc, zc,ve,qe) € [0,T] x OQ X R3 x R¥~1 and (t za,vs,qa) [0,7] x  x R3 x RN—1
then we have

Flleswe,ve,00) = Flto w0v2,02) < fte, 0o, ve,00) = Flte, @, v, qc)
erf( /
<0+ ms(4eV2R),

because f < f on [0,T] x 9Q x R x RV-1,
Now f(te, e, ver ) — F(tL, #L0loa]) = 5 50 & < my(1eyIR).

For € enough small, we obtain a contradiction, thus (t., 7., v.,q.) € [0,T] x  x R? x RVN-1 .
Similarly, we give proof for (t_,z_,v.,q.) € [0,T] x 9Q x R3 x RN-1,
Step 4: We see that (t., zc, ve, ge) is a maximum point of

Ve —V + Te — T + qe — 4¢

€

+ It —t21)

e(t»x,U»Q) = f(t,xw,q) - @;(tv‘ravaq)v

where

- 7 ’ ’ ’ 1 ’ 2 ’ 2
goi(t,l‘,v,q)f(t5,$5,v6,q5)+252(‘1)1)5 +’:L'7IE

2 !’
+ ttEZ)

() + o] + [0 + o] + g ? + |af?) + a(t + t). (4.19)

+‘q7q‘5

O(t,z,v,q) is class C! and thus (t.,z., v, ¢-) is a maximum point of

@i(am,va) = f(t,z,v,q) — O(t, 2, v, q).
f is a viscosity subsolution of (3.26) and (t., ., ve, g-) € [0;T] x Q x R® x RV~1 thus we obtain:

2 / 2 /
(@;)t(ts,xs,vqu‘s) =a+ ?(ts - ts)? (v@;)z(ts»xs;vsa(k) = ?(xs - xs) + 2€$5,



Viscosity solutions for the relativistic inhomogeneous Vlasov equation 253

2 , 2 ,
(V(P:;)U(tg,l'@’l)g,qg) = ?(Us - 'Ug) + 2ev, (V(P;)q(tax@vea(k) = ?(QE - qs) + 2¢qe,

thus
Dol

Ote

+H (tEa Te, Ve, qe, (VQO;)Q:’ (VQO;)M (VQO;)IJ) <0. (4.20)

Finally

2

o+ ?(tE - ts)+

2 / 2 / 2 ,
H (tg,xg,va, e, 8—2(335 —x,.) + 2ex., 6—2(05 —v,) + 2ev., E—Q(qE —-q.)+ 2eq5) <0. (4.21)

’

Using the same skills, (t;, x ,v;, q;) is a minimum point of

€
E(t/,x,,v/,q,) = f(t/ax/7vl7q/) + Sog(t/ax,,v/aq,)7
with

+

P
vg—v‘

/2 ’
xg—x‘ +te—t >+

’ ’ ’ ’ 1
W?(t , L,V 7q):f(t87x67v55q8)_ €2<

—e(fwe? + |2 4 Joel? + 0] + lae” + |¢'1%) — alt + ¢0).

;12
QE_Q‘>

/

Thus we see that (t.,z.,v.,q.) is a minimum point of
%g(tax71}7q):E(t71"1}7Q)_f(tax7vaql)', , , i
f is a viscosity super-solution of (3.26) and (., z_,v.,q.) € [0;T] x Q x R? x RVN~1. we obtain:

’ ’ ’ ’ ’ 2 ’ ’ ! ’ ’ 2 ’ !
(@?)t(teﬂxﬂvm qe) =—a+ ?(te - t>7 (V(pz)r’ (ts’xm’l}s?qs) = ?(mif - xe) - 25$6’
’ ’ ’ ’ 2 ’ ’ ’ ’ ’ ’ 2 ’ ’
(V@Q)u/ (tavxavvm qa) = ?(UE - ve) — 2ev,, (VQDQ)q/ (te"reﬁvm qe) = ?(qa - qa) — 2eq,,
thus
dp2 rool 2 2 2
o H (ta v gl (V62), (V) (V) ) 2 0. (1.22)
1>
Finally

2 ,
—a+ ?(tS - ts>+
7 ’ ’ !’ 2 ! / 2 !’ !’ 2 I 1
H\(t.,z.,v,,q., 8—2(% —x,) — 2ex,, 5—2(1)6 —v,) — 2ev,, E—z(q5 —q.) —2eq. | >0. (4.23)

When we subtract inequality (4.23) of inequality (4.21), we have:

’ ’ ’ / 2 ’ 2 ’ 2 ’
20 < H (ts, Tey Uy Qe 5—2(955 —x,.) + 2exe, E—Q(vs —v,) + 2ev., g(qs —q.)+ 25—:q5)

2 ! ’ 2 ! ! 2 7 !
- H <t€am€avsyq€a ?(‘TE - xa) - 2€x57 ?(IUE - Ue) - 251}57 ?(qe - qa) - 25(]5) 1)

in addition,

/ ’ ’

’ 2 ’ 2 ’ 2 /
200 < H(t,,x., 0., Qs 5—2(:65 —z,.) + 2ex., 6—2(05 —v,) + 2ev,, ;2(‘15 —q.) + 2eq.)
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2 / 2 / 2 /
- H(t5,$5,vg7q5, ?(xs - -Tg) + 2¢ex., ?(Ue - UE) + 2¢ve, ?(Qe - qe) + 2EQE)

2 / 2 / 2 /
+H(t€7$577}57q67 ?(ma - xg) + 25$67 ?(UE - Ue) + 2€U€7 ?(qé‘ - qe) +26q€)

2 ’ ’ 2 ’ ’ 2 ’ ’
- H(taam£7va7qé‘, ?(xé‘ - xa) - 251‘57 572(”6 - Us) - 2€vaa ?(QE - Q5) - 2€q5)'

Using Proposition 3.2, we obtain:

QQSEK(J:E—HU; + vg—l—vé + qg—i—q;)—l—KI(tE—t; + xg—x; + v;—vg + q;—qg),
SO

K ’ ’ ! K, ’ ’ ! ’
a§55<x5—|—x€ + |ve + v, | + qa—l—qa)—l—?(tg—ts +|Te — x| + |V, — V| + qE—q8>,

(4.24)

and using (4.18), we easily obtain a = 0. B
This is absurd because a > 0 hence M < 0, thus f < f. -
ii) Reverse inequality is obtained by the same way, just interchange the role of f and f.

Sof=f m

Theorem 4.3. (uniqueness)
Let T >0, fo: QxR3xRVN"1 — R and g: [0;T] x 9Q x R? x RN=1 — R are given.

1. The Cauchy-Dirichlet problem (3.26)

filt,z,v,9) + H(t,z,v,q,u,z,w) =0 in  [0,T] x Q x R3 x RN~1
f0,2,v,q) = fo(z,v,q) in QxR xRN-!
flt,z,0,9) = glz,v,q) in [0;T] x 9Q x R® x RN~

has one unique continuous viscosity solution.

2. The relativistic Vlasov equation (2.1) in spherically symmetric space-time, admits a unique
continuous viscosity solution f = f(t,z,v,q) in [0,+0o[xQ x R® x RN~! which satisfies
the initial data f(0,2,v,q) = fo(x,v,q) in QxR3 x RN~ and boundary data f(t,z,v,q) =
g(t,x,v,q) in [0;T] x 0 x R3 x RVN-1 |

Proof. 1) Let R > 0 and consider two continuous viscosities solutions f and f of problem
(3.26) on [0;T] x (B(Ogs,r)\B(Ogs, p) x B(Ogsxgn-1,R)) where they are uniformly contin-
uous and bounded, next apply the previous theorem.

2) The conclusion comes from the equivalence between the relativistic Vlasov equation with the
initial data f(0,x,v,q) = fo(z,v,q) in Q x R? x RV~1 boundary data f(t,z,v,q) = g(t,x,v,q)
in [0;7) x 9Q x R? x RV~! and the Cauchy-Dirichlet problem (3.26) m

R>p’
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