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Abstract

A relativistic kinetic Fokker-Planck equation that has been recently proposed in the phys-
ical literature is studied. It is shown that, in contrast to other existing relativistic models,
the one considered in this paper is invariant under Lorentz transformations in the absence of
friction. A similar property (invariance by Galilean transformations in the absence of fric-
tion) is verified in the non-relativistic case. In the first part of the paper some fundamental
mathematical properties of the relativistic Fokker-Planck equation are established. In partic-
ular, it is proved that the model is compatible with the finite propagation speed of particles
in relativity. In the second part of the paper, two non-linear relativistic mean-field models
are introduced. One is obtained by coupling the relativistic Fokker-Planck equation to the
Maxwell equations of electrodynamics, and is therefore of interest in plasma physics. The
other mean-field model couples the Fokker-Planck dynamics to a relativistic scalar theory of
gravity (the Nordstrom theory) and is therefore of interest in gravitational physics. In both
cases the existence of steady states for all possible prescribed values of the mass is established.
In the gravitational case this result is better than for the corresponding non-relativistic model,
the Vlasov-Poisson-Fokker-Planck system, for which existence of steady states is known only
for small mass.

1 Introduction

Fokker-Planck equations provide a continuous description of stochastic particles dynamics. The
most basic example is Brownian’s motion, the stochastic motion of a test particle immersed in a
fluid in thermodynamical equilibrium. Provided the test particle is much heavier than the molecules
of the fluid, it is possible to approximate the microscopic forces acting on the test particle by two
driving mechanisms: Diffusion and friction. The kinetic equation that describes the evolution of the
distribution function f for the test particle is the linear Fokker-Planck (or Kramers) equation [31]:

Of+p-Vuf =V, (Bpf +0Vyf). (1)

The distribution function f is a non-negative function of the variables (¢, x,p), where (z,p) are
the phase-space coordinates (position and momentum) and ¢ > 0 is the time variable. We assume
that the mass of the test particle is one. The positive constants 8, o are the friction and diffusion
parameters, respectively. The stochastic differential equations for the trajectory of the test particle
associated to (1) are given by the system (4) in Section 2.

Fokker-Planck equations like (1), or variants thereof, have several applications in different fields
of physics and engineering. In astrophysics, for example, they model the effect of interstellar



nebulas in a galaxy [32] or even dark matter [12]. In plasma physics, Fokker-Planck equations take
into account the effect of grazing close encounters among the ions (the heavy particles) and the
electrons.

A questionable feature of equation (1) is that the diffusion term oA, f in the right hand side
operates with infinite velocity: If the particles are initially distributed in a compact region of
space, that is to say the initial distribution f(0,z, p) is compactly supported, there will be instan-
taneously a non-zero probability (i.e., f > 0) to find particles everywhere in space. This property
is incompatible with the well-established physical law that prevents particles from moving faster
than light. Recent works in the mathematical and physical literature put forward two possible
ways to eliminate this undesirable feature. One consists in replacing the classical linear diffusive
(Laplace) operator with a non-linear diffusion term, as in the so-called “relativistic” heat equation,
see [1]. A mathematically simpler solution is to replace (1) with a model that is still linear and, at
the same time, consistent with the relativistic mechanics of particles, where the property of finite
propagation speed enters in a natural fashion. The purpose of the present article is to begin the
mathematical study of one such relativistic linear models.

The physical literature abounds of proposals for what should represent the correct relativistic
generalization of (1), see for instance [10, 17] (and the reviews [13, 18], which contain also an
historical background to the relativistic theory of Brownian motions). Thus the first problem to
face is the choice of the relativistic Fokker-Planck equation to consider. In this paper we pick the
following equation:

hf+p-Vaf =V, (Bfp+0DVyf), (2)

where p is the relativistic velocity,
p

= ——,
VIFIPP

and D is the relativistic diffusion matriz given by

_ I+p®p

D .
1+ |pf?

The previous model coincides with one of the equations proposed in [17], namely [17, Eq. (47)] and
it is the subject of a recent series of papers by Haba [21, 22, 23, 24]. In these references several
generalizations of (2) are introduced, including models for massless particles, for particles with

spin and models with more general friction terms!.

In Section 2 we justify our choice for the relativistic Fokker-Planck equation (2) by showing that
it maintains certain important physical properties satisfied by the non-relativistic model (1). In
particular we will show that for 8 = 0, i.e., in the absence of friction, equation (2) is Lorentz
invariant. Similarly, equation (1) is invariant by Galilean transformations when § = 0. (Note that
in both the relativistic and non-relativistic case the friction term breaks the equivalence of inertial
reference systems.) In Section 3 we prove that the solutions of (2) enjoy some other physically
and mathematically desirable properties, in particular that they behave consistently with the finite
propagation speed of particles.

For the applications in astrophysics (resp. plasma physics), it is necessary to add the interaction
of the particles with the self-generated gravitational (resp. electric) field. In the non-relativistic
case this leads to the non-linear Vlasov-Poisson-Fokker-Planck system:

atf +P' vzf - sz ) vpf = v;D : (pf+vpf)a (3&)

AU =Np, plt,z) = /Rd f(t, z,p)dp, (3b)

1We are grateful to Prof. Haba for pointing out his work to us.



where we set all physical constants equal to one and where A = 1 in the gravitational case, while
A = —1 in the plasma physics case. In the second part of the paper (Sections 4-5) we introduce
the corresponding relativistic model. In the plasma physics case we couple the relativistic Fokker-
Planck equation (2) to the Maxwell equations of electrodynamics. The resulting model is the
Vlasov-Maxwell-Fokker-Planck system. Note that this model is different from those considered
in [2, 29, 37], which use the non-relativistic Fokker-Planck equation (1). In the gravitational case
we couple the Fokker-Planck dynamics to a relativistic scalar theory of gravity, the Nordstrom
theory, which has already been used as a toy model for Einstein’s theory of general relativity, see [4,
5, 6, 33, 34]. Unfortunately there are fundamental difficulties, briefly recalled at the beginning of
Section 5, in formulating a Fokker-Planck model in general relativity. In this paper we prefer to
avoid this issue and consider instead a toy model, which we call the Vlasov-Nordstrom-Fokker-
Planck system.

Our main result for the Vlasov-Maxwell-Fokker-Planck and Vlasov-Nordstrom-Fokker-Planck sys-
tems (with an external confining potential) is the existence of steady states solutions for all possible
values of the mass. We do so by variational techniques inspired by [14]. Note that in the grav-
itational case our result is better than for the Vlasov-Poisson-Fokker-Planck system (3)x—;, for
which the existence of steady states is only known for a properly small mass [3]. The main ad-
vantage of the relativistic model compared to the non-relativistic one is that the energy of the
Vlasov-Nordstrom-Fokker-Planck system is positive definite.

2 Derivation of the relativistic Fokker-Planck model

A common way to derive Fokker-Planck type equations is to start from a system of stochastic
ordinary differential equations (SODEs). The Fokker-Planck equation is the partial differential
equation satisfied by the law of the stochastic process solving the SODEs. For instance in the case
of the kinetic Fokker-Planck equation (1) the relevant SODEs are given by

i(t) = p(t), p(t) =—Pp(t) + V20B(t), (4)

where B(t) is the standard Brownian motion in R%, i.e., a centered Gaussian process with covari-
ance (B(t), B(t')) = 6(t—t), see [28, 31] for details. Following this approach to derive a relativistic
Fokker-Planck equation is problematic for at least two reasons. Firstly it is not so clear how to
define a “standard” relativistic Brownian motion. Secondly, there are multiple ways to derive a
Fokker-Planck equation from a system of SODEs, which lead to different partial differential equa-
tions for the law of the stochastic process. For instance, equation (1) is obtained from (4) using Itd’s
calculus, whereas a different Fokker-Planck equation would be obtained by using Stratonovich’s
calculus?. As a consequence of these “ambiguities”, there exist different models in the literature
which are named “relativistic Fokker-Planck equation”, see [13, 18] for a review.

The purpose of this section is to justify our choice for the relativistic Fokker-Planck model which
will be studied in the rest of the paper. In particular we will show that it is possible to “derive”
a relativistic Fokker-Planck equation by merely demanding that certain physical properties of the
non-relativistic model be maintained in the relativistic case. We shall not refer in any moment to
the SODEs for the (relativistic) stochastic process, although it will be finally observed that our
equation coincides with one of the models derived in [17, 18] by stochastic calculus methods.

We are interested in the following two important properties of the non-relativistic Fokker-Planck
equation (1):

2These two difficulties are in some sense equivalent, since one can modify for instance the SODEs (4) to end up
with (1) through Stratonovich’s calculus.



(NR1) In the absence of friction, i.e. when 3 =0, (1) is Galilean invariant®. This means that under
the change of variables

t=t, T=x—ut, p=p—u, f(t,2p) = f(t,z,p),
f is a solution of (1)g=o if and only if f is a solution, Yu € R,
(NR2) The Maxwellian distribution function
M(p) = e Plpf*/20

is a static solution of (1). In fact, up to a multiplicative constant, it is the only global
equilibrium of the equation.

We propose now a relativistic generalization of (1) by requiring that the relativistic analogues of
the properties (NR1) and (NR2) hold for the new model. Precisely we require that the relativistic
Fokker-Planck equation should satisfy

(R1) Invariance under Lorentz transformations in the absence of friction, i.e., under the change of
variables?

. 1
ug =1+ ul?, t=upt—u-uz, izm—ut—l—wu(u-x),

Uo—l

p=p—uy/1+[p2+ u(u-p), f(t,i,p) = f(t z,p),

|ul?
f is a solution of the frictionless equation if and only if f is a solution, Vu € R

(R2) The function J defined by
I(p) = e IVIHIPE,

must be a static solution, for some v > 0. J is known as the Jiittner distribution (or
relativistic Maxwellian).

The simplest and, in our opinion, most natural way to obtain (R1) is the following. Firstly we
replace the transport term in the left hand side of (1) by its relativistic counterpart®

d
V 1+ |p|2 Oy +p-Vz= Zp#au :p#auv
pn=0

with p° = /1 +[p]2, p = (p*, -+ ,p?), 9 = 0; and 9; = O,:. Secondly the diffusive operator
A, =V, -V, on the right side of (1) is replaced by the Laplace-Beltrami operator A,(,h) over the
Riemannian manifold (R%, k), where h is the hyperbolic metric, i.e., the Riemannian metric induced

by the Minkowski metric over the hyperboloid $ = {(p°,p) : p° = /1 + [p|2}. The fact that the

operator Al(jh) is Lorentz invariant is clear, since the Lorentz transformation in the momentum
variable corresponds to a translation over the hyperboloid §). The components of the metric h in
the base 0, ® 0, of the linear space of second order covariant tensor fields on $ are given by

hij = bij — Pibj,

3The friction term Vp - (Bpf) breaks the Galilean invariance of (1), since it corresponds to the microscopic
velocity-dependent force F' = —fBp(t) in (4), which is measured in the rest frame of the background heat bath.

4We fix ¢ = 1, where c is the speed of light.

5We will adopt the Einstein convention for the sum over repeated indexes. Greek indexes go from 0 to d and
Latin indexes from 1 to d.



where pi = dp' and p = p/po is the relativistic velocity. Note that the position of the indexes
(above or below) is changed using the Euclidean metric. Let (h=1)% = 6% +p'p’ denote the inverse
matrix of hij, ie., (h™1)*hy; = 6}, and denote |h| = det(hy;) = (14 |p|?)~!. The action of the

Laplace-Beltrami operator A,(gh) on scalar functions is given by

AP f = ﬁa (VIR0 £). (5)

Therefore the frictionless relativistic Fokker-Planck equation is

. 59 4 pipd
Of +p-Vaof =00y (7]30 f>, (6)

V1+[p|

where o > 0 is the diffusion constant.

To achieve (R2) we add a friction term 8,:(¢*(p)f) to the right hand side of (6) such that the

current 5ii o
, iy pipi ,
e e R
L+ pP "
vanishes for f = J. It is straightforward to verify that this happens if and only if ¢*(p) = yop’,
leading to the following relativistic Fokker-Planck equation with friction:

Of +p-Vof =0y (Bfp + 0t PPy (7)
. z] = i g J y
t p D p 1+|p|2 D

where 8 = o is the friction parameter.

Our purpose in the rest of the paper is to initiate the mathematical study of (7). Before proceeding,
we modify (7) in two standard ways. Firstly, we set all physical constants to unity, i.e., 8 = o =
v = 1; our results are independent from the value of the physical constants. Moreover, in order to
guarantee the existence of finite mass equilibria in the whole space, we assume that the system is
subject to the action of an external confining potential V' = V(x), and write the equation under
study in the following final form®

Of+p-Vauf —=ViV-V,f =V, - (DV,f +pf), t >0, pc RY xR (8)

where D is the matrix DY = (6% + p'p’?)/+/1 + |p|? (the diffusion matrix). Throughout the paper
we assume V € C! and
e”V € LY(R?). (9)

To conclude this section we remark that (7) coincides with one of the equations proposed in [17],
namely [17, Eq. (47)]. In this reference the authors derive three different relativistic Fokker-Planck
equations starting from a particular relativistic Langevin dynamics and using the pre-, mid- and
post-point rule of discretization for stochastic integrals, see also [18]. Equation (7) is the only one,
among the equations introduced in [17], that satisfies the properties (R1)-(R2) above.

6The action of the external potential is equivalent to that of a spatially dependent friction term, which can be
seen by writing (8) in the form

Ocf +P-Vaf =Vp - (DVpf+ f(p+VV)).



3 Basic properties of regular solutions

In this section we prove some fundamental properties of regular solutions of (8). By regular solution
we mean that
0 < feC(0,00), LY(R? x RY)).

Since the techniques we use are rather standard, some proofs will only be sketched.

3.1 Cauchy problem

We begin by sketching the proof of global existence and uniqueness to the initial value problem in
the class of regular solutions. Let fi, denote the initial datum of f, i.e., fin(x,p) = f(0,z,p).

Theorem 3.1. Given 0 < fi, € L'(R? x R?), there exists a unique global regular solution.

Proof. Approximate the external potential by a smooth function and the initial datum by a se-
quence fin, m of smooth, non-negative functions with compact support. By the result proved in Ap-
pendix A, for each fixed m € N there exists a unique f,, € C([0,o0), L?(dv)), solution of (8), where
dv is the measure dv = exp(+/1 + |p|? + V)d(p, ). Moreover by standard methods (see [9, 19, 36]
for instance) one can prove the L!-contraction property: ||fx — fmllz1 < ||fink — finml 2. Thus
the sequence f,, converges in L' to a regular solution. The uniqueness is also a consequence of the
L'-contraction property. The non-negativity of regular solutions can be proved by studying the
evolution of a suitable regularization of sign(f) (see again [9, 19, 36]). O

We remark that it is possible to prove global existence and uniqueness of solutions with lower
regularity, see [38] for the non-relativistic case.

In the proof of the next results it will be assumed that the solution is smooth and decays rapidly at
infinity. The generalization to regular solutions is achieved by introducing first a suitable smooth
approximation f., for which the following calculations hold up to error terms that vanish in the
limit toward a regular solution (i.e., ¢ — 0). We refer to [3] for the details of this procedure in the
non-relativistic case.

3.2 Finite propagation speed

The first property that we want to emphasize is that equation (8) is compatible with the finite
propagation speed of particles in relativity.

Proposition 3.1. Assume that fi, = 0 for |x —x0| < to, where (to, zo) € (0,00) x RY. Then f =0
for (t,z) € A(to, zo), where

A(to, zo) = {(t,z) € [0,t9] x RY : |z — xo| < to —t}

is the past light cone with vertez on (tg, o) and base on t = 0. In particular, if fin, =0 for |x| > R,
for some R >0, then f =0 for |x| > R+t, for allt > 0.

Proof. Introduce the density and the current density:
p(t,x) = / ft,z,p)dp, j(t,z)= / pf(t,z,p)dp.
Rd R4

Clearly |j] < p and the continuity equation holds: d;p + V,, - j = 0. The result then follows by
Lemma B.1 in Appendix B. O



3.3 Mass conservation and entropy identity

Given a regular solution f, the mass is
MU0 = [ Ftap)dpd (10)
R‘Z

and the free energy, or (relative) entropy functional is

QU0 = [ F(t.p) (VTFIIP + V() + log (t.2.1) dpd. (1)

The next proposition studies the evolution of the functionals M, Q.

Proposition 3.2. For a regular solution the following holds.
(i) The mass is constant: M[f] = M|f].
(ii) If Q. [fin] < 00, where
Qi) = [ F(VIFTP + Vi) +log” ) dpde, log" f = max(0log ), (12)
R2d

then flog f € C([0,00), L' (R2%)),

t
/ i DY (p)dyi (v f/8)0pi (v/ £/3)d dpdz ds < oo
0 2d

and the entropy identity holds:

Qlf] = Qlfu] — 4 / D (0)y (V/F73) 8y (v/F73)8 dp da ds. (13)

R2d

Proof. Proving the conservation of mass is straightforward. As to the entropy identity (13), we
begin computing

%: 6tf(\/1+|p|2+V+10gf)dpdac.
R2d

We define Oy f = FP[f] = T|[f], T =p- Vs — V;V - V,. First we see that

[ TUVTF B dpde = [ p-9ef = (VIFBE)V.V -V, dpds
z/RZde-(pf)dpd:c—i—/RZdﬁ-Vszdpdx
:/Rmﬁ-Vszdpdx. (14)
For the integral of T[f]V we have
/RMT[f]Vdpdx - /RM(Vﬁ Nof — VY,V -V, f)dpde
- RQdVIV-ﬁfdpdx—/Rde- (VV.VF)dpdz

= —/ p-V,Vfdpde. (15)
R2d



For the integral of T'[f]log f we use that for z = (z,p) and A a vector field such that V, - A =0,
there holds

V.- [A(flogf—f)] = Alog f - V. f
and therefore, taking A = (p,—V, V), we get

[ 1108 ) dpde = [ (5 V. fllor ) = V.V - Vyflog ) dpda = [ Alogf-V.fdpds

R2d

= [, V- [A(flos f ~ pldpdz =0, (16)

Adding (14)—(16), we see that

/]RMT[f](\/l—i—|p|2+V—|—logf) dpdz = 0. (17)

Now, for the term FP]-] we integrate by parts and obtain

t/FHMVHw%+VH%ﬂ®m:/‘WHHW+V+mﬁ%AM+D%ﬂ®m
R2d R2d

:_AM@+%%#MMHJW@Jymm

- /]R % (fDi + 0 f) (' + D0, f) dpda.

Using

o il

ijny 2 TP g

RO T
and )
O J) = 37 e+ 30 f),
we obtain
/RMFP[f](\/l +|p|?+V +log f) dpda = —4 /RMD“(p)api( f/8)0,i (V f/3)ddpdz.  (18)

Adding (17) and (18) concludes the proof. O

3.4 Steady states

Recall that eV € L. Tt is clear that, for each M > 0, there exists a unique regular” static solution
with mass M of (8), which is given by

M
f0($7p> :ml\/[('rvp> = 63‘/(1',1))7 (193’>
where Jy (z,p) = e_( THPE V) and © = / Jv(z,p)dpda. (19b)
R2d
Moreover, as in the non-relativistic case, one can prove that the equilibrium solution is a minimizer

of the entropy functional. To see this, we first recall the following general result proved in [14,
Lemma 1.1], which will play a crucial role also in the following sections.

“In Appendix A it is proved that the operator L, defined by writing the equation (8) in the form 0;f = Lf, is
hypoelliptic, provided V' € C°°. From this property one obtains that the equilibria of (8), which solve Lf = 0, are
automatically smooth.



Lemma 3.1 ([14]). Let us consider Q C R? measurable and the functional

Hlg] :/Qg(y) log g(y) dy+/ﬂg(y)h(y)dy, (20)

with g € LY(Y) non-negative such that g(logg)t € LY (). If h € LY 9(y)dy) is such that
e~ e LY(Q;dy), then glogg € LY (;dy) and

Hlg] — H[mgy] > l/Q(\/g(y) —/mg(y))* dy,

_ Jody s

where  my(y) = Tedy
Q

An immediate consequence of the previous lemma is a characterization of the minimum of #:

Corollary 3.1. With the same hypotheses of Lemma 3.1,

H(M) = inf{mm 92092, o)y - M}

is bounded from below for any M > 0 and
o—h

H(M) =H[g) = Mlog ( m.
Q

M . _

In fact, g is the only minimum of H(g).

If we take N = 2d, Yy = ([L"p), 9] :IRQd7 g= f and h = /1+ |p|2 +V, we have H(g) _ Q(f) and
g = mys. Thus we obtain

Corollary 3.2. Assume that f € L'(R?%), f >0 are such that

Q)= [ H(VIFTP + V() +log* f) dpds < o

and e~V € LY(R?). Then,

Qlf) - Qmar) = 5 [ (VIGwp) - VimuGe.p)’ dpda

R2d

and mpy is the unique minimum of

Qe =int {Q1 = 12 0.1 € DG, [ flo)dpao =01, 0.11] <
M

= Mlog [ = .
fdee*( HPP4V) dp da

In the next sections we shall generalize this result to the non-linear Vlasov-Maxwell-Fokker-Planck
and Vlasov-Nordstrom-Fokker-Planck systems.

4 The Vlasov-Maxwell-Fokker-Planck system

In the present and next sections we consider two non-linear mean field models built on the rel-
ativistic Fokker-Planck equation (8). These models provide a relativistic generalization of the



Vlasov-Poisson-Fokker-Planck system in the plasma physics case (present section) and in the grav-
itational case (next section). For simplicity we shall consider only the three dimensional case, i.e.,
x,p € R? (the field equations change with the dimension).

The relativistic model for plasmas is obtained by coupling the relativistic Fokker-Planck equation
Wf+p-Vof +F-Vuf =0, (fo' + D70, f), (t,z,p) €[0,00) x R* x R?, (21a)

for the Lorentz force field (with external potential)
F:[0,00) xR*xR* = R3 F=FE+pxB-V,V (21b)

and the system of Maxwell equations given by®

OE=VoAB—j, (i) Ve -E=p, (ii) 219
OB =-V,NE, (iii) Vy-B=0, (i)
with
plt, ) = / f(ta,p)dp, j(ta) = / Pt 2,p) dp, (21d)
R3 R3

where E, B : [0,00) x R? — R? are functions of (¢,x) that represent the electric and the magnetic
field, respectively. Note that (p, j) satisfies the local conservation of charge

Oip+Va-j=0, (22)

as a direct consequence of (21a), which makes it consistent to couple the Maxwell equations and
the Fokker-Planck equation.

The system (21) will be called the (relativistic) Vlasov-Maxwell-Fokker-Planck system, or VMFP
for short. It generalizes the Vlasov-Poisson-Fokker-Planck (VPFP) system in the plasma physics
case. Therefore (21) takes into account relativistic effects in a plasma, such as the propagation of
electromagnetic waves. We remark that there exist other models in the literature which are named
“Vlasov-Maxwell-Fokker-Planck”, see [2, 29, 37]. These systems couple Maxwell’s equations to the
non-relativistic Fokker-Planck equation (1).

This section continues by proving the mass conservation and the entropy identity of time-dependent
solutions and the existence of steady states to VMFP. The analysis of time-dependent solutions is
only formal, since there is no proof of the existence of solutions with enough regularity to which
apply the argument below. We shall use the terminology “regular solution” of VMFP in a loose
sense, meaning that the solution is non-negative and sufficiently regular to enable the following
calculations.

4.1 Formal properties of regular solutions

The mass of regular solutions of (21) is defined by (10); the entropy functional is defined as

1
K[f, E,B] = / F(V1+[p?+V +log f)dpdx + 3 / (|E|2 + |B|2) dz. (23)
RS R3
Proposition 4.1. For regular solutions of (21) we have:

(i) The mass is preserved: M(t) = const.

8Up to a suitable normalization of the physical constants.

10



(i) The entropy functional satisfies

%:_4 [ DY)y (VIT8)3y (VTT)3 dp (24)

(iii) Let e~V € LY*(R®). Regular static solutions of (21) with mass M wverify
(fo(z,p), Eo(x), Bo(2)) = (mum(z,p), =VU(),0), (25a)

where M
mar(w,p) = G dv(@ple™", 6= / D3y (@, p)dpda, (25b)
R

and U is a solution of
AU =p, p :/ ma (2, p) dp. (25¢)
R3

Proof. Proving (i) is straightforward. To achieve (ii) we write L = Q+7Z, where Q is given by (11).
Thus
ak  do dI dT
—=—+—= [ 0f(V1 2+ V41 dpdz + —.
a~a di /]RG S (VI PP+ V- log f) dpda o+
Let 0;f = FP[f]—T|[f], where in this case F = E+p x B—V,V for T[-]. Therefore we only need
to calculate the derivative of Z[F, B] and the part of dQ/dt containing the term F + p x B in T[],
since the other terms from 7'[-] and F P[] are the same as in the linear case, cf. Proposition 3.2.
Using (21ci) y (21ciii), we have
dT
dt

:/(E-(Vm/\B—j)—i—B-(—Vz/\E))dx

/ (E-0,E+ B-0,B)dx
R3

[(E-(VoaAB)=B-(V.AE))—E-j|dx

Il
%\

z/ V.- (BXE)—E-jdr=— | E-jda.
R3 R3

Moreover

/RG(E—l-ﬁXB) -fo(logf—i—V)dpdx:/RGVp- [(E+pxB)(flogf—f)|dpdx

+ [ V- (V(E+pxB)f)dpdz =0.
R3

We also have
/\/1+|p|2(E+]§><B)-fodpdx:—/13~(E+]3><B)fdpd:c:—/E-jdx.
RS6 R6 R3

The second equality is due to the orthogonality between p and p x B and the definition of j. The
proof of (ii) follows easily. As to (iii), we first notice that from (21ciii) and since 9;By = 0, we
have 0 = 9;By = —V A Ey = 3U(x) such that Ey = —VU(z). Using (21cii) we obtain —AU = p.
Moreover by (24) applied to static solutions we observe that fo(x,p) = a(x)J(p) for some non-
negative function @ = a(x). In particular, j = 0 (since it is the integral of an odd function) and
the equations for the field By are equivalent to V x By = V - By = 0 = By = 0. Now replacing
fo=ad, Ey = —VU and By =0 in (21a) we obtain

p-Va+ap-VU+V)=0.

It is clear that the only non-trivial regular solution of the previous equation is o = Ce~Y~V, where
C' is any positive constant. The value C = M/© follows by the definition of M. O
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4.2 Existence of steady states

In this section we prove the existence of (regular) static solutions for the system (21). In particular,
we want to show that the free energy functional

K[f,E,B] = Q[f] + Z|E, B]

1
:/f(\/1+|p|2+V+logf)dpd:c+§/ <|E|2+|B|2)d:c,
RS R

3

subject to
V-E=p, V-B=Q0, /fdpd:c:M,
R6

attains its minimum exactly in the static solution of (21) with mass M. The following proof
generalizes the one given in [14, Prop. 2.2] for the VPFP system. Note that the variational problem
for VMFP differs from that of VPFP studied in [14] in two aspects. Firstly, the electromagnetic
field appears as an independent variable in the entropy functional, while for VPFP the electric
field is given by the convolution product of p with 1/(4w|z|). Secondly, in the variational problem
for VMFP there appear the local constraints V- E = p, V - B = 0. Nevertheless we will be able
to reduce the problem at hand to the equivalent one for the VPFP system considered in [14]. In
particular we will show that the above minimization problem is equivalent to minimizing a reduced
entropy functional K,¢q that resembles the free energy in the non-relativistic case. To this purpose
we use the following simple result.

Lemma 4.1. The solutions of the variational problem

inf R(h) = inf [ |h|?dz,
heD heD Jps

where ® = {h € L3(R3) : V-h =g}, g € LY(R?), are of the form h = —VU, where —AU = g.

Proof. Let ¢ be a test function. The first variation of R evaluated on a critical point has to vanish,
which implies

d d
ZR(h+ t6) |10 =/ Z|h 4t o dx:/ 2h - ¢da = 0.
dt R3 dt R3

In particular, we can consider test functions of the form ¢ = V A v, which entails

OZ/h-V/\vdx:— V Ah-vdz,
R3 R3

for all v € C2°(R?). From here we infer that V A h = 0 and as a consequence, there exists U such
that h = —VU. Substituting this value in V - h = g concludes the proof. O

Next we define

1
Kealf) = [ FVTFIP+ 50 +V +log f) dp.

with =AU = p and p = [, f dp.
Proposition 4.2. Recall the definition (12) of Q1[f]. Let

K(M) = inf {KIf, B, B] : f 20, f € L*R®), |l 1 o) = M, Q1] < o0,
(B,B) € L*(R®) x L*(R®), V- E=p,V-B = 0}

and assume that e~V € L'(R?). Then,

12



(i) K(M) = inf {Krea(f) : [ 20, f € L'RE), |[fllps oy = M, Q4 [f] < o0}
(i) K(M) is bounded from below for any M > 0;

(iii) The minimizer is unique and is given (25), i.e., K(M) = Kyea(mar).
Proof. To show (i), let X denote the minimizing space and define

X ={f € LN®Y) : £ 20, |fllpas) = M, Q41f] < o0},
X, ={(E,B) e L*(R®) x L*(R*) : V-E=p,V-B=0}.

The minimum (if it exists) verifies:

KO = igf (K, .8} = gt (i (208, 2) + 00} »

:i)r{llf{%/RJVUFdw-f—Q(f)} = inf {Krea(f)},

p=[fdp !

since by Lemma 4.1, for g1 = p and g2 = 0, we have £ = —VU, —AU = p and B = -V,
—AU =0, which implies U = 0. On the other hand, we see that

1

1 1 1
- |VU|2dz:—/ fUAUdz:—/ pUdz = | =fUdpdz
2 ]RS 2 ]RS 2 RS R62

and the original problem is therefore reduced to minimize the functional K,eq(f), which, up to
substituting /1 + |p|? with |p|?/2, coincides with the free energy in the non-relativistic case. Thus
the claims (ii) and (iii) can be established as in [14, Prop. 2.2]. O

To conclude this section we remark that the existence of steady states to the VMFP system can be
established also by studying directly the equation (25¢), as done in [20] for the non-relativistic case.
The non-existence results proved there when e~V ¢ L! (see also [14]) are valid in the relativistic
case as well.

5 The Vlasov-Nordstrom-Fokker Planck system

In this section we introduce yet another new model, which represents a relativistic generalization
of the VPFP system in the gravitational case. It would be desirable to obtain such a model in
the framework of general relativity, since the latter is the physically correct relativistic theory of
gravity (as far as we know...), but this would lead inevitably to face fundamental difficulties. In
fact the consistent modeling of dissipative systems in general relativity is not yet understood, not
even at a formal level, the main reason being that the Einstein equations by themselves imply that
the mass/energy/momentum of the system must be conserved®. To overcome this (still unresolved)
fundamental issue, instead of general relativity we shall use an alternative relativistic theory of
gravity, the Nordstrom theory, which has already been used in the collisionless case as a toy
model for the more complicated Einstein-Vlasov system [5]. The resulting system—the Vlasov-
Nordstrom-Fokker-Planck system—will be derived using an argument similar to the one applied
in Section 2.

9The situation is similar to what happens in electrodynamics, where the Maxwell equations alone imply the
conservation of charge (22) and therefore the dynamics of the coupled matter model must be compatible with it
(which is true for the relativistic Fokker-Planck equation considered in the previous section).
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5.1 Derivation of the model

While for the VMFP system the background space-time is given by the manifold (R*,n), where 7 is
the Minkowski metric, in the present case we assume that the space-time is given by the Lorentzian
manifold (R*, g), where

g=e*n,

with ¢ : R* — R a scalar field, which will play the role of the gravitational field. Let (¢, 2!, 22, 2%) a
system of coordinates which set the Minkoski metric in the canonical form 7, = diag(—1,1,1,1).
Then

g = —e*?dt* + 2?6, da’ da? . (26)

The geodesics of the metric (26) are the solutions of the following system of ODEs:

dt dz! ,  dpt v
Ezpo, =P o= (27)

where s is the geodesic parameter and I'%_ are the Christoffel symbols of g:
1 _
Ff/ta' = 59#7 (avga'y + aagl/'y + a’ygvo) = 5#80926 + 5§3u¢> —€ 2¢77V077M)8p¢' (28)

Let us consider a system of particles with unit mass that move along the geodesic curves. The
geodesic motion reflects the physical property that the particles interact only through the gravita-
tional field. If we want to interpret p* as the four-momentum of the particles, we need to impose
that p* has length equal to —1, i.e., g, p!"p” = —1. This entails

P = e+ 2, Ipl? = 0ip'p (29)

Let f(t,z,p), x = (!, 2%,23) and p = (p*, p?,p?), be the distribution function of particles in the
position x at time ¢ and with four-momentum p* = (p°,p) = (\/e=2¢ + |p|2, p). Having assumed
that the solutions of (27) are the particles trajectories, we obtain that f satisfies the equation

P°Ouf +p-Vaf =T}, p"p 0y f =0,
where p¥ is given by (29). Substituting (28) in the last equation we obtain
00 f +p - Vaof — [2(podid +p - Vad)p+ e 2°V,] -V, f =0.
AR p T Po0t p x2Q)P € x p

The previous equation is the Vlasov equation for collisionless particles. For the Fokker-Planck
equation, we need to add a diffusion and a friction term in the right hand side. Motivated by the

discussion in Section 2, for the diffusion term we pick Aj(gh) f, where h is the metric induced by (26)
over the hyperboloid p® = \/e=2¢ + |p|2. Tt can be verified that'?

pipi _
hij = e*? (51'3' - W), pi = disp’ .

We have

|h| =deth = (e—2¢ + |p|2)_1e4¢, (h—l)ij — e—2¢5ij +pzp]

10 Although the metric g is not Euclidean, we keep using the metric d;; for moving up and down indexes.
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Therefore,

1 L B e~ 2050 4 pipd
Py _~ 9, Dijg ) = e 2¢, [e—2¢ 29, N
A f _|h|ap (VIR[(h=1)7 0, f) = e72?1/e=2? + |p| O, ( P Opi f)

We then obtain the Fokker-Planck equation in the absence of friction in the following form:

—20 517 1 pigy
Sf— [256p+ Vo (/o2 + [pl2)] - Vof = e 290, (%@J), (30a)

where

Su = dpu + ——L . V,u. (30b)

Ve TP

For the scalar gravitational field ¢ we postulate the non-linear wave equation

t
f( "Tﬂp) dp,
0 Ve + [P

which has been justified in [4]. Now, doing the change of variables f(t,x,p) = f(t,x,e"2%p), the
system (30) takes the form

Ouf +Vp (/€2 + Ip2) Vi f — Va(y/ €2 + pI?) Vi f = 0, (A (0)0,s f), (31a)

O¢ = 826 — App = —e5 (30c)

op = —e2¢ [ B3P o) (31D)

R3 \/€%% + [p|?

where 3 o
e4¢6zg +e2¢pzp]

The system (31) is the Vlasov-Nordstrom-Fokker-Planck system in the absence of friction. It is
invariant under the Lorentz type transformations given in [7]. To introduce a friction term, we
first notice that for any given time independent scalar function ¢g = ¢o(x), the left hand side of
(31a) vanishes for

A (p) =

by (31c)

f = Jo(w,p) = e VotiE, (32)
This suggests to introduce a friction term of the form V,, - (¢f) on the right side of (31a) such that
AP0y f+q' f=0, if f=e Vil

It can be verified that ¢ = ¢?**p. Adding this friction term and an external potential to (31a), we
get

Onf+Vp(\/ €22+ p|?) - Vof = Va(y/e2? + pl>+ V(2)) - Vp. f (33a)
= 0yt (A ()Ops | + €D f),
*624) f(t,l',p)

LDy,
i \/e20 + [P

where Afg (p) is given by (31c) and where we removed the tilde for notational simplicity. The
system (33) will be called the Vlasov-Nordstrom-Fokker-Planck (VNFP) system.

O¢ = (33b)
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5.2 Formal property of regular solutions

Besides regularity, we assume that the solutions of VNFP are such that e? is bounded in any finite
interval of time. This is true as soon as the initial data for the field equation (33b) are bounded.
To see this, note that regular solutions of (33b) verify ¢ = ¢nom + ¥, where ¢nom solves the wave
equation O¢pem = 0 with the same data of ¢ and 1 solves (33b) with zero data. Since the right
hand side of (33b) is non-negative, then ¢» < 0, and therefore e? = e®rome?¥ < efnom is bounded,
as we claimed.

The mass of regular solutions of VNFP is defined by (10). The entropy functional is

Klf.o.000) = [ (/e 1P + V(@) +hog f) dpdo+ 5 [ (1010l + 1900 ) ao

Note that the energy part of the entropy functional is positive definite, in contrast to the case of
the gravitational VPFP system.

Proposition 5.1. For reqular solutions of (33), we have:

(i) M(t) =constant.

(i) The entropy functional satisfies

dK ii
= [ A0, (1/89)0 (/1193 dp (35)
where 3 (x,p) = e~V HPI%,
(iii) Let e~V € LY. Static solutions of VNFP with mass M > 0 are of the form

(fo(x,p), do(x)) = (m(z,p), Po(x)), (36a)
where'!
mM(OC,p) = %HV(‘map)a HV =e €2¢0+|p|27‘/’ 0= HV(xap) ddeE, (36b)
R6
and ¢g solves
Ago = 200 [ _mul@D) g (36¢)

R3 \/€2P0 + |p|2

Proof. The proof of (i) is straightforward. To show (ii), we first observe that

dQ fe**0¢

— = 0 e2® + |p|2 + V + log f)dpdx + —————dpdz. 37

i = | W (y/ Ipl g f)dp o T Y (37)
Again we split 0,f = FP[f] —T[f], where T = V,(\/€2? + |p|? = V) -V, — V,(1/€2? + [p|?) - V.

For the integral containing T we have

p-V.V
T[f]\/e?? + |p|2dpdz = — | ———=dpduz,
[zt < [

[ 7inios s apaz —o,
RG
p- V.V

T(f]Vdpdx = ————dpdz.
/]RG [ ] R6 \/€2¢+|p|2

' Note that Jy € L' (R®), because e®0 is bounded.
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Thus the term involving T[f] gives no contribution. Moreover

/RGFP[f](,/e% +|p2+V +log f) dpdz = /R (p; + %apif) (€ fp' + A (p)Oys f) dp da
=4 [ 20300, (/1/8)0, (/%) apat

where we used that
. O
e2¢p7 _ Ad,](p)pi and apk( f/3¢) = W(fpk + 3pkf).
On the other hand,

=
which cancels the last term in (37) due to the field equation (33b). This concludes the proof of
(ii). For the last statement, we use that, by (ii), static solutions must have the form fo(z,p) =

a(x)d? (z,p). Substituting in (33a) we obtain the equation p - (Va + aV,V) = 0 and therefore
a=Ce V. [

R3 R3

5.3 [Existence of steady states

The existence of steady states for the VPFP system in the gravitational case is not yet well-
understood. We mention that a small mass result is proved in [3] for the VPFP system using a
fixed point argument inspired by [15, 16]. This argument applies mutatis mutandis to the VNFP
system: Consider the equation for the gravitational potential of steady states, eq. (36¢), which we
rewrite in terms of u = —¢q as

eV Me 2 e~ Ve tpl? d
_ .
fRGe*\/va dpdz Jre \/e7?" + |p|?

Define by K the solution operator of (38), i.e., the convolution of the r.h.s. with 1/(4x|z|). By
standard estimates one can prove that, for M small enough, the operator K is a contraction in
the space X = {v € L>°(R3) : 0 < v < 1} and so by the fixed point theorem we have the following
result.

Proposition 5.2. There exists My > 0 such that, for all M < My, the equation (38), with
the boundary condition lim|,| o u = 0, has a unique solution u € L*. This solution defines,
through (36), a steady state of the VNFP system.

Au =

(38)

However in the relativistic case we can do much better, and prove existence of steady states for all
masses. Let us denote

Ty ={f:R* =R : fe LR, ||fllLrms) =M, Q[f] < oo},
where Q. is defined by (12), and recall that the space D!(R?) is defined as
DY(R?*) = {¢ € L{,.(R®) : V¢ € L? and ¢ vanishes at infinity},

where the condition of ¢ vanishing at infinity means that the set {z € R3 : |¢(2)| > a} has finite
(Lebesgue) measure, for all a > 0. Functions in the space D' (R?) satisfy the Sobolev inequality

2 _
6lls <nllVolre, n= Vel 23, (39)

see [30, Thm. 8.3].
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Theorem 5.1. For all M > 0 there exists at least one solution'? ¢y of (36¢c). Moreover the
corresponding steady state, given by (36b), is a minimizer of the entropy functional:

K(M) = lnf{l(:(f,(b,’lb),f € F]\/I, ¢ € Dl(R3) 51/1 € L2(R3)}a

where K is defined by (34), i.e., K(M) = K(m, ¢o,0).

Proof. First we notice that

F]\/[XDI
where E(f, ) = K(f, ¢,0). We divide the proof in five steps.
Step 1: K(M) is bounded from below. We have

£5.0)> [ 10+ V(@) +1og fapd. (40)

Using Lemma 3.1 with g = f, h = |p| +V, Q = R?? we get

o)
s e 1P=Vdpdz’

5(f,¢)2M10g(f

Step 2: Weak convergence of minimizing sequences. Let (fn, ®,) be a minimizing sequences. Since
¢r, is uniformly bounded in D!, and by the Sobolev inequality (39), there exists a subsequence,
still denoted by ¢, and ¢¢ € D' such that

dn—¢o in L® and V¢, — V,do in L. (41)
Next we establish the weak convergence of f,, in L' by using the argument in [14, pag. 129]. Let

us show first that f,, does not concentrate. If it did, we could find € > 0, a bounded sequence
2, € R? and a sequence R,, — oo such that

/ fu(z,p)dpde =€, forallneN.
‘mn_m‘SRn

From (40) and Lemma 3.1 we have

E(fns dn) Z/ | fn(logfn+|p|+V(fE))dpd:c+/l ‘ fn(log fn +[pl+ V(z))dpdz
r—xn|>Ry Tn—z| <R,
M —¢ €
> (M —¢€)log —— + elog —— . (42)
(f\znfszne 2 Vdpd:L') (‘[|IH7I|§R“ eIl Vdpd:c)

Since e~ P17V ¢ L', we have

lim e P=Vdpdz =0, and lim ef|p|7vdpdz:Hef‘p‘*VHLl(Re)
n—00 |zn—z|>R, n—o0 |zn—2z|<R,

and so (42) implies E(fn, dn) — o0 as n — oo, which contradicts the fact that (f,, o) is a
minimizing sequence. Now we prove that f, is tight. If not, we can find € > 0 such that, for all
Ry > 0, there exists R > Ry such that

lim fondpde > €.
700 Szl +|pl >R

12By Proposition 5.2, the solution is unique for M small.
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Whence, using again (40) and Lemma 3.1,

E(fn,n) > L dpdz)[1 L dpdz — 1 —IPI=Vapd
(fnsdn) (/lewa p w)[Og/lewa pdax Og/ e pdz]

|z|+[p|>R

and so
lim e PI=Vdpde > ee= KM)/e 5
B=00 Jja|+Ipl> R
which contradicts the fact that e~ ?I=V ¢ L'. We conclude that there exists fo € L' and a

subsequence f, such that
fn — foin L'. (43)

Step 3: Pointwise convergence of minimizing sequences. As proved in [30, Cor. 8.7], the weak
convergence (41) implies that
on — ¢p, pointwise a.e. (44)

again up to the extraction of a subsequence. Moreover, by the argument used in [6, Lemma 5], we
may assume that ¢, < 0 almost everywhere. Next we show that f, converges pointwise a.e. (up
to subsequences). Given a minimizing sequence (fy, ¢, ), define

M /2t p2—
my, = = = e e2¢n +|p|2—V
fRG e~ Vet =V qp g

By Lemma 3.1 we have

5(fn;¢n)_ (mna¢n = 2/ \/ﬁ \/_ dpdx

This implies on one hand that (m,,, ¢, ) is again a minimizing sequence and, on the other hand, that
after extracting a suitable subsequence we have lim, o (f, — m,) = 0 pointwise a.e. Moreover,

since
_ 2¢ 2_ — 290 2_ . :
e~V HIPP =V o=V eV gintwise a.e.

and (by dominated convergence)
/ e VetV qpde — e VPPV qpdz,  pointwise a.e.
RS RS

then

M oy yenmTy

n — e~ VeroHplP=V 0, ointwise a.e.
Jao € VEPHPE=V qp da P
R6

In particular we notice that fj is strictly positive and bounded.

Step 4: (fo, do) is a minimizer. We prove that £ is weakly lower semicontinuous. Clearly

nrginf/wqunﬁdx > /|V1¢ol2dw-

Moreover, by Fatou’s lemma,

hrginf/ fn(\/ewn+|p|2+V+logfn>dpd:cz/ foly/e2? +[pl* +V +log fo),
n—oo RS R6

and the claim follows: K (M) = £(fo, ¢o)-
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Step 5: (fo, Po) is a steady state of the VNFP system. Since we already proved in step 3 that

M
fo= T e~ VEHEY
Juo e VERTREV dpdg

we only need to show that ¢g solves the non-linear elliptic equation (36¢). To this purpose we
define ¢p, = ¢g + hn, where n = n(z) is any C* function with compact support and h € R. Using
that 0 < fy < oo and ¢ < 0, it is straightforward to show that E(fo, ¢p) is differentiable in h.
The derivative at h = 0 must vanish and this entails that ¢y solves

Jo
A¢g = 62¢°/ ————dpdx
’ 70 \/e20 + [p]?
in the sense of distributions. This completes the proof of the theorem. O

Acknowledgments: This work was completed while the second author was a long term par-
ticipant to the program “Partial Differential Equations in Kinetic Theories” at the Isaac New-
ton Institute in Cambridge (UK). Support by “Ministerio Ciencia e Innovacién”, Spain (Project
MTM2008-05271) is also acknowledged.

A Appendix: The Cauchy problem for the Fokker-Planck
equation on a Riemannian manifold

In this appendix we discuss the initial value problem for the equation (8). In fact we shall study
the problem for a more general equation than (8), where we allow for a general (positive definite)
diffusion matrix D, a general velocity field (with non-zero gradient) in the transport operator and
a general friction potential. Precisely we shall consider the initial value problem for the following
equation:

Oth +v(p) - Voh = VoV -Vpoh=AWh+ Wh, t>0, z€R? peR? (45)

where A](gg) denotes the Laplace-Beltrami operator of a Riemannian metric g on R?, see (5), and
W, v are the vector fields

Wh=g"'V,logu-V,h, u=/detge ¥ v=V,E, (46)
for some non-negative function E = E(p). Equation (8) can be written in the form (45) by setting
g=D71, E(p) = /1+|p|?, f =e F~Vh. We prove the following:

Theorem A.1. Assume g, E,V € C™ satisfy e ¥, e=V € L*(R®) and, for all p € R?,
det(apwj) #£0,
Opi (gij[?pj E) <w, for some w > 0,
990, E 0, E > 0|V,E?, for some 6 > 0, (47)
where g% is the inverse matriz of g, i.e., Y gji, = 0L. Furthermore we assume that
9" (p)
p[?

=0, as |p| > 00 Vi, j=1,...d. (48)

Then for all hiy, € CL(RY x R?) there exists a unique

h e C(]0,00), L*(dp)),
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solution of (45) with initial datum hi,, where p is the probability measure defined by

dp=0"1e PVdpdz, © :/ e E@-V@) qp da.
R2d

For the proof we need the following lemma.
Lemma A.l. Let A = —L+ T, where L = AY) + W and T = v(p) - Vo — VoV - V,, and
Iy f1, fo € C*®. Then

(a) fpahLhe Fdp=— [L,g90,h0,he " dp;

(b) [ona KThdp = 0;

(c) A(f1f2) = f1Af2 + f2Af1 — 2970y f1 Ops fo.

Proof. The proof of (a) can be found in [8]. For the second statement we use that
/ h(v(p) - Voh — V.V -V,h) e 57V dpde = / (=Vih-0,Eh+V,h-V,V)he P~V dpdz,
R2d R2d

using that v(p) = V,E and integrating by parts. The proof of (c) follows by Leibnitz’s rule. O

Proof of Theorem A.1. We generalize the proof of [25, Prop. 5.5], where the following argument is
applied to the non-relativistic Fokker-Planck equation (1) (with external potential), and the proof
in [8, App. A], which studies the Cauchy problem for (45) when = € T (the d—dimensional torus)
without external potential.

Denote H = L?(du). Let us consider the operator
A=v(p) Voh = VoV -Vyh —AWh —Wh=T-L

defined on D(A) = C°(R??). Equation (45) takes the form d;h + Ah = 0. Our goal is to show
that the closure of the operator A generates a contraction semigroup on H. To this purpose it
suffices to prove that A is accretive and that the range of A + Al is dense in ‘H for some A > 0,
see [25, Sec. 5.2].

That A is accretive follows by (a) and (b) of the previous lemma:

(h| Ah),, = — (h| Lh),, + (h| Th,, = /gijapihapjhdu > 0.

Next we show that A is hypoelliptic. Let a = /¢!, the positive definite matrix such that

a® = g~'. A direct computation shows that

d
—A=) Y24V,

i=1
where Yy, Y; denote the vector fields

Yoh = (divya) - aVyph — g9, E 0psh — Th,
Yih = afOprh.
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In order to prove that A is hypoelliptic, it is enough to show that — A satisfies a rank 2 Hormander’s
condition, i.e., the vector fields Y; and Z; := [Yp, V;] form a basis of R?¢, see [26]. Observe that

Z; = BFo + C10,,

where €7 = a¥8,xv7 and B is a d x d matrix whose exact form is irrelevant for what follows. Thus
we can represent the linear transformation {0, 9} — {Y%, Zi} by the matrix

0 a

F=(¢ p)

whose determinat is |det F| = det a|det C| = det g|det(d,«v?)|, which is positive because det(8,iv;)
is non-zero by assumption. Therefore, {Y;, Z;} is a basis of R2,

Finally, we prove that the range of A + A is dense in H for some A > 0. If h € H, we must show
that if
(h[(A+A)f)y, =0, forall feD(A), (49)

then h = 0. Equation (49) is equivalent to h being a distributional solution of
A=L-T)h=0.
Since the operator in the left hand side of the latter equation is hypoelliptic, then we can assume

h € C*. Now setting fi = ¢, fo = ¢h in (c) of Lemma A.1, multiplying by h, integrating and
using that (h|(A+ A)(¢%h)),, =0, by (49), we obtain

A / G*h*dp + / 9" 0,yi (Bh) Dps (dh) dp = / h?g" 0y p O p dpt — / h2¢pTédp. (50)
Setting f = he F/2=V/2 we get
[ 70(0m 30 die = [ 490, (01) 0,610 dpda + 1 [ G0, 0, B
+%/gijapi(qﬁQfQ)@ij@_ldpdx

and integrating by parts in the last term we get

1 . 1 o
5/g”api(&f?)aij@*ldpdx = —§/¢2h2 0pi (g7 0y E) dp > fw/nghQ dp.

The identity (50) leads therefore to the inequality
1 ; 3
(A — w)/¢2h2 dpt 7 /qthQg”@piEaijdu < /th”apiqaaquadu — /h2q§T¢du.

Let k = (k1,k2) € N? and ¢ = ¢y (x,p) = (x/k1)(p/kz), where p € C*, 0 <9 < 1,9 =1 on
B(0,1/2) and supp ¢ C B(0,1). We obtain, denoting by C' any positive constant,

1 ) c 3
(A*w)/fbihQ du+1/¢ih29”3piEaprdM Sﬁ/h2 sup |97 X |p| <k, dp
2 ]

+ | <¢kh V;DE Voo, h>H |
+ [{(dxh ViV - Vpor, h)y, |- (51)
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Using Young’s inequality, we can estimate the last two terms of (51) as

| {(¢rh VpE~VI¢k,h>| < 461 /¢kh2|v E| d,u+61/h du)
Cﬁ(/fl

L 212 2
o (o [ dintdus e [ 1),

for all €1,e2 > 0, where ((k1) = supj, <z, {|VzV|[}. Taking e1 = C/(0k1) in the first line, ez =
C(¢(k1)/(4k2) in the second line and using (47), we get

[ (prh ViV - Vypop, h) | <

2 @ 1 02 2
—w-—1) qbkh < k2 h? sup|g |X‘p‘<k2du+0( k2 ) hdpu.

We see that h = 0, taking first the limit k2 — oo and then k; — oo. This concludes the proof of
the theorem. O

B Appendix: Finite propagation speed of relativistic kinetic
equations

This appendix is devoted to prove a general result that can be used to establish the finite propa-
gation speed property for all relevant relativistic kinetic equations. It is obtained by adapting the

proof of a celebrated uniqueness theorem for non-linear wave equations due to Fritz John [27], see
also [35].

Lemma B.1. Let p,j € C1(R x R?) verify
Op+Ve-j=0, t>0, xcRY (52)
and |j| < p. If p(0,2) = 0, for |x — x| < to, then p(t,x) =0, for (t,x) € A(tg, z0), where

Ato, z0) = {(t,x) € [0,t0] x RY : |z — 20| < to — t}.
Proof. Consider the function
D(s,x) = to — [(to — 8)% + tg 2 (2tos — §%)|x — x0|*]Y/2.
Note that
®(0,2) =0, éh_}r?o ®(s,x) =to — |x —xo|, and @) _ _, =0. (53)
Moreover, denoting R (to,zo) = {(t,x) : t < ®(s,z), |z — xo| < to}, we have

A(to, o) = Up<s<to Rs(to, z0).

Next we define
pr(s,x) = p(P(s,x),x), jn(s,x) = 7(P(s,z),x).
Since p, j satisfy (52), then pn, jn verify

5spm = _vz 'jﬂasq) + asjﬂ ' vm¢
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Whence, using (53),

/ pm(s,z)d:c:/ / Orpn (T, ) dr do
lz—z0|<to lz—x0|<to JO

=/ / (—Va - jods® + Oy jr - V) dr da
|z—2x0|<to v O
|z—z0|<to

= / Jjn - Veo(s,x)da = (pn — Jn - Vo) dz = 0.
|r—xzo|<to

|z—zo|<to

Moreover it is easy to verify that |V, ¢(s,z)| < 0(s) < 1, for all 0 < s < tp; thus, since in addition
71 < p, we get

/ prdr=0=p=0on A(ty, o).
|z—z0|<to

O

The preceding lemma can be applied to any relativistic kinetic equation which is compatible with
the continuity equation (52). Precisely, to any kinetic equation of the form

Ohf +p-Vaf =Qlf];

where @ is a (possibly non-linear) operator such that

[ alnt.e.pdp=o

The previous identity implies that

p:/ 7 dp, j:/ fhdp
Rd Rd

satisfy the continuity equation (52). Moreover, since |p| < 1, then |j| < p and Lemma B.1 applies.
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