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Abstract. The spatially one-dimensional relativistic Ornstein-Uhlenbeck process is studied in an arbitrary
inertial reference frame. In particular, we derive directly from the stochastic equations of motion in an
arbitrary inertial frame the transport equation for the distribution function of the diffusing particles in
phase-space. We explain why this result is not trivial and has, at the very least, methodological interest.
We also show that this result offers a conceptually new proof of the well-known fact that the relativistic
one-particle distribution function in phase-space is a Lorentz scalar.

PACS. 02.50.Ey Stochastic processes — 03.50.+p Special relativity — 05.40.-a Fluctuation phenomena,

random processes, noise, and Brownian motion

1 Introduction

Modeling irreversible relativistic behavior is arguably one
of the most challenging issues faced today by continuous
media theories and statistical physics. Indeed, if several
hydrodynamical theories of relativistic fluids have been
proposed during the last decades, none of them can yet be
considered as the definitive relativistic generalization of,
say, the Navier-Stokes model of simple fluids dynamics.
As for kinetic theory, a relativistic version of Boltzmann
equation does exist and has been used in various fields;
nevertheless, it seems to us that it does not rest on as firm
a foundation as its Galilean counterpart, if only because
a simple complete statistical theory of interacting non-
quantum relativistic particles is still missing, at least if
the interactions are treated within the framework of field-
theory.

In this context, Debbasch et al. [1] have recently in-
troduced a new stochastic process which generalizes the
usual Ornstein-Uhlenbeck process to the relativistic realm,
and presented it as a toy-model of relativistic irreversibil-
ity. As was already mentioned in earlier publications, the
special relativistic Ornstein-Uhlenbeck process, just as its
Galilean counterpart, has a preferred inertial frame; this
is mandatory because the physical situation at hand does
exhibit a preferred reference frame, which is simply the
rest-frame of the fluid in which the diffusing particles
move. That the existence of a preferred inertial frame for
the process does not contradict Einstein’s relativity has
been discussed at great length in references [1,2], to which
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we refer the interested reader. Let us just mention here,
en passant, the Schwarzschild solution to Einstein’s equa-
tions or the Friedmann-Robertson-Walker cosmological
models as typical examples of purely relativistic models
which trivially exhibit preferred reference frames. Let us
also stress that the whole formalism associated to the
ROUP is perfectly covariant, although not manifestly co-
variant. This situation, which might appear surprising, is
actually quite common in physics; as another example,
one can mention the canonical quantization procedure of
relativistic field-theories [3].

For sheer simplicity reasons, the ROUP has been stud-
ied until now in the special relativistic framework only,
and only in its preferred inertial frame. The aim of the
present article is to investigate some non-trivial aspects of
this stochastic process in an arbitrary inertial frame. The
relativistic stochastic equations of motion which define the
ROUP are non-linear (see Sect. 3), in contradistinction to
their Galilean counterparts. As was already mentioned in
preceding publications, this blocks a direct resolution of
these equations and the main analytical tool for studying
the ROUP is therefore the transport equation for the dis-
tribution function of the diffusing particles in phase space.
Two common names for that equation are Kramers’ equa-
tion and the forward Kolmogorov equation; in what fol-
lows, we will principally use the former denomination.

Considering the fact that Kramers’ equation has al-
ready been obtained in the preferred reference frame of
the ROUP [1], there are a priori two ways of obtain-
ing it in an arbitrary inertial frame. The first one is to
invoke the scalar nature of the phase-space distribution
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function [4-6] in order to transcribe its evolution equa-
tion, which was established in the preferred reference
frame of the ROUP, in terms of the momentum and
space-time coordinates associated to another, arbitrary
inertial frame. The other possibility is simply to ob-
tain the form of Kramers’ equation in an arbitrary
inertial frame directly from the stochastic equations
of motion in that frame; this can be done, a priori,
by following a procedure similar in spirit to the one which
was already used in reference [1] to obtain Kramers’ equa-
tion in the preferred frame of the ROUP from the stochas-
tic equations of motion in that frame.

Both methods have their advantages and inconve-
niences. The first one is algebraically straightforward; in-
deed, if one uses the fact that the distribution function
is a Lorentz scalar, it is nearly trivial to obtain, from the
results presented in reference [1], Kramers’ equation in
an arbitrary inertial frame; the second method is com-
paratively and absolutely speaking more complicated. On
the other hand, it provides an answer to a methodological
question on which no light can be shed by the first method
only. Indeed, the stochastic force which acts on the dif-
fusing particle is, in the preferred reference frame of the
ROUP, a Gaussian white noise (derivative of the Wiener-
process) and this fact is crucial to obtaining Kramers’
equation in the preferred reference frame of the ROUP [1];
however, as explained in Section 4.1, the stochastic force is
no longer a Gaussian white noise in another inertial frame;
it is not even a function of the time coordinate only but a
function of the position occupied by the diffusing particle
too. Very little is known about such position-dependent
noises in general (for a good introduction to at least some
aspects of the subject, the reader might wish to consult
Ref. [7]); from the point of view of stochastic analysis, it
is in particular absolutely not trivial that a simple trans-
port equation can indeed be obtained from the stochastic
equations of motion. One naturally expects however that
this can be done in the case at hand, if only because such a
transport equation can be derived by the alternate method
mentioned earlier. But this other derivation does not in-
struct us about how to derive the transport equation in
an arbitrary inertial frame directly from the equations of
motion in that frame. The aim of this article is precisely
to investigate this matter.

The article is organized as follows. In Section 2, we fix
the major notations and, in Section 3, we review rapidly
the fundamental equations which define the ROUP. In
Section 4, we derive directly, by stochastic analysis only,
Kramers’ equation in an arbitrary inertial frame. The
derivation is presented in the spatially one-dimensional
case only because the three-dimensional one is far more
intricate mathematically. It will be explored in a subse-
quent publication. We then check that our result is indeed
compatible with what we would have obtained by follow-
ing the first/other route. Indeed, in Section 5, we then
prove directly from the result of Section 4 that the distri-
bution function in phase-space is indeed a Lorentz scalar
and discuss rapidly the initial conditions to be used in con-
junction with Kramers’ equation. (The proof is presented

in infinite space only for simplicity reasons.) We conclude,
in Section 6, by discussing our results and list some prob-
lems left open for further study. The two appendices con-
tain some algebra which we judged too cumbersome to be
included in the main part of the text.

2 Notation

In this article, the velocity of light will be denoted by ¢ and
the signature of the space time metric will be chosen to be
(4+,—,—,—). The proper distance ds is therefore defined
by ds? = (cdt)? — da? — dy? — dz2.

The 4-position, 4-velocity and 4-momentum of the
particle undergoing stochastic motion are denoted x*,
ut = dz# /ds and p* = mu* respectively. The determin-
istic and stochastic forces acting on the particle will be
denoted f* and F* respectively. v is the 3-velocity of the
particle defined by the usual relation v = dx/dt. v and
m are respectively the Lorentz factor and the mass of the
particle. U* designates the (local) 4-velocity of the sur-
rounding fluid with which the particle interacts.

As usual, Greek indices will run from 0 to 3 and Latin
ones from 1 to 3.

Partial derivatives with respect to any variable a will
be denoted O,.

The modified Hankel function of order v will be de-
noted K, (x) (see Ref. [8] for definitions and properties).

T will designate the absolute temperature, and k will
stand for the Boltzmann constant.

In the various expansions, we have used the standard
Landau’s notations O(e) and o(e) to designate quantities
that are respectively of order ¢ and small compared to €
when € vanishes.

3 Some fundamentals about the ROUP

Let us now review rapidly some general important points
concerning the ROUP which will be used extensively in
the rest of this article. A more substantial discussion of
most of the issues raised in this section can be found in
reference [1].

3.1 Definition of the ROUP

The usual Ornstein-Uhlenbeck process is a model of clas-
sical particle diffusion in which the interactions between
the diffusing particle and the surrounding fluid are repre-
sented by a deterministic damping force superimposed to
a random force. Physically speaking, the damping force
can be interpreted as the mean effect of these interactions
and the random force as the fluctuating contribution with
consequently vanishing mean value. The ROUP is an ex-
tension to Einstein’s relativity of this Galilean stochastic
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process. It is characterized by the following system of man-
ifestly covariant equations:

dat
—
as
dp*
P —mA(u” —UY) + m)\%‘ua(uﬁ — UP)uk + FH,
s

(1)

where s is the proper distance along the world line of
the particle. The first two terms on the right-hand side
of equation (1) define the deterministic part of the force
acting on the particle. They involve a second rank ten-
sor A which generalizes the usual “friction-coefficient” and
a priori depends on the thermodynamic state of the sur-
rounding fluid and both velocities u* and U*.

From now on, we will restrict our study to special rel-
ativity and suppose that the fluid is isotropic, that it ad-
mits a global rest-frame (R) and that its state is homo-
geneous and constant. For simplicity reasons, this article
is devoted to the spatially one-dimensional case only. The
three-dimensional one will be addressed in a forthcoming
publication.

All these restrictions being made, the tensor A, in (R),

takes the form:
yie— [Xp) 0
Y 0 a(p),

where «a(p) is a yet unspecified function of the particle
momentum in that frame [1]. A physically sensible choice
of this function will be discussed in the next section. As
in reference [1], the coefficient x(p) will be chosen to be
equal to zero (see the discussion in Sect. 3.1 of Ref. [1]).

The random part of the force, F* = (FY vF/c?), is
characterized by the assumption that F' is, in (R), a cen-
tered Gaussian white noise which verifies:

<F(t1)F(t2)> = 72D(5(t2 — tl), D > 0.

More precisely, this “centered Gaussian white noise” is
mathematically well-defined as a function of the time co-
ordinate t, identical, up to a multiplicative constant v2D,
to the derivative of the Wiener process w(t). The latter is
itself, characterized by the following properties:

(i) w(0) = 0.
(ii) For any ¢ > 0 and for any At > 0, the random variable
Aw = w(t + At) — w(t) has the Gaussian density:

\/ﬁexp (-%) L@

In (R), system (1) can therefore be rewritten in the fol-
lowing differential form:

g(At, Aw) =

dx = vdt
(3)
dp = —a(p)cypdt + v2Ddw,

where v = /1 4 p2/m?2c2. This system is properly defined
as the continuous limit, when At tends to zero, of the
following finite difference equations:

Ax = vAt
(4)
Ap = —a(p)eypAt + V2D Aw.

a(p)eypAt

V2D
and J; = Aw which fix respectively the deterministic and
stochastic parts of the momentum jump in (R).

To precisely define the stochastic process, one must
add to (1) an indication about when the ROUP actually
starts. In this work we will suppose that the ROUP starts
at t = 0 in the preferred rest frame (R) and is defined, in
this frame, for all subsequent instants. This has a rather
obvious physical interpretation, but some possibly unex-
pected consequences of this choice will be discussed in
Section 5.2.

For further convenience, we introduce Jq = —

3.2 Kramers' equation in the global rest-frame
of the fluid

Let I1(t,z,p) be the phase space distribution function as-
sociated to the stochastic process (3) in (R), the rest-
frame of the fluid. As proved in reference [1], the evolu-
tion equation for IT, known as Kramers’ equation, can be
deduced from (3) and reads:

orr 9 [ p 9 o
Gt () ¢ fcatewm = D5 S

ym

Let us here emphasize the following point: The facts that
the stochastic force F' is in (R) a function of ¢ only and
that this function is essentially identical to the derivative
of the Wiener process are crucial to the obtaining of (5).
That both properties are not verified in other reference
frames is elaborated upon in the next section, where we
also show how the problem can be circumvented and how
an evolution equation for the phase-space distribution in
other frames can nevertheless be obtained. Such an equa-
tion is essential for a proper understanding of the ROUP
because it practically constitutes the only tool for an an-
alytical study of the process, since (3) is non-linear in p.
Equation (5) is naturally extremely difficult to solve
directly. However, given an equilibrium distribution func-
tion, one can derive from (5) the corresponding expression
for the coefficient «a(p). We will suppose the relativistic
Maxwell-Boltzmann equilibrium distribution® 1T, to be a

solution of Kramers’ equation (5):
) ©

1 1 kT me?
U 2meky () V ome? PAUTr
L This distribution is also called Jiittner distribution.

kT
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According to reference [1], the corresponding coefficient
a(p) takes then the following form:

D 1 _ O
mkT v2 — ~2’
where «q is a constitutive parameter of the model, inde-
pendent of p. This result constitutes the special relativis-

tic form of the fluctuation-dissipation theorem. With this
choice for a(p), Kramers’ equation (5) becomes:

o 0 P 0 P B 0211
o r () + gy (cewti) =055 ©
agmev At

V2D

a(p) = (7)

and the deterministic momentum jump Jy is —

4 The ROUP in an arbitrary inertial frame
4.1 The equations of motion in (R’)

Let us consider an inertial frame (R’), deduced from the
rest-frame (R) by a global Lorentz transformation. This
transformation can be characterized by the parameters
B =V/cor I' = 1/4/1— (32, where V is the velocity
of (R') with respect to (R). The origins of both inertial
frames are chosen so as to coincide at ¢ = 0. To derive
Kramers’ equation in (R'), we must first write an equiv-
alent to system (3) in this frame. To this end, we pick a
time interval A¢’ in (R') and consider the jump made by
the particle during A¢’ in the phase space associated to
(R’). By analogy with system (3), the system describing
this jump can be written as:

Az = v AV
Ap' =/2DJ, + V2D.J..

\/@in and v2D.J! denote respectively the deterministic
and stochastic parts of the momentum jump in (R').

V2D.JY is merely f'At', where f' is the determinis-
tic contribution to the force experienced by the particle in
(R’). One simple way to determine f’ is to directly Lorentz
transform f. The Lorentz transformation, applied to any
4-force (yFv/c®,vF/c?) in (R), leads to the following re-
lation between F and F':

v F'J? = Ty(1 - Bv/c)F/c?.

(9)

Since I'y(1 — Buv/c) is nothing else but 4/, the relation
between F and F’ reduces to:
F'=F. (10)
This remarkably simple relation is a direct consequence
of the fact that the problem under consideration is spa-
tially one-dimensional. When applied to f, this relation
immediately delivers the desired expression for J}:

agmecv At

=75

(11)

J} must naturally be understood as a function of v". This
dependence can be made explicit by writing v as function
of v’ through the Lorentz transformation from (R’) to (R):

ve) _ (Dy(et B (12)
v I'y'(v' + fe)
The expression of J} in terms of v’ is therefore:
1 /
Jp=— agem— +h At (13)

V2D

This result can also be directly deduced from the man-
ifestly covariant expression of the deterministic force f*
given in (1).

Let us now concentrate on the determination of
V2D.J! = F' At'. The most natural way to study the prop-
erties of I, the stochastic part of the force experienced
by the particle in (R’), is to use the same reasoning. How-
ever, since t = I'(t' + ﬁ%’), equation (10) applied to F'
would yield an expression for F’ that explicitly depends
on both time and position in (R'):

L+ 6%

Fl(a/ t)=F (F(t' + 5%)) . (14)

If only because it depends on both ¢’ and z’, this expres-
sion for F’ cannot be used directly to obtain Kramers’
equation in (R’), at least by the technique presented in
reference [1].

What is actually missing to derive a Kramers’ equa-
tion in (R') is an expression for J/ in terms of a random
variable with known and “simple” properties. The only
natural candidate is of course Aw. We will therefore ex-
press J. directly in terms of this variable. The end result
will turn out to involve also At’ and p’ and Ap’.

Let us start from (9) and (11) and first express J! in
terms of Ap’:

1 1
J! = Ap' + apgmecv At 15
=V ' T 2™ (15)
We then relate Ap’ to Ap through a Lorentz
transformation:

Ay = I(Ap — Bmedy), (16)

where A~y is simply the jump of the Lorentz factor in (R)
associated to Ap:

Ay = <1+ <]%0Ap>2>; - <1+ (%)2)%. (17)

Finally, we use the “original” stochastic system (4) in (R)
to express Ap in terms of At and Aw:

Ap = —aymevAt + V2D Aw. (18)
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Moreover, because Az’ = v'At' (see (9)), the Lorentz
transformation from (R') to (R) relates At and At’ as
follows:

At =T A (1+ pv'/e). (19)

Putting together equations (15) to (19), we obtain the
desired expression for the stochastic momentum jump J::

gL
* V2D

+ F(@Aw — Bchv)} .

{aocvat'(l — 1+ ﬁ%l))

(20)

In the resulting expression for J/, v and p are naturally to
be understood as functions of p':

p=1r (p’ + Bv/m?e? +p’2> :
(21)

p/+5 m202 +p/2
c .
By + \/m2c2 + p'2
Moreover, Ap is to be understood as a function of p’

and Ap’ through the inverse of the Lorentz transforma-
tion (16):
Ap = I'(Ap’ + fmeAy'), (22)

with

A\ 2 3 N2\ 2
Ay - (H (7 ) - <1+ (Z) ) 2
mc mc
Finally, we introduce for the random variable J! the
natural probability density ¢’ defined by:

g (A, J))dJ. = g(At, Aw)d Aw. (24)

4.2 Derivation of Kramers' equation in (R')

To ease further demonstrations, we rewrite system (9)
into a single 2-dimensional equation. We thus introduce
the condensed notation Z' = (2/,p’) and define the three
quantities:

(7)) = (v, —apgemv),
Ji = (0,79,
and D = diag(0,v2D).

The continuous limit of the stochastic system (9) when
At’ tends to zero takes the following form:
Z'(t'+ Ay =Z'(t") + '(Z") A + DT,.  (25)

We introduce now the density G'(¢', J.) of the stochastic
process J.:

G,(t,atysl) = 5w”gl(tlaJs,)a (26)

where 8, is the Dirac distribution of the variable z".
Let IT'(t', 2, p’) be the phase space distribution func-
tion in (R'). At this stage, we suppose that II’ is com-
pletely independent of I1. To derive the evolution equa-
tion in (R’), we suppose that II’ is sufficiently regular for
its first derivatives with respect to time and position and
its second derivative with respect to momentum to exist.
Let us consider h a C* real-valued test function with
compact support included in IR, In order to obtain the
Kramers’ equation in (R’), we identify the mean value
(h)(t' + At') of the function h at t' + At’ and the expec-

tation value E(h(Z’(t’ + At’))) of the random variable
h(Z'(t' + At')) at the same instant.

4.2.1 Evaluation of (h)(t' + At’)

The mean value (h)(t'+ At") can be evaluated with respect
to the measure defined by I’ at t' + A¢'’:

(h)(t' + At') = /

Rr2

MZOYIT' (¢ + A, Z"YdZ'. (27)
Replacing IT'(t' + At', Z’) with its first order Taylor ex-
pansion, equation (27) becomes:

(RY(t' + At') = nzZHI'(t', Zz")dZz'
Rr2
!/
+At’/ h(Z’)aidZ’ +0(A?).
IR2

o (28)

4.2.2 Evaluation of E(h(Z’(t’ + At’))

We will now establish the expression of the expectation
value E(h(Z’(t’ +At'))) of the random variable h(Z'(t' +

At')) at the instant ¢’ + At’ in terms of the distribution 17’
at t'. As Z'(t') and J!(t') are two independent variables,
the probability density at time ¢ for the pair (Z', J7) is
simply the product II'(¥', Z")\G' (A, J's). We obtain:

E(hZ'(t' + Al))) =
/2 /2 h(Z'(t' + A))G'(AY, THI' (¢, Z2')dZ'dT,.
The computation of the integral over dJ; in the
r.h.s of (29) requires a second order Taylor expansion of

h(Z'(t' + At')). Using (25) and the second order Taylor
expansion of h around Z'(t'), we obtain:

WZ'(E + M) = h(Z'(t)) + (& () At + DIT!) 2L

+ 3@ () AV + D) s + R,
(30)
where Rt is the remainder of the Taylor expansion:
1 5 9%h
Rr=—¢€ , O0<a<, (31)

3! 82/3 Z'+ae
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with e = &' (t') At' + DJ.. Substituting in (29) the Taylor
expansion (30) for h(Z'(t' + At')) and using the defini-
tion (26), the integral over dJ. in equation (29) can be
re-expressed as follows:

/ WZ'(E + AG (A, T')dT! =

oh oh 9*h
1040 / 12 ! !
h(Z (t )) tv aII At |:ap v At 6x’8p' p/,a:/:| Il
1 8%h
+ 2077, I + / RrG'(AY, J))dT,
Op R? (32)

where I; and I5 are the two integrals:

I = / (—agmevAt + V2D (A, J)dT, (33)
R

I :/(—aomcht'+\/2DJS')29'(At',JS')dJS'. (34)
R

The remainder Rt appearing in (32) will be studied sep-
arately in Appendix B.3, where its contribution will be
proven to be of order At's.

After cumbersome algebraic manipulations described
in Appendix A, the integrals Iy and I are found to
amount respectively to:

, 2D3/(mc) /8
Il = At (—aocmv—m>+0(ﬂt 2); (35)
At 3
I, = 2DF(1+5C) +O(At'2). (36)

4.2.3 Kramers' equation in (R’)

Identifying the expression (28) for the mean value of the
test function h at time ¢’ + At’ with the expression of the
expectation value of the random variable h(Z'(t' + At'))
deduced from equation (32), one obtains, after substitu-
tion of (35) and (36) for I; and Io:

!
/ WZNIT' (¢, 2')AZ" + At / 2 4z -
]R2 ]R2 atl

WZ)IT' (Y, 242" + At / oI, 247!

]R2%z/
(

IR2
e O] (Cagemo— —228IMO) N\ i gz
w20 |, 203 (1 + BL)?

At 2 2D 5
—t/ oh __\ ¢, 2747 + o(ar'd).
2 Sty | \ T+ )

(37)

Dividing this equation by A¢’ and taking the limit of van-
ishing At’, one has then:

oIrr Ooh
/ ’_ v
freGr = | 5

VT, Z)dZ

x/

2Dﬁ/(mc) ! (4! ! !
/ oy’ <_aocm” S 2rys(1 +ﬁ%)2>n 2942
1 2D
- (', 2z
2/m ( Pa+53 )> e (38)

Since the support of h is compact and &’ is bounded on
any compact, one deduces by integration by part that:

oIr o)
0 2Df/(mc) o /
a_p/ [<_aocm —m)ﬂ (t ,Z) dz
L 2D L
+§/Wh (F(1+5%’)>U(t,2) az.
(39)

Because equation (39) has to be true for any h, we obtain
the following evolution equation for IT’:

orr
ot’

! A
8(25 ) + i ( — agemuIl’

ap’

__ 2DB/(mc) ) -
ST TAER

1 02
20p% \ I'(1+ 3%
Using the straightforward identity:

) ( 2D ) B

o' \I(1+BY)
Kramers’ equation can be rewritten in the more compact
form:

2D/ (me)
T3 (1+ L)’

orr’ oW1’

ar (ax' ) gy (~oemvll’) =
10 2D oIr’
S ==, I
2 0p’ (F(l—f—ﬁ%) 8p’> (41)

where v is to be understood as function of p’:

_T.

y'me

Equation (41) naturally resembles a Kramers’ equa-
tion obtained from stochastic differential equations which
involve a so called “multiplicative” Gaussian white noise
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treated by the Stratonovich calculus [9,10]. However re-
sembling does not mean identical, and a simpler deriva-
tion of equation (41) using standard methods of the usual
stochastic differential calculus does not seem possible. In
addition, we have obtained equation (41) without hav-
ing been confronted at any stage to any problem even re-
motely similar to the difficulties involved in giving a math-
ematically well defined meaning to a multiplicative noise.
For example, there is nothing like an Ito/Stratonovich
dilemma for the present situation.

5 Variance of the phase space distribution

Let (t,z) and p be a space-time position and momentum
in (R), (¢,2') and p’, be the corresponding space-time
position and momentum in (R’) related to (¢, z) and p via
the proper Lorentz transformation. The principle aim of
the present section is to prove that IT'(t',2’,p’) and the
distribution function IT (t',2',p') defined in (R') by:

H(t',a',p") = II(t, z,p), (42)
verify the same evolution equation in phase space. We will
also discuss which initial conditions for IT and II’ have to
be used to fix properly a solution of Kramers’ equation
in an infinite space. This section will offer proof that our
stochastic analysis of the effects of a Lorentz boost on the
stochastic force is indeed compatible with the expected
result that the distribution function in phase-space is a
Lorentz scalar.

5.1 IT and IT’ verify the same evolution equation

Let us rewrite the Kramers’ equation (8) for the dis-
tribution function IT in (R), with the time- and space-
derivatives written in an explicitly covariant form:

0211

c 0
;u“@uﬂ + — (—agemwll) = Da—pQ . (43)

ap
In (R’), the explicitly covariant term u*9,IT can be easily

rewritten in terms of the derivatives of II with respect to
t’ and 7’ as:

v (oI oIl
M = — —_— —_—
ut 0,11 - (875’ +v 2 | (44)
Kramers’ equation (43) thus becomes in terms of IT:
(ol oMy O 9 7) -
5 (875’ +v 7 + ap 8p’( aocmvﬂ> =
op' 0 (op ol
Don oy (a?%) )

The factors %’ and %—’; appearing in (45) both amount to
1

Ay The proof of this statement lies on the identity

' _ 7
op’ - ’y’mCQ,
tions (12). Consequently the Kramers’ equation (45) for
IT reduces to:

and on the use of the Lorentz transforma-

orr 0l 9 )
g ’u’% + o (faocmvﬂ) =

) 1 oIl
Do (7p<l+@%>a—ﬂ>  (40)

which is identical to the Kramers’ equation (41) for II’
in (R').

5.2 Initial data for IT’ and IT in infinite space

The fact that II’ and I satisfy the same evolution equa-
tion (41)/(46) does not guarantee by itself that both distri-
butions are identical for a given state of the system. This
is quite simply due to the fact that a differential equation
per se does not admit a unique solution and that some
additional knowledge has to be added, usually in the form
of initial data and boundary conditions, for the solution to
be specified unambiguously. For simplicity reasons, we will
now restrict the discussion by assuming that the “volume”
accessible to the diffusing particles consists in the whole
physical “space” IR. A solution of (8) or (41)/(46) is then
completely fixed by initial conditions which specify its
value for all velocities on any particular space-like hyper-
surface of the two-dimensional space-time manifold [11].
The a priori physically natural hyper-surface suitable for
fixing initial conditions for (8) has obviously ¢t = 0 as equa-
tion. Let us then choose some initial conditions on this
hyper-surface and follow the time evolution of the corre-
sponding solution I7. By Cauchy’s theorem, these same
initial conditions can also serve as initial data for (41)
and, then, fix completely a solution II’ of that equation.
Obviously, IT coincides for all velocities with I’ on the
initial data hyper-surface and obeys the same evolution
equation. It therefore follows that both distributions are
identical on their definition domain. This completes the
proof that the distribution function is a Lorentz scalar.

It should anyhow be stressed that the hyper-surface
whose equation is ¢ = 0 does not coincide with a fixed-
time hyper-surface in (R’). One can therefore wonder if a
fixed time-hyper-surface in (R’) could not also be used for
specifying initial data to (41). That this cannot be done is
probably most simply seen by the following argument. Let
us consider the hyper-surface whose equation (in (R')) is
t' = K where K is any fixed real number. In (R), the
equation of this hyper-surface is:

I(t—Vz/c®) =K.

For non-vanishing V' and for any value of K, there
are therefore points on this hyper-surface whose time-
coordinate in (R) is strictly negative. It surely makes no
sense to specify a value of the distribution function (for
any velocity) at such points since these points, having
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a negative time-coordinate in (R), actually correspond to
instants which precede the start of the stochastic Markov-
process (3); in other more physical terms, the system of
diffusing particles under study has to be considered as not
yet existent for points of the space-time manifold with
negative time-coordinate in (R).

6 Discussion

As a toy-model of relativistic particle diffusion, the (spe-
cial) relativistic Ornstein-Uhlenbeck process has a natural
preferred reference frame, the (global) rest-frame of the
fluid in which the particles diffuse. Until now, the process
has only been studied in that reference frame. The aim
of the present article was to provide the basics for a sys-
tematic study of the process in other inertial frames. For
the sake of simplicity, we have restricted our discussion to
one-dimensional diffusion and worked with the simplest
version of the ROUP already described in reference [1].

Because the stochastic equations of motion associated
to the ROUP are, in any reference frame, non-linear in mo-
mentum, they cannot be solved directly and the only prac-
tical way of studying the process analytically is through
the evolution equation for the phase-space distribution
known as Kramers’ equation. In the preferred reference-
frame of the ROUP, this equation can be obtained in a
manner absolutely similar to the one used in the Galilean
case to derive the Galilean Kramers’ equation from the
usual Ornstein-Uhlenbeck process. This work has been
presented in reference [2]. As is well-known, the deriva-
tion relies heavily on the fact that the stochastic force
appearing in the Galilean equations of motion is taken to
be, up to a multiplicative constant, the derivative of the
Wiener-process. This property is shared by the stochas-
tic part of the 3-force in the relativistic model, but only
in the preferred reference frame of the process, where the
fluid in which the particles diffuse is (globally) at rest.
In other inertial frames, the relativistic transformation
laws for space-time position and momentum confer a much
more involved structure to the stochastic force; for exam-
ple, this force always depends on both spatial position and
time in other frames. This situation, which arises only in
Einsteinian relativity and does not appear in the Galilean
limit, renders the problem of obtaining directly Kramers’
equation from the stochastic equations of motion in these
frames highly non-trivial.

The principal idea behind the method developed in
this article could be summed up in the following way:
since the statistical properties of the stochastic part of
the force in a generic inertial frame are not simple nor
directly usable in deriving a Kramers’ equation, the best
solution is then to express directly the stochastic part
of the jump in momentum space experienced by the
diffusing particle during some time interval in that frame
as a (possibly complicated) function of the variation
of the Wiener process during the time interval which
corresponds, in the preferred reference frame of the
ROUP, to the original time-interval in the other frame
and which can be obtained from the latter through a

simple Lorentz-transformation. The statistical prop-
erties of the stochastic part of the force in a generic
inertial frame can then be deduced from those of the
Wiener-process in a conceptually straightforward but
mathematically somewhat convoluted manner. This in
turn permits the obtaining of Kramers’ equation in any
inertial frame. Our result has been proved compatible
with what might be considered the corner-stone of usual
relativistic kinetic theory, namely that the one-particle
distribution function in phase-space is a Lorentz-scalar.
Actually, our result can also be considered, in the context
of stochastic analysis, as a direct and new proof that
the distribution function associated to the ROUP is a
Lorentz-scalar; let us finally note that this proof appears
to be conceptually quite independent and different from
other ones which have been proposed so far in the
general context of relativistic kinetic theory [4,6,12].

Let us now review rapidly some natural extensions of
the work presented in this paper. The most obvious one is
certainly to adapt the method developed here to also ob-
tain Kramers’ equation in any inertial frame for spatially
three-dimensional problems. The next step would then be
to extend our results to general relativistic problems as
well. Naturally, Kramers’ equation permits a systematic
study of the stochastic process in the so-called hydrody-
namic limit. This has already been done in the (global)
rest-frame of the fluid in which the particles diffuse. In
particular, a relativistic diffusion equation has been ob-
tained in this frame. The same kind of work should ob-
viously be accomplished in other inertial frames and in
general relativity as well.

Appendix A: Evaluation of |; and |,

In this appendix, we will present separately the computa-
tion of the two integrals I7 and Is.

A.1 Evaluation of |I;
Using the definition (24) of ¢’, I1 becomes:

I :/ Ap' g(At, Aw)d Aw. (A1)
R

Substituting Ap’ by its expression (16), with Ap given by
equation (18) and At by equation (19), and integrating
over Aw, we obtain the following expression for I:

/
L =r (aocvaAt’ (1 +ﬁv—> - ﬁmcL1> , (A2)
c
where L; is defined by:

L, :/A'yg(At,Aw)dAw. (A.3)
R
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L1 can not be evaluated directly. In order to estimate its
contribution to I;, we resort to a second order Taylor ex-
pansion of A~y:

p 11 2
Ay= ——=Ap+-——-=A Ry, A4
V= Eatt g et (A4)
where the remainder R; is defined by:
1 o3
Ry = 5 Ap* ) . withO<a<1.  (A5)
3! ® | ranp

It will be proven in Appendix B.1 that the contribution
of R; to I; is of order At'3

With the expression (18) for Ap and (19) for At, L,
becomes:

= FAt’(l + ﬁ%)(

Substituting this expression in (A.3),
for I7:

—Qpemup

2D 3
2m202'y3> O,
(A.6)

m2c2y

one gets finally

2D
2I'mey (14 % )?

= At (—aocmv - ) +0(At3).

(A7)

A.2 Evaluation of |,
A procedure identical to the one used in the preceding
section will be now applied in order to estimate the in-

tegral I». Using Identity (24) and substituting Ap’ by its
expression (16), Iz becomes:

I, :/(Ap’)zg(At,Aw)dAw
R

=7? <2DFAt’ (1 +6%/> + (Bme)* Ly

wﬁﬁmcMz) +0(Al'3), (A.8)
where Lo, and M, are defined by:
Ly = / (Ay)?g(At, Aw)dAw, (A.9)
R
My = / AwAy g(At, Aw)d Aw. (A.10)
R

The expression (17) for Ay and the computation (A.6) of
L1 lead to the following expression for Lo:

vt B)?

2D
rt ,
1+ 6%

(me)?

Ly = At + O(A'?).

(A.11)
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To obtain Ms, the same procedure as the one used to eval-
uate L is followed and we multiply the Taylor expansion
of Ay obtained in equation (A.4) by Aw and integrate the
resulting equation over Aw. The expression deduced for
M is then:

=2 F < 5At +0(AY ) (A.12)
Note that the Taylor expansion generates a new remainder
Ry = AwRy, which is of order At'2 (see Appendix B.2).

Substituting Lo by its expression (A.11) and My by
equation (A.12), Is becomes:

At
I(1+p%)

[

I, =2D +0(A'?). (A.13)

Appendix B: Evaluation of the remainders

We will justify in this appendix that the remainders Rr,
R; and Rs do not give any constant or linear contribution
in At’ to the Kramers’ equation in (R).

In order to facilitate the reading of the following alge-
braic developments, we state some useful relations verified
by the density g:

2n)!
/ Awg(At, Aw)dAw = (2n) (At)", neN,
R 2nn!
/ Aw?Tlg(At, Aw)dAw = 0, n € IN. (B.1)
R
B.1 The remainder R;
R, is defined by
1 5 O3y
Ry = —(A4p)® —— , 0<a<l, (B.2)
3! op? pradp
where
@ =3 p+ alp
0P |prany et (14 (PE2E)3
Using Identity (24), one obtains:
[ mgar g <
R (B.3)

—— [ |14p]3 (Ip| + |Ap|) g(At, Aw)d Aw.
Sy m| I” (Ipl + [Apl) g( )

The expression (18) for Ap and (19) lead to:
|Ap? < 3agclv| A (V2D Aw)?T (1 + ﬁ%)
+ [V2DAw]? + O(At'?),

|Ap|* < dage|v|At'[V2DAwPT (1 + ﬁ’%)
+ (V2DAw)* + O(At'?).
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With equations (B.1) and the following property:

1 : (Aw)? )
—_— Awl?e — dAw =
varAt /IR| o ( 241 (B.5)
1 v 2 '
— (2 (1 — | AY
77 (o (eat) ar)
we estimate the contribution of Ry to be:
/ Rig (A, J)dJ!| < O(A'?). (B.6)
R

B.2 The remainder R,

Ry is defined by: Ry = AwR;. From (B.3), we obtain:

/ Raog(At, Aw)dAw| <
R

gz | (pl1ApFIdu] + | Ap}Y| Au]) g(At, Awyddu.
R
(B.7)

Using equations (B.4), the properties (B.1) and (B.5), and

1 (Aw)2>
— Awl’e — dAw =
VarAt /IR [AwPexp ( 2 AL

1

——(241)% =0(At'%), (B8
—=CAn? = 0(arf), (B3
Equation (B.7) becomes:
/ Ryg(At, Aw)dAw' <0(Ar?). (B.9)
R

B.3 The remainder Rt

Let us now focus our attention to Rr. Using its expres-
sion (31), equation (24) and Properties (B.1), one finds:

/ RTG/(At/ j/)dj/ —

1 93h 1 0%h
Ap' )P g(At, Aw)dA
3[ ap/?; Z’J,-ae/( p ’LU) w + — 31 8x’3p'2 Z'tae
x (— 3aocht’)/ (AP)2g(At, Aw)dAw + O(AE'3),
" (B.10)

where q lies in ]0, 1[. We have obtained in Section A.1, the
expression (35) for Iy which is linear in At’, this implies
that the second term of the right-hand of (B.10) is of order
At"2. Consequently, the evaluation of Ry reduces to the
study of the first term of the right-hand side of (B.10).

We begin with the expansion of (Ap’)3, which reads:

(Ap)* = I [ (V2D Aw)? — (Bme) (Ay)*
+ 3(vV2DAw)? (—agemul At/ (1 +ﬁ%))
— Bagemul A (1 + L) (BmcAy)?
+ 3(V3DAw) (—fme) Ay
+ 6v2DAwagemvl At (1 +ﬂ%(ﬁmc)A’y)] .
(B.11)

Multiplying (B.11) by g(At, Aw) and integrating over Aw
with the properties (B.1) for g, one gets:

/(Ap’)?’g(At,Aw)dAw =
r [ — (Bme)®L — 3Bmc(2D)M
— 3agemul’ At (1 + 5%) (Bmc)* Ly

+ 6V 2DaocvaAt’M2} + O(At/%)- (B.12)

As seen in equations (A.11) and (A.12) respectively, Lo
and My are of order At’ the evaluation of (B.12) reduces
then to the evaluation of L and M, which are defined by:

= 3 w)dAw
—/R(A'y) g(At, Aw)dAw, (B.13)

M = /IR(Aw) Avg(At, Aw)d Aw. (B.14)

Concentrating on L, we rewrite Ay® with expression (17)
under the form:

2\ 2\ 3
<1+<p+Ap>> +372<1+<p+Ap>>
mc mc
2
mc

2\ 2
The term <1 + (p +Ap ) ) has the Taylor expansion:

Ay3 =

(B.15)

3
2
. +Ap( 7p2)
mc

(4p) , v’
+ 5 3ch2 1+ e +5, (B.16)
where S is defined by:
Ap)? 93
g ! Z") S ,aclo,1,  (B.17)
31 Op ptadp

3 2

. y 3p 2p
Wlth a—p3 ) = m40473 (1 — m202) . (BlS)
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Following the same reasoning used to estimate the contri-
bution of Ry and Ry, we find that:

1
[ satar Aw)dAw' < 5t 1881 (sl + |p)

Ap|? .
x <1 + 2%) g(At, Aw)dAw, < O(A'3).

(B.19)

Considering the result (B.19) and substituting the expres-
sion (B.16) in (B.15), one obtains finally with proper-

ties (B.1), that L is of order A#'3.
We study now the contribution of M. With the Taylor
expansion (A.4) for Ay, M can be rewritten:

p
ym2c2
1
2+3m2c?

+ / (Aw)?Ryg(At, Aw)dAw.
R

M = / (Aw)? Apg(At, Aw)d Aw
R

/(Aw)Q(Ap)Qg(At, Aw)dAw

R

(B.20)
Using the properties (B.1) and the expression (B.2) for
Ry, one finds that M is of order At'3. As L and M

are of order At'z, it follows from equation (B.12) that
[ RrG/ (A, J!)dT! is of order At'3.
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