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Mixtures of relativistic gases in gravitational fields: Combined Chapman-Enskog and Grad

method and the Onsager relations

Valdemar Moratto”™ and Gilberto M. Kremer'
Departamento de Fisica, Universidade Federal do Parand, 81531-980 Curitiba, Brazil
(Received 26 February 2015; published 26 May 2015)

In this work we study an r-species mixture of gases within the relativistic kinetic theory point of view.
We use the relativistic covariant Boltzmann equation and incorporate the Schwarzschild metric. The method
of solution of the Boltzmann equation is a combination of the Chapman-Enskog and Grad representations.
The thermodynamic four-fluxes are expressed as functions of the thermodynamic forces so the generalized
expressions for the Navier-Stokes, Fick, and Fourier laws are obtained. The constitutive equations for the
diffusion and heat four-fluxes of the mixture are functions of thermal and diffusion generalized forces which
depend on the acceleration and the gravitational potential gradient. While this dependence is of relativistic nature
for the thermal force, this is not the case for the diffusion forces. We show also that the matrix of diffusion
coefficients is symmetric, implying that the thermal-diffusion equals the diffusion-thermal effect, proving the
Onsager reciprocity relations. The entropy four-flow of the mixture is also expressed in terms of the thermal and
diffusion generalized forces, so its dependence on the acceleration and gravitational potential gradient is also

determined.
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I. INTRODUCTION

The relativistic kinetic theory of gases is a subject that
began in 1911 when Jiittner [1] proposed a relativistic version
of the velocity distribution function which corresponds to the
Maxwellian distribution function in the nonrelativistic limiting
case. Later, several more studies were made, but for brevity’s
sake we mention Refs. [2,3], where several applications of the
relativistic kinetic theory of gases are discussed.

This work represents a continuation of the study of the
properties of relativistic gases using the Boltzmann equation
in gravitational fields; this subarea has not yet been studied in
depth. Here we quote some works [4—8] on this topic which
have been recently published.

The method used in this paper to solve the covariant
Boltzmann equation is a combination of the Chapman-Enskog
and Grad methods [9,10]. It consists essentially in doing an
expansion of the distribution function for each species which is
the solution of the Boltzmann equation up to first correction.
Such a procedure is like in the Chapman-Enskog method.
Then we impose that such an expansion must be compatible
with the solution of the Boltzmann equation given by the
method of Grad [11]. In order to keep the linear regime
we truncate the Grad distribution function for each species
up to linear terms of the nonequilibrium pressure, pressure
deviator tensor, diffusion, and heat four-fluxes. Therefore,
we obtain a linearized Boltzmann equation that is written
in terms of the local thermodynamic variables and fluxes:
diffusion, heat, nonequilibrium pressure, and pressure deviator
tensor. The next step is to get from that linearized Boltzmann
equation a set of linear algebraic system for the fluxes. We
generate one equation for each thermodynamic flux through
the multiplication of a dynamical function of the particles by
the linearized Boltzmann equation and then the integration
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over the momentum space. Hence, we find the constitutive
equations for the fluxes in terms of gradients of the local
thermodynamic variables and of a gravitational potential that
arises from the Schwarzschild metric. The laws of Navier-
Stokes for the nonequilibrium pressure and pressure deviator
tensor are obtained as well as the generalized Fourier and Fick
laws for the heat and diffusion four-fluxes.

It will be shown that there appears a generalized diffusion
force that has dependence not only on the concentration
and pressure gradients but also on a contribution of the
four-acceleration and the gravitational potential gradient. The
contributions of four-acceleration and potential gradient also
appear as combined forces for the heat flux and they were
analyzed separately by Eckart [12] and Tolman [13,14]. In
the case of Eckart, for a relativistic gas in equilibrium and in
the absence of gravitational fields, the temperature gradient
is counterbalanced by an acceleration. On the other hand, in
the case of Tolman for a relativistic gas in equilibrium and
in the absence of an acceleration, the temperature gradient is
counterbalanced by a gravitational potential gradient.

In order to show that the Onsager reciprocity relations hold
we manipulate the constitutive equations for the heat and
diffusion fluxes. The demonstration is general in the sense
that the interaction of the particles are supposed to maintain
the microscopic reversibility principle.

The structure of this paper is as follows. We define the prob-
lem in Sec. II and establish the Boltzmann equation and the
definitions for both the thermodynamic variables and fluxes. In
Sec. I1I, we use a method of solution of the Boltzmann equation
that is a combination of the Grad and Chapman-Enskog ones,
the solution is truncated up to first order so we obtain linear
expressions. Such a process will lead us to an algebraic system
of equations for the thermodynamic fluxes that, when it is
properly solved, expresses the thermodynamic coefficients for
an arbitrary intermolecular interaction. In Sec. IV, we show
that the Onsager reciprocity relations hold for an arbitrary
intermolecular interaction. Furthermore, we show that the laws
of Fourier and Fick are expressed in terms of generalized
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thermal and diffusion forces in the presence of gravitational
fields. To give a more general representation, we show in Sec. V
that the entropy four-flow of the mixture is a function of the
generalized thermal and diffusion forces. Section VIis devoted
to the calculation of the constitutive equation for a relativistic
Newtonian fluid, i.e., the Navier-Stokes law. Ultimately, in
Sec. VII, we discuss the obtained results.

II. BACKGROUND

In this section we will define the problem of an r-species
nonreacting mixture in a Riemannian space with metric tensor
g"V. The particles are supposed not to have internal degrees
of freedom. Each of these particles of the constituent a =
1, ...,r have mass m, and are characterized by the space-time
coordinates x* = (ct,x) and the momentum p) = (pg,pa).
The mass-shell condition, i.e., g, pi p. = m2c?, implies the
following relationships for the contravariant and covariant
temporal components:

pY = (Pa0 — 80iPL) /800,
(1)

DPa0 = \/goomﬁc2 + (80i&oj — googij)Pfle{,

respectively. The analysis is developed within the tenets of the
general relativity, and we adopt the Schwarzschild metric g*¥
in which the line element reads [15]:

2GM 1
ds* = (1 — )(dx0)2 - _dR?
R (1-25%)
— R*(d6? + sin’ 0dyr?), )

in terms of the spherical coordinates {R,0,vr,ct = xo}. Above,
M is the total mass of the spherical source and G is
the gravitational constant. Here we shall use the isotropic
Schwarzschild metric, which reads

ds? = go(r)(dx®)* — g1(r)8;;dx'dx’, 3)
1 — Gy GM\*
go(r) = % q(r) = (1 + 2c_2r) ) 4)
2¢2r

Along the calculation we will use a relativistic parameter {, =
”}{";2 , where c is the speed of light, k the Boltzmann constant,
and T the local temperature, assumed as an invariant. This
parameter is convenient because it tell us how relativistic is the
system, for example, {, > 1 corresponds to a nonrelativistic
limit. On the other hand, ¢, < 1 belongs to an ultrarelativistic
limit.

The most fundamental equation in the kinetic theory is the
the Boltzmann equation; such an equation can be obtained
with two hypotheses as a basis. The first one is that particles
collide elastically and only collisions of pairs are taken into
account. The second one implies a description of the system
with a one-particle distribution function, whereby collisions
represent a process that does not depend on what has occurred
in the past with the particles. This is also known in the literature
as the molecular chaos hypothesis. In our case, the Boltzmann
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equation reads [3]:

M%_Fi Iz v 9fa

a gxn nvta aapé

r d3
=> f 1fy = fafo) FraOar d20/=g 2, (5)
=1 Pro

for the a species. Here the Latin subindex denotes the species;
note that we have one equation with the same structure of (5)
for each component of the mixture a = 1, ...,r. The distri-
bution function f,(x*, p¥) has a statistical meaning; indeed,
the quantity f,(x*,pi)d*x d*p, at time ¢ is the number of
particles of the constituent a in the volume element between x,
X+ d’xandp,, p. +d3p,. In Eq. (5) the Christoffel symbols
[y, and the invariant flux Fp, =/(Pl pp)* — m2mic* also
appear, which plays the role of the relative velocity of the
nonrelativistic Boltzmann equation. We have also the invariant
differential elastic cross section o,,d 2 for collisions of species
a and b, where d<2 is the corresponding solid angle element.
Integrals are made with the invariant differential element

\/—_gd;;;”, where /—g = det[g""]. In Eq. (5), quantities
denoted with a prime are evaluated with the momentum of the
particles after a binary collision occurs, i.e., f, = f(X,p),t)
and so on. The binary collision is characterized by the
energy-momentum conservation law p} + pl = pi* + p/*.

Without solving Boltzmann’s equation we can obtain two
important results. The first arises from the H-theorem and
the definition of the thermodynamic variables. A situation of
local equilibrium means that the entropy four-flow production
[see Eq. (29)] vanishes at equilibrium. The solution of the
collisional term of the Boltzmann equation—when it is equal
to zero—is the well-known local equilibrium distribution
function, which reads

n U,pl
O_ o o ZrPa)) 6
Ja 4nkTm3cK2(;,,)eXp< kT ) ©

Here n, is the local number of particles of species a, and the
modified Bessel function of second kind is represented by

ey rap [
K”(o_<_) T+ 12 ),

2
and U,—with U*U, = ¢>—is the hydrodynamical four-
velocity. The set of local hydrodynamic variables that de-
scribes the local equilibrium is {ny,...,n,,U,,T}. For the
calculations that will be performed, it is convenient to evaluate
Eq. (6) in acomoving frame, thatis, U* = (c/,/g0,0), yielding

e =12 dy, (1)

n cy/mie? + g1|pal?
© _ a . a a (8
& = kT ek exP( kT ®)

The second important result that arises from the Boltzmann
equation is the obtention of the balance equations, and for this
purpose we proceed as follows. We multiply the Boltzmann
equation (5) by the collisional invariants, that is, microscopic
dynamical quantities that are conserved between collisions,
ie., ¥, + ¥, =W/ 4 W/ and integrate the resulting equation

3
over ./ —gd P« The collisional invariants W, can take the

value of the mass and the energy momentum of the colliding
particles. To obtain the particle four-flow balance equation for
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the a species we take WV, = c and integrate; this process leads
to the conservation law

N ;‘ W= 0. 9)

Here the semicolon denotes a covariant derivative and we have
defined

a3 p

Né‘:c/pgfa«/—g a

Pa0

as the particle four-flow of species a. We now introduce a
general decomposition of NJ in terms of the hydrodynamic
four-velocity as

(10)

NYU
NM =n,U" + J* “ZM

a’

where n, =

(1)

denotes the partial particle number density. The quantity J/ is
a spacelike vector defined as

d3p
s =ate [
Pao

and holds the property J4' U, = 0. Above, we have introduced
the projector

12)

A””:g’“’—le“U”, (13)
c

which has the property A*”U, = 0. Equation (12) is the

corresponding diffusion four-flux of species a of the mixture

and by taking the sum of (11) over all the components we

easily note that

r

N" =) NI =nU", n_Zna, ZJ“:O, (14)

a=1 a=1

where the last equation implies that there exist only (r — 1)
partial diffusion fluxes that are linearly independent for a
mixture of r constituents.

On the other hand, to obtain the balance equation for the
energy momentum of the a species defined by

d*p,
T = c f PP/ =8 (15)

a0

we multiply the Boltzmann equation (5) by the collisional
invariant ¥, = cp} and integrate the resulting equation over

N gd p <. This process yields
T) = Py, (16)
where the production term P} is given by

PM_Z / pa _pa fabebao-abdQ

_de

a7)

Note that this equation does not represent a conservation law,
but if we sum Eq. (16) over all species we obtain

T =) PI=0, (18)

a=1
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which represents a conservation equation for the energy-
momentum tensor of the mixture 7" =Y ' _ | T,"". By fol-
lowing the decomposition of Eckart (see, e.g., Refs. [16-18]),
the energy-momentum tensor of the a species can be written

as

T/ = nze“ UrU"+— ! U (qu+had;, )+ Ly (94 + h,J%)

— (P, + wu)A’” +pi, 19)

where several definitions are to be made. First we can list the
local equilibrium quantities: energy per particle €,, hydrostatic
pressure p,, and the enthalpy per particle h, = e, + p,/Nn,.
Next, the nonequilibrium quantities are dynamical pressure
@, heat four-flux %, and pressure deviator tensor p/*”’ . They
are given in terms of the following projections of the energy-

momentum tensor of the a species:

1

A +hody = ALT U, &= — U T"Us (20)
aC

0= (ALAY = FAM AT 21)

Pu+ @ = —30uT;". (22)

The corresponding quantities for the mixture are

%eav p:Zpu, ZD'ZZZD'L,, (23)
a=1 a=1

r

o=y

a=1

r na ) r )
h=3"—the pi =3 pi, (24)
a=1 a=1
9" = (a +hady), (25)

a=1

so the energy-momentum tensor of the mixture is written as

ne 1
T = FUMU" + U+ U9

—(p+ @)A™ +ph. (26)

Note that the heat four-flux g* Eq. (25) of the mixture has two
contributions; this is in accordance with the linear irreversible
thermodynamics [19], where one term is related with the partial
heat flux and another with the transport of energy driven by
diffusion.

Another quantity which is important in the analysis of
mixtures of relativistic gases is the entropy four-flow of the
mixture S, defined by

- —kafp fu (o, f,

where b, is a constant which has inverse units of f,. Its
balance equation is obtained through the multiplication of
the Boltzmann equation (5) by —kc In(b, f,), the subsequent

. . 3 .
integration over «/—gdp’;“, and the sum over all species,
a

27)
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yielding

S;IL =0 >0, (28)

Ck r r I ! p!

o= zZfoafbln—f“fb(—f“f” - 1)

a=1 b=1 fufb fafb

d? d*p,
X Fpaoupd2/—g 22 /=g =22 (29)

Pbo Pa0

The quantity o is the entropy four-flow production of the
mixture, which is always positive semidefinite, thanks to the
relationship (x — 1) Inx > 0 valid Vx > 0. The entropy four-
flow of the mixture is decomposed according to:

1
St =nsUM + @, 5= 81U, O = ALS", (30)

where the quantity S is identified as the entropy per particle of
the mixture and ®* its entropy flux. The entropy per particle
of species a is given by
kU
Sy = — Cnﬂ / Pfffa ln(bafa)\/ —8

a

d*pq
Pa0

(€29)
sowehavens =Y/ _ | Nn,S,.

In the kinetic theory of relativistic gases there exist two
decompositions that are often used: the Eckart and the Landau-
Lifshitz (see, e.g., Refs. [2,3]). The difference between the
decompositions is that the heat flux appears in the particle
four-flow but not in the energy-momentum tensor in the
Landau-Lifshitz decomposition, contrary to the Eckart one.
One can take both decompositions for the determination of the
constitutive equations and the results are the same. However,
there are situations where one should apply only one of the
decompositions, which is in the case of using BGK models
of the Boltzmann collision operator. The model equations of
the Boltzmann equation normally considered in the relativistic
kinetic theory are due to Marle and Anderson and Witting
(see, e.g., Refs. [2,3]). For the Marle model one should take
the Eckart decomposition, while for the Anderson and Witting
model the Landau-Lifshitz decomposition should be used.

The main problem in the kinetic theory is to find a solution
of the Boltzmann equation (5), because, as we have seen, all
the above definitions can be evaluated by integrating functions
that involve f,(x*,pl). The equilibrium quantities can be
evaluated with the local equilibrium distribution function (6)
and read:
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p, = NkT, h, =m,c*G,, (33)
drm2ckT K (L,
o =i [ BTG
nél bLl
The chemical potential of species a is introduced through the

Gibbs function per particle, namely u, =€, — TS, + p,/Na,
and by taking into account the above expressions we get

j|+CaGa—l}. (34)

engb,
dm2ckT Ko(Sa)
In next sections, we will use a method that allows us to
obtain expressions for the diffusion fluxes Jﬁj , heat flux g*,
nonequilibrium pressure @, pressure deviator tensor p***!, and
entropy flux ®*. Furthermore, we will show the dependence
of J% and g* in terms of the gravitational potential and
demonstrate the validity of the Onsager reciprocity relations.

ta = kT In (35)

III. COMBINED CHAPMAN-ENSKOG
AND GRAD METHOD

In this section we will use a method to extract thermo-
dynamic information from the Boltzmann equation [9,10]
that combines the features of the Chapman-Enskog [20] and
Grad’s moments methods [11]. This method has mainly two
advantages. The first is that we do not need a solution of the
integrodifferential Boltzmann equation as in the Chapman-
Enskog method. The second is that we do not need the field
equations for the moments as in the Grad method.

First, we describe how the moment Grad method is
constructed. The central idea is to expand f,(x*, p}) around
the local equilibrium distribution function in a series of an
orthonormal set. In this case, we have 13r + 1 unknown
variables (fields) that are described with the quantities
{n,,U*J%, T,wa,qg,pfl’M} (see Ref.[11]). Such an expansion
reads

fa = fch)[l + Agpap. + Ai:vpaupuv]v (36)

where f© is the local equilibrium distribution function
(Juttner distribution) described by Eq. (6). In Eq. (36) the
unknown tensorial coefficients {A%,A4"} are calculated by
solving an algebraic system constructed with the help of
the definitions of the particle four-flow N} and the energy-
momentum tensor 7}'". The details of such a calculation are
long and it is not necessary to do them here; they can be
reviewed in Refs. [3,21]. As a result of such developments
the distribution function f, will depend on linear terms of the

1
e, = myc? <Ga — §_> (32) thermodynamic fluxes, namely
¢ J
J Qap Pa Uwp,| , P 4
— fO )y S p HAap Fal o Zvla afuv) Sa_ v
f(l fa { pa pa + Tpa CZ é‘a a kT + 2pa mahapapa
@, 0Ing, [UUuplipy  3(Ch+ha/T) Upli €427 +3(ch — ha/kT?) &)
p, dlnce|  k2T? c¢ kT c? '

Here we have introduced the abbreviation G, = K3(¢,)/K2(¢,) and the partial specific heats per particle ¢§ = k(g“a2 +5G.¢, —
G2¢? — 1)and ¢}, = C, + k at constant volume and pressure, respectively. Then, following the combined Chapman-Enskog-Grad
method [9], the expansion (37) must be compatible with the truncated Chapman-Enskog series up to first order, that is,
fao = £O01 + ¢,), where @, is the first correction to the distribution function £©.
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Now we can proceed to linearize the Boltzmann equation as follows. We substitute f, = ftfo)(l + ¢,) into the left-hand
side of the Boltzmann equation (5) and keep the linear terms. This process is technically the same as that developed in the
Chapman-Enskog method. We also use the so-called functional hypothesis, namely f, = f,(x*,pl|n,,U*,T), leading to

L Of i LD o] Pl ong peU] AT 1, 3U;
a ;wpapa _fa
dxH apH n, dxn kT

— _aGa
+ [ faGat oxi k1 PaPagan

c pfﬁpipé&_ﬂsu dg x! n c? ; P5PZP£5i_/}

UT  Utpee dr r kTS W Utp,.

On the other hand, we substitute the Grad function Eq. (37) in the collisional term (right-hand side) of the Boltzmann
equation (5) and keep only the linear terms. This process yields

(38)

d d3pb
E /(fa/fb, — fa o) FraOap A2/ —8
b1

Pvo

: Jb Ja PM vav qb pa vav qa
= — T IpH 2 L7 [pr]2 7 | £ _ by |2 1, _ Dl ) | Haw
;{ b Ph ] D, + Zap| ] o ab|:c,;7 ({bi T o, 2aGa T Tn,

a

e v Py Ca v pa V) 8ln§ U vaﬂpv 3 Cb,+hb/T U p“ w
—Tub b ngb b(uv) Ty 17517(, (1 — Ty i; I : ; b ( ; - ) ubPp @b
mphy 2p, myh, 2p, dlnch k*T c kT P,

v

dlng, (UUpipy  3(5+ha/T) Uypli \ o
”[amg( kT c kT ﬂﬂ}' (39)
Here we have introduced the collision operators
0 d*py
Tuplgal = f 1137 = 0 Faround /=5 = (40)

for any function that depends on the momentum four-vector ¢,(pL). Note that Eq. (40) implies that we can write for an arbitrary
function ¥, ( pb)

d3 ” a3 »
/ WLl /=g L = / ANty @1)

Pa0

thanks to the symmetry properties of the collision operator.
By collecting the above information the linearized Boltzmann equation in the combined Chapman-Enskog—Grad method
becomes

g0 PEONa  PEL e Al ]OT L, U € popapidybudsix! €L Pl PPty
“ \ngoxw T TN kT foxr kTTTY9xk 2kT Utpee dr r kTS M UTpg,
b}L J(m Py Uupz qbu pu va:l} qau
=— Ta| pH T, Gy — -1 - L
Z{ ab + b Pl ] b, |: p(Cb b T T )i| o, ab|: (Za « = T p,
_Ih ;b p,upv ph(;w) _Ih gu pﬂpv pa(;w _Ib alngb UMUVP;;LPZ _ S(Cfi+hb/T) Uﬂp;: @
“CLmpyh, 0P| 2p, “Lmgh, "7 2p, dlnct \ kK272 ch kT ) 1p,
dIng, (UUptpy  3(ch+ha/T) U, phi\]wa @)
"lomee " #2712 c kT )|p, |’
due to (38) and (39).

In the next sections we will use (42) in order to determine the constitutive equations for the diffusion fluxes Jff , heat flux g*,
nonequilibrium pressure &, and pressure deviator tensor p").

(

IV. FICK AND FOURIER LAWS forces. The integral functions for the transport coefficients and
therefore the Onsager reciprocity relations will be analyzed in
the next subsection.

To obtain the first one of the looked set of equations, we

multiply Eq. (42) by cA¥ p} /n, and integrate over J—gﬁ.

Pao

Now we will obtain a system of linear equations for the
determination of the the diffusion fluxes J! and the heat flux
of the mixture g*. The solution of such a system will represent
the form of the linear fluxes in terms of the thermodynamic
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The integrals used for this process can be consulted in the
appendix. The resulting equation is

aU; 1 a0
ax¥ 1 — ®2/4c* 3x!

1 he .
—n—aV“pa + C—ZA" [U

=) (Aawdy — Fur}). (43)
b=1

where V#* = A#9, is the gradient operator and ® = —GI—_M is

the gravitational potential. In Eq. (43) we have introduced the
matrices A, and F,;,. We can split A, for different indices
{a.b},

cA™Y dSPa
Aa = T i a Ia - 5 b,
b kT /P wZavPovlv/ —8 o a#
(44)
and for equal indices {a,b = a},
cAWY d
Aaa = T 5 a Z-a av
Snng[;fp yZLab[Pav]
—d’pa
+ pauIaa[pav] —8 ) - (45)
a0

The matrix F,; introduced in Eq. (43) is written by doing the
same splitting, and for unlike indices {a,b} we have

cAMY &y U.p;
Far = = | panZu| 2 (G -
b 3nan,,kT2/p“ b[cb< DT e )P

p
d3
xJ—g Pa ’

Pa0
and for like indices {a,b = a},

cAM - Sa U.p,
JTaa e — a Ia —| G, — = av
3n2kT? :;/ Pay b|:c§’7 ( mc? P

Ca Ucpg —d’pa
+ fpauzaa[7<ca - 2>pau]} —8 .
Cp mgc Pa0

47)

a+#b, (46)

Next we look for a second equation which is independent
from Eq. (43). Hence, we multiply the linearized Boltzmann

equation (42) by A# (G, — Yo Py )p, and integrate over

v CZ n,7 myc?

3
V=g %2 for this long process we use also the integrals that

Pao
appear in the appendix. The result becomes

1 T . aU; 1 P
—ynr — ZAmif gy - 7=
T c? ax¥ 1 — ®2/4c* 3x!

=Y (Foadly — HarQy). (48)
b=1

where another matrix H,, is defined. As with the others
operators, we split H,,, into the part for unlike indices {a,b},

cAM Sa Us pg
Hap = ————— | 22( G — =224 ) pau T,
ab 3nanka3 / C‘[l? ( a macz Paptab

Uepj, d? a
X |:§_Z<Gb_€_pl2)>pbv:|\/_g Pa,

P mpcC Pa0

a#b, (49)
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and the corresponding for same indices,
c AW { r / Ca ( Uapa )
s 2 (Ga— =222 ) p,
3n2kT3 ; cs myc? .
a Uep;,
XIab|:§_(Ga - €p;)pav]
C‘[’) mgyc

Ca Us pg

2 G. —
+ / C‘; ( a mac2 Pan

€ 3
XIaa |:§_Z (Gu - UE_p;)pavi“\/ _gM (50)

mgc Pa0

Haa =

Hence, we have obtained the desired system of algebraic
equations, namely (43) and (48), which are an independent set
of linear equations for the determination of the diffusion J/
and heat g, fluxes.

A. Onsager reciprocity relations

In this section we show that the Onsager reciprocity
relations hold for the system under consideration. The idea is to
verify if the matrix associated with the diffusion coefficients is
symmetric and therefore the so-called cross effects are equal
as it is described from one of the hypotheses of the linear
irreversible thermodynamics [19]. One cross effect for our
system is the contribution to diffusion due to the temperature
gradient; this is often called the “Soret” effect. The other cross
effect is the contribution to the heat flux due to the chemical
potential gradient or a concentration gradient. When it is due to
the latter, it is called the “Dufour” effect. This demonstration
is general in the sense that no interaction between the particles
is established, but, of course, the microscopic reversibility
principle is called for the collisional term of the Boltzmann
equation (5).

Let us now write the thermodynamic forces in order to
identify clearly the Soret and Dufour effects in terms of the
temperature and chemical potential gradients.

First, we define a generalized thermal force as

VAT = VAT — ZAW[U“% - ;aﬁ} (51)
c? 0x¥ 1 — ®2/4c* 9x!

where the first term contains a temperature gradient
while the second one—whose nature is strictly relativistic due
to the factor 7'/c>—is proportional to the four-acceleration
and the gravitational potential gradient. The term due to the
four-acceleration was proposed by Eckart [12] while the one
due to the gravitational potential gradient was proposed by
Tolman [13,14]. If we think in a relativistic gas in equilibrium,
we can conjecture the following two aspects: (i) in the absence
of a gravitational potential gradient, the temperature gradient
must be counterbalanced by an acceleration, and (ii) in the
absence of an acceleration, the temperature gradient must be
counterbalanced by a gravitational potential gradient. Now
Eq. (48) can be written in terms of the thermal force as

r—1
1
—VHT = Foa
T bXZ;( b

— Faddy =Y Ml (52)
b=1
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Above we have considered the constraint ). _, J& = 0 which
implies that there exist only r — 1 linearly independent
diffusion fluxes.

Next we recall that the chemical potential of species a is
defined through the Gibbs function per particle (u, =€, —
Ts, + p,/Ng). So the following important relationship holds

for its gradients:

1 h,

Therefore, the substitution of Eq. (53) into (43) yields

—TV"( )——V“T Z (Aupdy

Moreover, by considering that there exist r — 1 independent
diffusion fluxes, we can take the rth component of Eq. (54)
and subtract it from (54) itself, yielding

a — Mr hu_hr
—TW(“ T“)— VT

— FapQy)- (54)

rb — -Aar + -Arr )JM Z(fab rb)QZ'

b=1

r—1
—Z(Aub_

b=1
(55)

Now we can proceed to solve the system of linear equations
formed by Egs. (52) and (55). First we solve Eq. (52) for qZ ,
yielding

_ - —1 _l i

qﬁf—;m u{ TV’T}
r r—1

+ > M DeaFoa = FraMy,  (56)

d=1 b=l

where (H "), is the inverse matrix of Hog 50 (H™DedHaa =
8cq 18 the identity matrix. Then we insert Eq. (56) into Eq. (55)
and solve for J,

r—1

- Mr Da
=T ZD@W(%) - VT (D)
b=1

Here we identify the above equation as the generalized Fick
law, where the coefficients D;b and D, are related with the
diffusion and thermal-diffusion (Soret) effects, respectively.
The inverse of the diffusion matrix reads

(D/_l)ab = -Aab - -Arb - -Aar + Arr

- ZZ(JT(JC_

c=1 d=1

FreY H D ea(Foa — Fra)s

(58)

while the thermal-diffusion coefficients are given by

r—1 r r
Dy =Y D, { hy = b+ (Foe — frcle)cd} :
b=1

e=1 d=1
(59)

Now we have to obtain the total heat flux as a function of
the temperature and chemical potential gradients. For this end,
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we rewrite the total heat four-flux (25) as
r r—1
q =) g+ (ha—h)J, (60)
= a=1

and substitute in it the expressions found for g and J¥, i.e.,
Egs. (56) and (57). Hence it follows the Fourier law

r—1
A Ma — Hr
W= ——VIrT —T D, V* , 61
Q¢ =-7 ; 1 ( T > (61)

where we have introduced the thermal conductivity coefficient

V=Y ot )ab+ZDb[hb—

a=1 b=1

+ Z Z(H Jac(Foe — J”-‘,C):|, (62)

a=1 c=l1

and the diffusion-thermal coefficient

r—1 r r
=Y Dj, {hb —h Y Y HDea(Fia — fm}
b=1

c=1 d=1

(63)
Ultimately, we make a close inspection of the matrices A,
Faps and H,p, which are given as functions of the collision
operators Z,,. From (44), (46), and (49), we may infer that
only A,, and H,, are symmetric matrices, while F,;, is
nonsymmetric. Hence we may conclude from (58) that the
matrix related with the diffusion coefficients are symmetric,
ie., D,, =D,,. Moreover, for the coefficients of cross
effects—namely the Soret D, and Dufour D/, —we note from
the symmetry of H,, and D,;, that (59) and (63) are equivalent,
soD, = D,. Therelationships D, = D, and D, = D, imply
a demonstratlon of the validity of the Onsager reciprocity
relations. Note that as in another’s demonstrations [22], it
appears to be an ultimate macroscopic effect that can only be
proved because of the symmetries that belong to the collisional
term of the Boltzmann equation (5) given from the H-theorem,

i.e., the microscopic reversibility principle.

B. Thermal and diffusion forces

It is usual in the theory of fluid mixtures to express the
diffusion fluxes and the heat flux of the mixture in terms of the
generalized thermal and diffusion forces. The thermal force for
a relativistic fluid was introduced in the last section [see (51)].
On the other hand, we follow [7] and define the generalized
diffusion force of species a as

n,h, —nh .
dif = VA%, + (X, — DV* Inp — ———— AW
pc
N AR R — | (64)
axT 1 — ®2/4c* 9x/

where X, = p,/pP = N,/n is the concentration of species a.
We can identify four contributions to the generalized diffusion
force: a concentration gradient, a pressure gradient, a term
proportional to the four-acceleration, and the gradient of the
gravitational potential. Here it is important to emphasize that
contrary to what happens with the thermal force, the terms with
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the four-acceleration and gradient of gravitational potential are
not of a strictly relativistic nature. Indeed, (n,;h, — nh)/c?p =
(NemaGy — Yy NempGy)/p and G, — 1 for &, > 1. This
equation has a very important feature because it represents the
generalization of the diffusion force originally written for the
nonrelativistic case [20,23]. More discussions about this point
can be found in Ref. [7]. Here as in the nonrelativistic case,
exist only r — 1 linearly independent generalized diffusion
forces due to the relationship ). _, d’ = 0.

Now we can proceed to express the vectorial fluxes in terms
of the generalized thermal and diffusive forces. To do so, we
use the momentum density balance equation (see Ref. [7])

d nh aU; 1 o
—p.——U”————, =0 (65)
axi (2 axV 1 — ®2/4c* 9x!
and the gradient of the chemical potential written as
_TVH <Ma — /‘Lr>
T
__ P 0
= ——(V"X, +%x,V#1Inp)
h, — h,
(V“X, + X, V¥Inp) + ———V#T. (66)

After some rearrangements, the expressions for (57) and (61)
become

r—1 ~
~ D
Ji =" Daupdy + T“V“T, (67)
b=1
'5: r—1
Q= ZViT + X_:D;dg. (68)

In these representations for the generalized thermal and
diffusion forces, the transport coefficients read:

ZDM <3bL - ) (69)

r

r—1 r
Y D Foe = FOH Nt (70)
b=1 c 1

=1 d=
r r r—1
[(H—‘>ab+ > Dc<H—‘>ab(fcb—ﬁb>], (71)
a=1 b=1 c=1
< &P Na
D, = —;Dan—a<aab+ n_r)' (72)

At this point it is worth pausing to make two comments.
First, by looking the expression for the generalized diffusion
force Eq. (64), we note that it depends on (i) a concentration
gradient, which tends to reduce the nonhomogeneity of the
mixture; (ii) a pressure gradient, where heavy particles tend
to diffuse to places with high pressures, e.g., in centrifuges;
(iii) an acceleration, which acts on different masses; and (iv)
a gravitational potential gradient. Second, let us suppose a
mixture in which the generalized thermal force vanishes,
the pressure is constant, and there is no acceleration. We
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can think also that there is no diffusive flux, implying a
pseudoequilibrium state. Such a situation is very interesting
because of its physical implications, that is, the gradient of
concentration has to be counterbalanced by the gravitational
potential gradient.

To complete this section, we point out that the thermal
conductivity coefficient A in a mixture is defined as the ratio
of the heat flux to the temperature gradient. This occurs when
there is no diffusion i.e., when J% = 0. From (56) and (60),
we have

==Y H . (73)

a=1 b=I

Furthermore, in the absence of a temperature gradient the con-
stitutive equation for the diffusion fluxes (67) are proportional
only to the generalized diffusion forces and D, is identified
as the matrix of the diffusion coefficients.

V. ENTROPY FLUX OF THE MIXTURE

In this section we will show that the entropy four-flow for
the system under consideration takes the form as predicted
by linear irreversible thermodynamics. According to (27) and
third part of (30) the entropy flux of the mixture is given by

r &3 .
b= _kCAf;L Z/p;)fa ln(bafa)\/ —8 pp() . (74)
a=1 a

We substitute the Grad distribution function (37) into the above

expression and linearize in the fluxes J/,q*, @ ,p""). After
integration the entropy flux takes the form
1 ¢ : 9 Ha
= — m SaJM = = — _JU«
- ;qa + X_: “= Z_; i
q" Ma — Hr
= — —J. 75
- Z - (75)

a=1

The first equality above shows that the entropy flux of the
mixture is a sum of two terms: One refers to the sum of
all partial heat fluxes divided by the temperature and the
other is a sum of the transport due to diffusion of the partial
entropies per particle. The second equality is well known from
nonrelativistic linear irreversible thermodynamics [19] and is
connected with the transport of the chemical potentials driven
by diffusion.

We can also express the entropy flux of the mixture in terms
of the thermal and diffusion generalized forces by substituting
the representations (67) and (68) into (75), yielding

r—1
L L,
=——VH*T — —d*. 7
= ; —d; (76)
Here the scalar coefficients £ and £, read

L=%~ (ta—p)Da, (77)

=Y (o — 1) Dpa- (78)
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It is clear from the definitions of the thermal (51) and
diffusive (64) forces that the entropy flux of the mixture (76)
depends on the temperature, concentration, and pressure
gradients as well as on the acceleration and gravitational
potential gradient.

VI. NAVIER-STOKES LAW

In this section we will calculate the constitutive equations
for a relativistic Newtonian fluid, in other words, the Navier-
Stokes law. This law is usually separated into two equations.
The first one is for the nonequilibrium pressures and it is
associated with the bulk viscosity. The second one is for the
pressure deviator tensor and it is associated with the shear
viscosity.

Let us start with the constitutive equation for the partial
nonequilibrium pressures @, of species a; it is obtained as
follows. We multiply (42) by A,;pJ p; and integrate over
J—g d;’z For this purpose, we use the integrals from the
appendix. We also eliminate the derivative projections U*9,,
with the help of the partial particle number density and energy
per particle balance equations. Such balance equations cor-
respond to a Eulerian fluid, where nonequilibrium quantities

JE qlta, pi!

vanish, that is,

U™, + N, V*U, =0, (79)

n.,c;U"*o, T +p,V*U, = 0. (80)

The result of this process becomes a system of equations for
w), and it reads

kT 91n¢,
| Pa N |y
¢ dlnce

(81)

r
"= E Rahw;,.
b=1

Here we have introduced the matrix R,;, which is defined for
different indices {a,b} as:

U,U,U, dIng, (Urpj,
Rap = -2 / “piT, L
b= " ap, ) Palare| Ginck \ Tkt

_3(ch+hy/T) i \/—_gd3p“
c kT Pao

a#b. (82)

Similarly as in previous sections, we write this matrix for equal

indices {a,b = a} as
PipU dln¢g, (U, p;
@™ 9Inct \ kT

_3(Cii+ha/T) e +/ wovg [9I0G0 (Urpg
c kT PaPatar| Ginca\ kT

3(c +ha/T)>k i“\/__gd‘%pa'
T

Cﬁ Pa0

_UU0,U,

T 25
¢“Pa

R{l a

(83)

The solution of the linear system of Eq. (81) for the partial
nonequilibrium pressures @, is given by

L PukT dlng,
—[Z(R Dap == o5 [ VuU" (34
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where (R™1),, denotes the inverse of the matrix R,p. The
constitutive equation for the nonequilibrium pressure of the
mixture is obtained from the sum of (84) over all constituents
according to third part of (23). Hence it follows that

@ =—nV,U", (85)
where the bulk viscosity coefficient of the mixture reads
. P,kT d1Ing
=Y (R . (86)

3 b
et ¢® dInch

For the second equation that conforms the Navier-Stokes
law, which is the pressure deviator constitutive one, we proceed
in an analogous manner. We take the product of (42) with

[APAY — Ay  A*/3]p2 pl and integrate over ./— dp;':)“ )
This process leads to the following linear system of equations

for the partial pressure deviator tensors p,i“ V)

Z Kabplgﬂv)

In this last equation we have introduced the following
abbreviation for the symmetric and traceless four-velocity

gradient:
Vi — ARAY + AV AR B ARYA,, —
2 3
Equation (87) also includes the definition of the matrix /Cy
which reads

vy = (87)

(88)

AL A &
K, Z_M/ o )it
b 10pahapb papa b hbphpb
d3p,
x =gl g xp (89)
Pa0
Koo = — & Bt Ao lOpuh . {Z[papa ah[ o papa}
a v d a
+ / papaIaa[ s pﬁpa}}d—g‘ Pa 90
maha Pa0

From the solution of the linear system of Eq. (87) for p,i“ ¢

and from the relationship p%*) = 3") | p;‘“} the constitutive

equation for the pressure deviator tensor of the mixture is as
follows:

p<lw) — 2MV<“UU>. 91)
Here the shear viscosity coefficient of the mixture is given by

n = Z (Kﬁl)ah-

a,b=1

92)

Equations (85) and (91) are the constitutive equations of a
relativistic Newtonian fluid, also known as the Navier-Stokes
constitutive equations.

VII. CONCLUSIONS

In this work we have studied a mixture of r species of
relativistic gases in the presence of gravitational fields. The
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curvature of the space-time was introduced by incorporating
the Christoffel symbols to the Boltzmann equation. We used
the Schwarzschild metric written in isotropic coordinates. A
linearized Boltzmann equation was obtained by following a
methodology which combines the features of the Chapman-
Enskog and Grad methods.

By applying the Chapman-Enskog—Grad combined method
to the Boltzmann equation we obtained a linear expression
[Eq. (42)] which was used for the determination of the
thermodynamic fluxes as functions of the thermodynamic
forces. The Navier-Stokes law was derived as well as the
generalized of Fourier and Fick laws.

The proof of the validity of the Onsager reciprocity
relations was at last possible because of the symmetries of the
collisional term of the Boltzmann equation. These symmetries
are those associated with the H-theorem and the microscopic
reversibility principle. This reinforces the idea that the Onsager
reciprocity relations are the macroscopic manifestation of the
microscopic symmetries of the trajectories of the particles that
conform the gas.

We have introduced the thermal force

VAT = VHT — ZM"[U”% — ;a—q)]

c? 0x¥ 1 — ®2/4ct oxi |

(93)

which is a very eloquent result. Indeed, Eq. (93) turns to
be just the gradient of the temperature in the nonrelativistic
limit, i.e., V#T because the factor T/c2 of the second term
is of relativistic order. The inclusion of the acceleration term
into the thermal force was proposed by Eckart [12] while the
one relating the gravitational potential gradient was proposed
by Tolman [13,14]. Here these terms appear as a natural
consequence of the solution of the relativistic Boltzmann
equation in gravitational fields.

On the other hand, we have identified the generalized
diffusion force with

al = VX, + X, — 1) V¥ Inp

_naha—nhAW. UTBUJ- B 1 od
pc?

T 4
dx® 1—@2/4c48x1] ©4)

This is a new and interesting result because the third term—
which is related with the four-acceleration and the gradient
of the gravitational potential—does not go to zero in the
nonrelativistic limiting case as the thermal force. As was
pointed out in Ref. [7], the diffusion force that came out from a

J
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nonrelativistic kinetic theory [20,23] has a similar expression
to (94). It depends on the concentration and pressure gradients,
but it has a term depending on the forces which act on the
particle of different species, and such a term vanishes when
only gravitational forces are acting on the particles.

Another result obtained is the entropy flux of the relativistic
mixture through the use of Grad’s distribution function, which
has a similar expression as the one of nonrelativistic linear
irreversible thermodynamics [19]. Its constitutive equation
was written in terms of the generalized thermal and diffusion
forces, so it depends also on the acceleration and on the
gravitational potential gradient.

Here is the place to discuss two additional issues. The first
one is the validity of the Onsager reciprocity relations for
the case of a relativistic quantum gas. In such a case, the local
equilibrium distribution [which in this work is given by Eq. (6)]
would take a form of the Fermi-Dirac and Bose-Einstein
distributions for a fermionic and bosonic gas, respectively.
Quantum relativistic gases can be described by the relativistic
Uehling-Uhlenbeck equation (see, e.g., Ref. [3]). As we have
pointed out, the validity of Onsager’s reciprocity relations
are deeply associated with the symmetries that belong to
the H-theorem. In the present work, those symmetries are
implied in Eq. (41). Then, to show the validity of the Onsager
reciprocity relations for a quantum system, we need the validity
of the H-theorem, which has been presented in Refs. [24,25],
raising the possibility of exploring that issue. The second
topic is related with Tolman’s law, which has been derived in
Ref. [13] and is valid for all static spherical symmetrical line
elements. In the present work we have used the Schwarzschild
metric, which, according to Birkoff’s theorem, is the most
general spherically symmetrical nonrotating and uncharged
source of the gravitational field.

As a final comment we call attention to the fact that for
the determination of all the transport coefficients, we have to
specify the interaction potential of the relativistic particles
and evaluate the matrices {Rup,Kup, Aup,Fup, Hap}. This
represents work in progress and will be published in the future.
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APPENDIX

1. Table of integrals

For the purposes of this work, it is convenient to do the following unique decomposition of the integral operators:

xH w [v]\/__d3p”_i
ab — pa ab Pb g pa() - 302

1
(41, — I,) U"U" + 3 (I, — 1) 8",

(AL)

Vo L o d3pu 2 Vyjo l Vyro 1 Lo v o
Xk =/pép;Iab[pb]«/_—g = (31, — I,)UMU U — —13,8""U° + — (I3, — I,,)(g"U" + g UM,

Pa0 3c

3¢ 3¢

(A2)

052139-10



MIXTURES OF RELATIVISTIC GASESIN ... PHYSICAL REVIEW E 91, 052139 (2015)

1
AL, — 1208, + I UMUUTUT + (17, — 215, — 613)

ot nwov o T d3l7a . 2
Xop = PaPaIab[Pbe]V - 15¢c2

Pa0 I5¢ 15¢4

1
x (g"'U°UT + g7 U*U") + 03 (1615, — 317, — 1212 )(g"°U'U" + g""U'U° + g U"U" + g""U"U")

1
+35 (31;,, 615, +213,)(g" 8"  +g""8"") + — s — (13, — 1], +215)g""g"", (A3)

where 1), ... I/, are given by

U,U, U, U,U, oUv Lo
I, = 2 SX0 s L= gw Xy, 15, = C—gxffbm» Iy, = gﬂc X s (A4)
U UVUUU vo U U Vo o
Iasb = %ng 5 [aéb = g”TXH Lo b = Guo e Xpp ' - (AS5)
Here we list a table of integrals that are used in the previous sections.
177 d3p d3
[e*ﬁU P = = AgxmkT K, (2), /p e m Uil T8 4 mk T Ko (0)UM, (A6)
Po Po
a3 Uty
/p premlir’ pp = —4m(mkT)* [Kz(g“)g’” —¢K3(8) } (A7)
0
L d? K Uty ue
/ prppte i EF - —%m%kT){#g(’“‘“U‘” - C&(C)—} (A8)
Po
»d? wyey® UrU U U"
/ prptp”pre i L =4n<ka>3[ 33@) g™ — ¢ Ky (;)g—+c K5<;>—], (A9)
Po
oot v d? KiQ) e uv ot wyoytye UrurueUTUe
fP p'p7 ppte T EE — | B U g g — Ks() S 4 Ko |,
Do 15 10c c
(A10)
7 Up g3 —w U g3 K
/%_” = dm[K,(¢) — Kiy (O], /pﬂ%_p = 4 KOy (A1)
U'p: po U'p:  po ¢
—LUp, 13 2
e w d drm-kT . , 1 : ;
/p’“‘p”——p = ——— 1 [K2(0) — ¢(K1(¢) — Kin(©)]g"" — = [4K2(5) — ¢(K1(¢) — K@U U" ¢, (A12)
U'p: po 3 c
— LU, 33 27,272 wyvrre
L, g e T d drm®kT? [ K2(Q) (1nro UrUU
/p“p e 5 2228 U — [£K3(0) + 2Ka (Ol —5— | (A13)
U'p:  po c 3
voo € TP By AmmPT? [3K3(0) — £ Ko@) + K1) = Kty on)
PP P —f—— = g"'g
U’ps  po 15 3
1 . o
— 5 18K3(0) = ¢ Ka(6) + ¢2(Ky(§) — Kir () ]g " U7 U™
3 . Vot
+6—4[48K3(§)+4CK2(§)+§2(K1(§)—Kn(:))]U"U u’u } (A14)
—&ZUps g3
v oo 7 € T d p 4nm K3(€) (1 vt j0€) _ (ue or77)
—_— = Ultg 8K K U UTU
/p pp’pp Upe o I { 15 T0c 2[ 3(8) + ¢ K2(0)]g
1
+ g[;zm(;) + 120 K5(¢) + 80K3(§)]U“U”U”UTU€}. (A15)
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Above the parenthesis around N indexes indicate a sum over all permutations of these indexes divided by N!. Furthermore,

Ki,(¢) denotes the integral

Ki, (¢) = /
0

2. Cristoffel symbols for the Schwarzschild isotropic metric

[ =0 I)=0 TL=0 G#j#k. Ty=0 T;

o 2go(r) dr Yoo
The underlined indices above are not summed and

dgo(r) _ 26M (1— )

dgo(r)  xJ 4 1

l

00 = 2¢1(r)y dr r ’ il

—¢ cosht
Al6
cosh” ¢ ( :
1 d §
P p— gl(l’) jkx_v (A17)
¢ LJ 2g1§r) dr . r
dgor)x' o _ 1 dai(r)x! (i # ) (A18)
2¢1(r)y dr r 0
dgi(r) _ 2GM ([ GMY
__ ] Al
dr c2r2 ( 2c2r) ( 9)

dr 2 GMy3’
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