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Rayleigh peak in a molecular fluid in the presence of a temperature gradient
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The study of fluctuations around nonequilibrium steady states has shown a very interesting behavior
when we calculate the density-density correlation function. In particular, the intensity of the Rayleigh
peak is enhanced as a consequence of a resonant coupling between the heat mode induced on the system
by external means and the transversal velocity modes. Here we consider a kinetic model for a molecular
fluid, obtain the equations of motion, and calculate such an effect. Our results reproduce the calculated
and measured characteristics of the spectra and show in an explicit way how the internal degrees of free-

dom in the molecule modify the structure factor.

PACS number(s): 51.10.+y, 05.60.+w

1. INTRODUCTION

The coupling between hydrodynamical modes in a sim-
ple fluid has been extensively studied in the literature,
when the system is near the equilibrium state. The
influence of such couplings manifests itself through
different aspects, such as the behavior of the density-
density correlation function, the dispersion and absorp-
tion of sound, and some others [1-3]. In contrast, the
behavior of such modes around a nonequilibrium steady
state is a subject which is not completely understood, al-
though some recent results have given some insight about
the problems involved. It is a known result that hydro-
dynamic fluctuations around a nonequilibrium steady
state (NESS) have an anomalous behavior measured by
the wave vector dependence in the density-density corre-
lation function [4-7]. In fact the steady state obtained by
means of a fixed temperature gradient applied to the sys-
tem has shown an asymmetry in the Brillouin peaks when
the linear terms in the temperature gradient are con-
sidered. This effect, which has been corroborated in the
experiment, is absent when the wave vector and the tem-
perature gradient are perpendicular to each other [8].
This geometry offers us the opportunity to study the
Rayleigh-Brillouin spectra beyond the linear regime. It
has been shown that there exists an enhancement of the
Rayleigh line because of a coupling between the transver-
sal part of the velocity fluctuations and the temperature
gradient applied to the system to maintain it in such a
steady state [9]. This kind of behavior has been studied
recently through several approaches, kinetic theory [10],
mode-mode coupling theories [11], and fluctuating hydro-
dynamics [5,7,9,12]. This last approach has given a way
to calculate a resonant coupling which in a simple fluid
behaves as [(VT)y|2/k* in the Rayleigh peak. Besides,
the intensity has been measured in an accurate way
[13,14] and those measurements show how the calcula-
tions agree with qualitative behavior. On the other hand
it seems that the quantitative comparison needs some
correction factors taking into account the temperature
dependence of transport coefficients as well as the inho-
mogeneities in the temperature field, to have a good
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agreement [14].

Here we are interested in the calculation of the
enhancement of the Rayleigh peak in the presence of an
external temperature gradient by means of fluctuating hy-
drodynamics in a molecular fluid, in such a way that the
internal degrees of freedom in the molecule will be taken
into account in an explicit way.

Notice should be made that the behavior of a molecu-
lar fluid has been studied in the past when the fluctua-
tions occur around the equilibrium state, and as a result
there are some modifications in the light scattering spec-
tra [15]. Also there has been some work concerning the
nonequilibrium steady state for molecules having orienta-
tional fluctuations, which shows several interesting phe-
nomena [16].

In contrast with earlier work we have introduced a
kinetic model for a polyatomic molecule, based on the
Wang-Chang—-Uhlenbeck—De Boer equation (WCUB)
and Grad’s moments method of solution. The details of
this model will be discussed in Sec. II. The model allows
the construction of constitutive equations which contain
in an explicit way the contribution of the internal degrees
of freedom, as well as the introduction of the correspond-
ing fluctuating hydrodynamic treatment. Section III is
devoted to such a calculation. In Sec. IV we calculate the
resonant Rayleigh peak produced by our model and,
finally, in Sec. V we specify the results for the rough
sphere model in a polyatomic gas.

II. KINETIC MODEL

The simplest generalization of the Boltzmann equation
to take into account the internal degrees of freedom in a
molecular fluid is the so called WCUB equation which
considers in a semiclassical way the contribution to the
inelastic binary collision taking place between molecules
[17]. The description is then made through a one particle
distribution function f(c,a,x,t) where c is the molecular
velocity and a is the set of quantum numbers or internal
coordinates needed to describe the energy associated to
the internal degrees of freedom. The WCUB equation in
the absence of external forces is then given by
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where I(|c;,—cl,a,a;;|c’—cil,a’,a}) is the cross section
and d{) the solid angle. The primes on the distribution
function and the molecular velocity indicate that they are
evaluated after the collision. Equation (1) takes into ac-
count the change in the internal degrees of freedom
caused by collision through the distribution function and
the value of the cross section.

This equation is solved by Grad’s method taking an ex-
pansion around the local equilibrium distribution func-
tion of the system

3/2 ) E
(0) _n m mC Lo
) &y 9t — = | A7
Seax D=2 150GT | P | T 2k, T kT
(2)
where
Z= Lo 3)
%exp T

is the corresponding partition function associated with
the internal degrees of freedom in local equilibrium
[18,19]. Here

n=3 [ flc,a,xt)dc )

is the number density, C=c—u is the chaotic velocity,
and

nu=73 [cf(c,ax,t)dc 5)

is the hydrodynamic velocity. The temperature T is
defined through the total energy

——-+E fdc, (6)

nC,T= Ef

where C, is the total specific heat, which has contribu-
tions coming from the translational as well as from the
internal degrees of freedom.

Notice should be made that the inelastic collision be-
tween particles implies that the mean kinetic energy as
well as the mean energy associated to the internal degrees
of freedom are nonconserved quantities, but they balance
each other. In fact this comment drives us to the
definition of the relevant variable we want to study,

n§(x,t)=2fEaf(c,a,x,t)dc . (7)

The pressure tensor is now defined as
P,=3 [ mC,C;fdc (8)
and its trace becomes essentially the mean kinetic energy

which can be split into the hydrostatic pressure and the
trace of the viscous tensor p, in such a way that
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af+c V= 3 f L= ffole,—clIllc,—cl,a,a;lc)—c'l,a’,a;)dQdc, (1)

P; =p8,.j+%5,.j+f>g : 9

The quantities £(x,?) and p,(x,t) are not independent
because the total energy is a summational invariant. On
the other hand, two heat fluxes are associated with this
problem. One of them corresponds to the translational
energy and the other to the internal energy flux. Those
are defined as follows:

q@=3 [imC¥Cfdc (10)

and

q"=3 [E,Cfdc. (11)

Next we will introduce Grad’s expansion by means of
writing the one particle distribution function in terms of
Hermite polynomials and the Wang-Chang—Uhlenbeck
polynomials [20],
fle,a,x,t) 0’2

a'"(x,t ) H' " (c)h“a (12)

and consider only a six-moment calculation. The
relevant moments in the description will be the five con-
served variables available in Eq. (2) and the internal vari-
able £ describing the internal degrees of freedom. It
means that the closure assumption in the expansion (12)
considers only the a'*® and a'®" moments of the distri-
bution function which, in fact, are directly related to p,
and £. As we noticed before, those moments are not in-
dependent and we will write all expressions only in terms
of &£ The distribution function in this six-moment ap-
proximation is then given as
sTE (13)
kT

f=f911+¢(C,a)

where the function ¢(C,a) contains the velocity and the
E, dependence beyond the local equilibrium [21,22] and
can be written as

[E.—E]
kpT(8€)?

mC?
kgT

=1
$(C,a)=7

3— (14)

where E=Z"'S E_exp[ —E,/kyT] is the mean energy
associated with the internal degrees of freedom and
E,—E E,

Clm
kB

exp

kp(8e)?=Z"'3

Such a distribution function is consistent with the usu-
al conservation laws, namely,

%‘tl+v~pu=o (15

where p=nm is the mass density,
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9%+V-puu=—Vp-V~a : (16)
where o is the viscous tensor, and p is the hydrostatic
pressure,

p%-l-pu-VS:—V'qt0t81+—;ja:(7u)o . (17)

Here, s is the entropy density, q*°*®' is the total heat flux,
and ( )° means the symmetric traceless tensor.

The equation of motion corresponding to the internal
variable £ is obtained in a direct way from the WCUB
equation when we multiply by ¢(C,a), sum over the
internal degrees of freedom, and integrate in the velocity
space. In fact, the resulting equation is nonlinear, but we
will consider the linearized version around the nonequili-
brium steady state. This is not a restriction since we are
only interested in the study of fluctuations. Notice that
we keep the hydrodynamical derivative because it will
give a very important contribution in the steady state, as
we will discuss later on. Then we obtain the following ex-
pression:

D(—E) __ 2pCME—E)

Dt 3¢C,
3C"i’m 2 tra B _int
- = Zqt = 18
2nC, v 3 cim q (18)

We notice that this equation contains the heat fluxes
defined in Egs. (10) and (11), and it means that we will
need their corresponding constitutive equations, which
can be obtained also from the WCUB equation by assum-
ing a steady state in those fluxes [19]. In fact, the
Navier-Newton equation is taken as

o=—2n(Vu)’—&V-u)l , (19)

where 17, { are the shear and bulk viscosities, respectively,
and 1 is the unit tensor. The total heat flux is given by

qtotal — qtra + qin! , (20)

where the internal and translational heat fluxes are ex-
pressed in terms of the translational and internal parts of
the thermal conductivity

q™=—AUVT)—A%VE), 21

q™=—ANVT)—-A4VE) , (22)
the A coefficients are all given in terms of the well known

collision integrals introduced by Mason and Monchick
[17,18],

k2T

A":Zé.__l’;__z , 23)
8 m(XZ—Y?)

3 TCi™

A== 2y (24)
2 m(XZ—Y?)

) kp,TCint

"=£_B__"__y, (25)
4 m(XZ—Y?)

and A"=A"/C!™, which can be calculated for some inter-
molecular potentials.
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ITII. FLUCTUATING HYDRODYNAMICS

The set of equations we have constructed in Sec. II can
be linearized around a nonequilibrium steady state
(NESS) caused by a fixed temperature gradient. The re-
sulting set describes the behavior of fluctuations in the
relevant variables and in fact are the averaged equations
corresponding to a set of stochastic ones. Now we are in-
terested in the stochastic equations and we will write the
fluctuating parts of them in order to establish the correla-
tion between the fluctuating fluxes. According to the
usual treatments [12,23,24], we add a fluctuating part to
the constitutive equations representing the fluxes.

o;(x,1)=—2q[Vu(x,)]% —[V-u(x,1)]8;+1,;(x,2) ,

(26)
q"(x,t)=—A"[VT(x,t)]—A“[VE(x,1)]+Q"(x,t) ,

27
q™(x,t)=—AYVT(x,t)]— A VE(x,t)]+Q™(x,t) .

(28)

Notice should be made that the fluctuating parts II;;,
Q'®, and Q™ are functions of both spatial coordinates
and time. They will be given by Gaussian, stationary,
and Markovian noises, with zero average and & correlat-
ed in the two spaces, namely,

(I;(x, )10, (X', 8°) ) =2k g T[(8;8,, +8,,81)
+(&—29)8,;8,,]
X8(x—x")8(t—1"), (29)

(QF™(x,1)Qf™(x',1')) =2k g T [A"CI™+A")

X8(x—x")8(t —1")8;; , (30)
(Q,-i“t(x,t )Q}m(X',t') ) =2k8 Tz[kﬁC,im'f')\.i‘]
X&(x—x')8(t —1')§;; (31)

ij »
(Q,-i“t(x,t)Q}“(x’,t'))=2kBTz[(7»"'+7»"")Cj“‘+)\"+)»“]

The coefficients A", A%, A, and A7 contribute in a some-

" what independent way. However, they correspond to the

translational and internal parts of thermal conductivity,
in fact A™=A%CIM4A" is the translational part and
Alnt=fiCint 4 3 ¥ the internal part [17,21].

As a next step we solve the set of equations in the
NESS; it means that we take all time derivatives equal to
zero. Also, the flux in the equation associated to the
internal degrees must be equal to zero, in order to assure
a balance between the interchange in kinetic energy and

the internal contribution,
tra
qtra= ’;nt qlnt . (33)

v

This last condition means that the transport between
kinetic energy and the energy involved in the internal de-
grees of freedom is not arbitrary but depends on the quo-
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tient of specific heats. It also implies the existence of a
fixed gradient in the energy corresponding to the internal
degrees of freedom, which in fact appears as a conse-
quence of the temperature gradient fixed externally to
maintain the NESS,

tra

)\'tt_ )\,i, U
Cl:nt
(VE)o= — (VT), . (34)
ii__Y i
A Cint —Af

Now we linearize around the steady state and take the
Fourier transform of all quantities, the resulting set of

0
ik 1
——Q"(k,w)
pOCp
F _ | 3Cr§m ik- | —2 tra(k )+ kB int(k )
(k,w)= 2nC, ik- 1Q ,Q anQ )
Ik gk, 0)
Po
L iknik,0)]-(1—&K)
Po
Tyr X¢
- io (io+yk?) |=io+yxk?
_ 2 . 1 2
H k)= 0 —Ck taH-?—alk l
_ Ik 0 0
Po
0 0 0
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equations can written in matrix form as follows:

Hk,0)XAlk,0)=Fk o) (35)
where #(k,w) is the hydrodynamic matrix, A (k,w) is a
column matrix representing the Fourier transforms of the
fluctuating variables, and F(k,w) is the corresponding
fluctuating fluxes, all these quantities are given as follows:

pk,o)
T(k,w)

Ak,0)= | &k,0) |, (36)
ul(k,w)
u,(k,w)

) (37

—ik A(VT),
T

0 C—PC(VT)O

0 B(VT), , (38)

(iw+v,k?) 0

0 (io+v,k?)

where several quantities appearing in the hydrodynamic matrix are defined in the Appendix.

We notice that the transversal part of the velocity u,(k,®) can be obtained only in terms of the fluctuating part of the
viscous tensor and, in fact, it can be completely eliminated from the set of equations. Its coupling with the external
temperature gradient influences the equations of motion and it gives the main effect in this calculation. This effect
represents the coupling between a hydrodynamical mode typical of viscous terms with a heat mode imposed on the sys-
tem by external means.

Now we solve the equation for u,(k,w) and obtain

_ ik-I(k,0)-(I—kk)
polio+v,k?)

(39)

u,(k,w)

and its direct substitution in the set of hydrodynamic equations allows us to obtaina resonant coupling.
The next step in this procedure is the solution of the hydrodynamical set to obtain an expression for the longitudinal
part of the velocity u,(k,®), and such an expression can be used to construct the density fluctuations

iop(k,0)=iku;(k,0)— A(VT)yu,(k,0) . (40)
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Equation (40) shows in a clear way that the density fluctuations contain the contribution of the resonant effect and
they will give us an enhancement in the spectra. In fact, after substitution of u;(k,®) and u,(k,®) we obtain the follow-
ing expression:
lik-TI(k,0)]-(L—kk)-(VT),

polio+v,k?)

ikpo
AJ_( k,(l)

pik,0)—pk,0)= A4 , (41)

) [Dl(k,w)_Dz(k’w)+D3(k,w)]

where A, (k,0), D,(k,»), D,(k,w), and D;(k,») come from the solution of the set of equations. All these functions are
explicitly written out in the Appendix. In Eq. (41), p,(k,®) represents the fluctuations in density when the wave vector
and the external gradient are perpendicular. Also, p.(k,w) corresponds to the fluctuations around the equilibrium

state described by our set of equations of motion and it is written as follows:

kpo | ik o

EkN(k,0)D, (k,0)—

(k,w)=
peq wAcq Po

P Ocp

The direct comparison between Eqgs. (41) and (42)
shows how the NESS influences the behavior of density
fluctuations giving us a way to study some nonlinear cou-
plings between hydrodynamic modes.

IV. RAYLEIGH PEAK

In order to calculate the contribution to the Rayleigh
peak coming from density fluctuations we need the hy-
drodynamic modes. The proposal of a kinetic model to
study this problem has introduced a new independent
variable related to the energy of internal degrees of free-
dom, and this means that we must also have a new mode
in the system. To determine the properties of this new
set of hydrodynamical modes we can construct the
dispersion relation associated to the set of equations,
write it in terms of the complex frequency z=iw, and
solve it in powers of the wave vector [3]. This procedure
will give us four roots for the dispersion relation which
represent an approximation to the hydrodynamical
modes, namely,

1

n=T 43)
z,=—iCok —(T;,+9)k?, (44)
z3=iCok —(T';+ 9)k? , (45)
z,=—x,k? . (46)

Here C, is the Laplace sound velocity, 7.z denotes the
effective relaxation time, and Y, plays the role of thermal
diffusivity. We notice that these modes reduce to the
usual ones when the internal degrees of freedom are not
taken into account. Two of them are propagating modes

ik.(lint + ik'Q"a
pOCp

B int 4 - t
intk-Q“ +iZk-Q™
v

Dy(k,0)+ |i Dik,w)| . (42)

as it should be, but the absorption coefficient, which con-
tains the usual viscous terms through v,, is modified
mainly by the term expressed as 9, containing in an expli-
cit way the contribution of the thermal conductivities as
expressed in the kinetic model

F1=%[V1+X1(‘}’_1)] 47
and
=3C!i’m Z " kg it
2nC, |3 Cj“‘
t
)bn__kit_'fr_i
C3T c
X T(‘}’p-l—‘yy-)‘}’g*—z‘;a——— . (48)
P iV ti
At———A
C;m

The mode expressed as z; describes the relaxation of
the internal degrees of freedom with an effective relaxa-
tion time which has a contribution measuring the inho-
mogeneities in the system, through a quantity with a k2
dependence,

T

=, 49)
(1+7D;, k?)

Teff

where D, depends on the thermal conductivities and the
specific heats. Its explicit value is given in the Appendix.
The presence of an effective relaxation time has been con-
sidered in the literature [25], and here it becomes impor-
tant through the kinetic model and all values can be cal-
culated from it.

The calculation of the Rayleigh line is now a direct one
and we just take Eq. (41) and calculate the leading contri-
butions in the density-density correlation function,



5146 M. MAYORGA AND R. M. VELASCO 49
2kpTv 2 k2 —1_y k2 )? -1__~1 )2
(S, =Seq)ra™ i (VT - 2)(1 2,4 T—x o 2 Teﬂ; Tj«l ° 2 i (50)
poX(@*+vik*) Po o*+xik* | 7 —x:k 1t reg | 7op —Xik

This result shows in a clear way the enhancement of the
Rayleigh line coming from the coupling between the
transversal modes in the velocity and the external tem-
perature gradient. The effect has the same qualitative
characteristics as in a simple fluid, and it means that the
spectra depend in a quadratic way on the temperature
gradient and we have a k ~* wave vector dependence.
Equation (50) also shows the influence of the relaxation
time coming from the internal degrees of freedom, these
terms are functions of frequency and wave vector, but the
k dependence in the effective relaxation time makes them
of order unity.

The intensity of the Rayleigh peak is obtained by the
frequency integration of the structure factor, namely,

1
[AI(k)]Ra=Ef(Sl—Seq Jrad (51)
the result being the following one:
_ 2[4
[AI(K) g, =kpgTv,(VT)5 |—
Po
J(k)

2k4(vt+X1)let

J'(k)
2(v, k2477 ly,
where the relative intensities in these terms are given as
follows:

, (52)

ol k2 2
k)= |2 (53)
Ter —X1K
and
_I_Tvﬂ} 2
JK=|——73 (54)
T —X1K

Notice should be made that these intensities are func-
tions of the wave vector, in contrast with the case of a
simple fluid in which the result is recovered only by the
first term in Eq. (52) with J(k)=1, y,=0 and taking x,
as the usual thermal diffusivity.

To compare these expressions with the experimental
results in the literature [13] we consider the regime when
the internal degrees of freedom behave in a diffusive way,
which means that D, k*>>>7"!. This condition corre-
sponds to a relaxation of the internal degrees of freedom
less important than the transport of their energy by
translational motion. Then we take the Fourier-
transform of the spectra and write the density correlation
function in the wave vector space as follows:

Cralk,t)~A,exp( —x,k?t)
+Ap_expl —D,;, k%)

— (A, +Aexp(—v, k%), (55)

f
where the amplitudes in each term are given by

Jk) |ve | (VT
el Pl BT (56)
t
' (VT )2
Ay =-TE)L Y >, (57)
mevi—xt [ k*
.| g F(k) | Dine || (VTR
A, A= vi—y? v—D2 X Kkt (58)
t 1 t int 1

which reduce to the usual ones when we neglect the
influence of the internal degrees of freedom. The most
important point in this result is the wave vector depen-
dencies in the amplitudes. In fact they do not change the
qualitative behavior of the spectra but certainly manifest
some inhomogeneities in the system, which otherwise
have been attached to the transport coefficients them-
selves [14]. In principle, our kinetic model has provided
us with an alternative way to interpret the small
differences in the experimental results when compared
with fluctuating hydrodynamics for a simple fluid.

V. CONCLUDING REMARKS

The kinetic model we have introduced to study the
viscoheat effect in a fluid with internal degrees of freedom
has allowed us to find a modification of the Rayleigh line
and its intensity.

The modification comes from the fact that in the NESS
all fluxes in the system are zero except for the heat flux
which is encharged to maintain the steady state. In this
particular case such a condition means that the external
temperature gradient induces a fixed gradient in the ener-
gy associated to the internal degrees of freedom. This
characteristic also appears in the treatment of binary
mixtures where the temperature gradient induces a con-
centration gradient, proportional to the thermal diffusion
ratio [26,27]. Here we have another example where this
phenomenon appears as a consequence of the external
conditions imposed on the system.

The characteristics of this NESS imply also the reso-
nant coupling of the external gradient and the viscous
modes in the system, which has essentially the same qual-
itative behavior as the simple fluid. It is not the case
when we compare the results in a quantitative way. First
of all the fluctuating hydrodynamics must be developed
according to the introduction of a new variable, with
their corresponding fluctuating fluxes. Also, the hydro-
dynamical modes are somewhat different in their specific
values, besides the new one associated with the internal
variable. The new modes introduce a different behavior
in the density-density correlation function, with the cor-
responding modification in the Rayleigh line.

In order to gain an insight about the meaning of such a
modification we have taken the rough sphere model to
evaluate all collision integrals and obtained a value for
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the modification in the effect [28,29]. First of all let us re-
call that the rough sphere model characterizes the mole-
cule by a dimensionless parameter k=4I /m¢?, measur-
ing the moment of inertia I with respect to a sphere of di-
ameter o. Interesting values for this parameter are
(0,%,2) and they correspond to different configurations in
the mass distribution.

The quantity B giving the gradient in the internal de-
grees of freedom is

1+k+2k2

6+ 13« 59)

which is of the same order of magnitude as the external
temperature gradient.

Concerning the effective relaxation time we have two
contributions, the bare relaxation time 7 which depends
on the kind of internal degrees of freedom we consider
and their diffusive behavior. Here we will only take the
rotational ones to be consistent with the rough sphere
model, but we are allowed to also take vibrational degrees
of freedom or both, as it is sometimes done in the litera-
ture [30]. This contribution can be obtained in a direct
way through the bulk viscosity § as follows:

_ 3§Cv _ C[Ent 172
 2pCint 4nC,

-1
ix ol
37 (k+1)?

where the first part of this equality is valid in general and
the second one corresponds to its value for the rough
sphere model.

The diffusive part of this relaxation time D, is a com-
plicated function of «, the dimensionless inertia moment.

Tm

T (60)

’
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Here we will only give some special values,
D, (k=0)=0.4 cm%/s, Dj,(k=2)=0.304 cm?/s,

D, (k=%)=0.311 cm?/s for molecular nitrogen at
T=500 K, p=1 atm, 0=3.75X10"% cm, and
n =1.468 X 10 molecules/cm?, which in fact coincide in
order of magnitude with some others calculated in the
literature [30].

All these values help us to estimate the amplitudes in
the viscoheat effect and see if they go in the right way.
For example, if we take k~10* cm™! the amplitude is
J(k)~0.6, which seems to be of adequate order to ex-
plain the small discrepancy between the calculated spec-
tra and the measured one [9]. On the other hand, we es-
timated J'(k)~1 for toluene taking y,~10~® cm?/s and
D, ~0.35 cm?/s.

Notice that the values of the amplitudes come from
our model without making any additional assumption,
but certainly they must be seen as an alternative explana-
tion because our model is a simplified one. In fact the
internal degrees of freedom that can contribute to the
spectra in the case of toluene are not taken in full form,
however the calculation shows how these kinds of
characteristics can give an alternative account of the ex-
isting differences. A detailed comparison between the
spectra calculated with this model and the experimental
data will require the knowledge of the thermal conduc-
tivity coefficients in a separate way for the systems mea-
sured and the conditions of the experiment. These kind
of data are not available since these coefficients consider
the transport of kinetic energy and internal degrees of
freedom in an independent way, and just some specific
models allow for their calculation.

APPENDIX
Some useful definitions are
—_ |9 —_ |9 — |9
pPo¥YT= s PoYp= s PoYe™ >
or 133 ? dp T.§ § a& T,p
tra
Af— it__ Y
C’jnt A
A=po=yr+yeB), B=|—co——|, C=—L+xB,
}\’H Cint _)\‘H
v
aS 3§Cu 4 _’)]_
= | — , = ", V=% + y Vi ’
Xg lag T ZPCJM 1 37 ; t Po
int int
= 3C, 2,4 kg Adi C.= 3¢ 2.0 kg Al
' 2nC, |3 cm™ " 71 2nC, |3 cimt™ |7
}"tt_*_ A." }\,ti‘l" )\ii
X1= , = >
: PoC, PoC,
Aii_*_)\'ti
LEPOSTA
; iC k3 |iwx,T
Do) =Koty k?) lio+L—a,k? |- 0 |1XeD !
Po T Po Cp
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D,(k a))=—£3—C oy +£a)y
PALS) po NOYET VT

i(l)+_1‘_alkzl N
T

0
D3(k,w)=£my§(iw+xlk2)+i ia)-i—l——alk2 ,
Po Po T
o o1 Tyr A - XeT
D4(k,a))=1w7/p(tco+)(1k2) tw+?-—alk2 —a)ZCl*ng 0k2+1a)ypclk2 lw—Cg'T+X2kzl
T 2
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A,(k,w) corresponds to the determinant of the set of equations when the wave vector and the gradient are perpendicu-
lar, whereas A (k,®) is the determinant when the gradient is absent.

ACKNOWLEDGMENTS

We acknowledge J. V. Sengers for fruitful comments about this work. This work was partially supported by

CONACyT, México under Grant No. 0651-E9110.

[1] B. J. Berne and R. Pecora, Dynamic Light Scattering and
its Applications to Physics, Chemistry and Biology (Wiley,
New York, 1975).

[2]J. P. Boon and S. Yip, Molecular Hydrodynamics (Dover,
New York, 1991).

[3] C. H. Wang, Spectroscopy of Condensed Media (Academic,
London, 1985).

[4] 1. Proccacia, D. Ronis, and I. Oppenhiem, Phys. Rev.
Lett. 42, 287 (1979).

[5] D. Ronis and I. Proccacia, Phys. Rev. A 26, 1812 (1982).

[6] A. M. S. Tremblay, in Recent Developments in Nonequili-
brium Thermodynamics, Lecture Notes in Physics, Vol.
199, edited by J. Casas-Vazquez, D. Jou, and G. Lebon
(Springer, Berlin, 1984).

[7] R. Schmitz, Phys. Rep. 171, 1 (1988).

[8] H. Kiefte, M. J. Clouter, and R. Penney, Phys. Rev. B 30,
4017 (1984).

[9] B. M. Law, and J. V. Sengers, J. Stat. Phys. 57, 531 (1989);
B. M. Law, P. N. Segre, R. W. Gammon, and J. V.
Sengers, Phys. Rev. A 41, 816 (1990).

[10] T. R. Kirkpatrick, E. G. D. Cohen, and J. R. Dorfman,
Phys. Rev. A 26, 950 (1982).

[11] D. Ronis, I. Proccacia, and J. Machta, Phys. Rev. A 22,
714 (1980).

[12] E. M. Lifshitz and L. P. Pitaevskii, Statistical Physics (Per-
gamon, Oxford, 1980), Pt. II.

[13] B. M. Law, R. W. Gammon, and J. V. Sengers, Phys. Rev.
Lett. 60, 1554 (1988).

[14] P. N. Segre, R. W. Gammon, J. V. Sengers, and B. M.
Law, Phys. Rev. A 45, 714 (1992).

[15] R. Mountain, J. Res. Natl. Bur. Standards 70A, 207

(1966).

[16] T. Keyes, Phys. Rev. A 23, 277 (1981).

[17] C. S. Wang-Chang, G. E. Uhlenbeck, and J. De Boer,
Studies in Statistical Mechanics II (Wiley, New York,
1964).

[18] E. A. Mason and L. Monchick, J. Chem. Phys. 36, 1622
(1962).

[19] R. M. Velasco and F. J. Uribe, Physica 134A, 339 (1986).

[20] H. Grad, Comm. Pure Appl. Math. 2, 341 (1949); in Hand-
buck der Physik, edited by S. Fliigge (Springer, Berlin,
1958), Vol. 12.

[21] M. Mayorga Rojas, MSc. Thesis, Universidad Auténoma
Metropolitana Iztapalapa, 1993.

[22] G. Tenti, C. D. Boley, and R. C. Desai, Can. J. Phys. 52,
285 (1974).

[23] R. F. Fox and G. E. Uhlenbeck, Phys. Fluids 13, 1893
(1970).

[24]L. D. Landau and E. M. Lifshitz, Fluid Mechanics
(Addison-Wesley, Reading, Mass., 1968).

[25] M. Weinberg, R. Kapral, and R. C. Desai, Phys. Rev. A 7,
1413 (1973).

[26] P. N. Segre, R. W. Gammon, and J. V. Sengers, Phys.
Rev. E 47, 1026 (1993).

[27] R. M. Velasco and L. S. Garcia Colin, J. Phys. A 24, 1007
(1991).

[28] G. C. Maitland, M. Mustafa, and M. Wakeham, J. Chem.
Soc. Far. Trans. 1,79, 163 (1983).

[29] W. Marques and G. M. Kremer, Physica A 197, 352
(1993).

[30] Q. H. Lao, P. E. Schoen, and B. Chu, J. Chem. Phys. 64,
3547 (1976).



