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Abstract

Recent computer simulation results [Physica A 334 (2004) 513] for granular mixtures subject
to stochastic driving have shown the validity of the Einstein relation ¢ = D/(Ty4) = | between
the diffusion D and mobility 4 coefficients when the temperature of the gas T is replaced by
the temperature of the impurity 7y in the usual Einstein relation. This problem is analyzed in
this paper by solving analytically the Boltzmann—Lorentz equation from the Chapman—Enskog
method. The gas is heated by the action of an external driving force (thermostat) which does
work to compensate for the collisional loss of energy. Two types of thermostats are considered:
(a) a deterministic force proportional to the particle velocity (Gaussian thermostat), and (b) a
white noise external force (stochastic thermostat). The diffusion and mobility coefficients are
given in terms of the solutions of two linear integral equations, which are approximately solved
up to the second order in a Sonine polynomial expansion. The results show that the violation
of the Einstein relation (¢ # 1) is only due to the non-Maxwellian behavior of the impurity
velocity distribution function (absence of the Gibbs state). At a quantitative level, the kinetic
theory results also show that the deviation of ¢ from 1 is more significant in the case of the
Gaussian thermostat than in the case of the stochastic one, in which case the deviation of the
Einstein relation is in general smaller than 1%. This conclusion agrees quite well with the results
found in computer simulations.

(© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In spite of the growing theoretical support for the validity of the hydrodynamic
description to granular fluids, some care is warranted in translating properties of normal
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fluids to those with inelastic collisions. Thus, for instance, in the case of an impurity
particle immersed in an unforced granular gas the response to an external force on the
impurity particle leads to a mobility coefficient that violates the Einstein relation [1]
between the mobility and diffusion coefficients. This violation has been recently studied
by Dufty and Garzd [2] by using linear response methods and without any limitation
on the mass ratio, density, or degree of inelasticity. The analysis shows that there are
three different reasons why the Einstein relation does not apply in granular gases: the
absence of the Gibbs state, the cooling of the reference state, and the occurrence of
different kinetic temperatures between the impurity and gas particles.

However, very recently Barrat et al. [3] have performed computer simulations to test
the validity of fluctuation—dissipation relations for a mixture constituted by two granular
gases with different masses and restitution coefficients. The system is driven by an
external energy input to achieve a stationary state. Specifically, they use a homogeneous
stochastic driving (thermostat) in the form of a white noise plus a friction term. Given
that the partial granular temperatures of each species are different, they observe that the
classical equilibrium Green—Kubo relations are satisfied separately for each component,
the role of the “equilibrium” temperature being played by the granular temperature of
each component. In particular, in the limit in which the mole fraction of one of the
species is negligible (tracer limit), the Einstein relation holds when the temperature of
the gas T is replaced by the temperature of the impurity 7. In this case, the (modified)
Einstein ratio between the diffusion coefficient D and the mobility coefficient 1 is
verified, namely,

D _,
Tol

€ (1)
The results obtained by Barrat et al. [3] from computer simulations motivate this
work. The aim of this paper is to determine the Einstein ratio ¢ for a driven granular
gas in the context of the Boltzmann equation. As in the case of the free cooling gas
studied in Ref. [2], T will use kinetic theory tools to explicitly get the dependence of
¢ on the restitution coefficients as well as on the mechanical parameters of the system
(masses and sizes). The theoretical estimates derived in this paper show that ¢ # 1,
although the deviations of the Einstein ratio from unity are in general quite small. This
conclusion is in good agreement with the observations made by Barrat et al. [3].

The paper is organized as follows. Section 2 describes the problem I am interested
in. In particular, two types of external forces (thermostats) to inject energy to the gas
and reach a steady state are considered: the Gaussian and the stochastic thermostats. In
the case of the Gaussian thermostat, the gas is heated by the action of an external force
proportional to the velocity. This type of “anti-drag” force can be justified by Gauss’s
principle of least constraint and has been widely used in nonequilibrium molecular
dynamics simulations of normal fluids [4,5]. Another mechanism of heating (similar
to the one used in Ref. [3]) is to consider the action of a random external force,
which gives frequent kicks to each particle between collisions. If this stochastic force
has the properties of a white noise, it gives rise to a Fokker—Planck diffusion term in
the Boltzmann equation [6]. Section 3 is devoted to the calculation of the diffusion D
and mobility 4 coefficients by solving the Boltzmann—Lorentz equation by means of
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the Chapman—Enskog method [7]. Both coefficients are explicitly determined by using
both types of thermostats, being given in terms of the solutions of two linear integral
equations. A practical evaluation of both transport coefficients is possible by using
a Sonine polynomial expansion. Here, D and 1 have been computed in the second
Sonine approximation (namely, retaining two Sonine polynomials). As said above, in
the case of the stochastic thermostat, the analysis agrees with the results of Barrat et
al. [3]. In the case of the Gaussian thermostat, the deviations of ¢ from unity are more
significant, although they are still small for not too inelastic systems. The paper is
closed in Section 4 with a brief discussion on the results obtained in this paper.

2. Description of the problem

Let us consider a granular gas of smooth inelastic hard spheres (of mass m, diam-
eter o, and interparticle coefficient of restitution o) in a homogeneous state. In the
low-density regime, its velocity distribution function f(v) obeys the nonlinear Boltz-
mann equation [8]. Due to dissipation in collisions, the gas is cooling unless a mecha-
nism of energy input is externally introduced to compensate for collisional cooling. In
experiments the energy is typically injected through the boundaries yielding a inhomo-
geneous steady state. To avoid the complication of strong temperature heterogeneities,
it is usual to consider the action of homogeneous external (driving) forces acting lo-
cally on each particle. These forces are called thermostats and depend on the state of
the system. In this situation, the steady-state Boltzmann equation reads

Ffv)=JiIf 11, (2)
where the Boltzmann collision operator J[v|f, f] is

Il ff1=" [ v [ 456G 8@ g )a (D105 ~ SO0 S

(3)

In Eq. (2), & is an operator representing the effect of the external force, @ is a unit
vector along the line of centers of the two colliding particles, © is the Heaviside step
function, and g;, =v; — v,. In addition, the primes on the velocities denote the initial
values {v{,v}} that lead to {vi,v,} following a binary collision:

vi=vi— 11 +a )@ gn)e, Vi=vm+i(l+a')o gn)e. (4)

Several types of thermostats can be used. As said in the Introduction, here I will con-
sider two simple choices. One of them is a deterministic thermostat based on Gauss’s
principle of least constrains [4,5]. In this case, # has the form

1,0
7 =_r=.
FIW) =5 M ()
where ( is the cooling rate due to collisions

1
(=g [ dmI 1. ©)
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Here, m is the mass of a particle and 7 is the granular temperature defined as

3

Enrz/ dv%vzf(v), (7)
n being the number density

n:/ dvf(v). (8)

Another way of heating the gas is by the action of a random force in the form of
an uncorrelated white noise [9]. The corresponding operator % has a Fokker—Planck
form [6]

d 2
Fron=-30¢(5) 1o, ©)

The use of this stochastic force has attracted the attention of many theorists in the
past years to study different problems, such as non-Gaussian properties (cumulants,
high-energy tails) [6,10], long-range correlations [11], collisional statistics and short-
scale structure [12], transport properties [13], and fluctuation—dissipation relations [14].

So far, the exact solution to the Boltzmann equation (2) is not known, although a
good approximation for thermal velocities can be obtained from an expansion in Sonine
polynomials. In the leading order, f is given by

F(v) = nn3p e [1 + % (v*4 — 50" 4 ljﬂ , (10)
where v* = v/vg, vy = /27/m being the thermal velocity. The coefficient ¢, which
measures the deviation of f from the Maxwellian form, is related to the kurtosis of
the distribution. Its value depends on the thermostat used and has been estimated from
the Boltzmann equation up to linear order in c. In the case of the Gaussian thermostat
(5), the coefficient ¢ is given by [6]

32(1 — a)(1 — 202)
81 — 1700+ 3002(1 — )

Estimate (11) presents quite a good agreement with Monte Carlo simulations of the
Boltzmann equation [10,15]. It is interesting to remark that in the homogeneous problem
the results obtained with and without the Gaussian thermostat are completely equivalent
when one scales the particle velocity with respect to the thermal velocity [10]. As a
consequence, result (11) applies to the free cooling case as well. In the case of the
stochastic thermostat (9) the result is [6]

32(1 — a)(1 — 262)
241 — 1770+ 3002(1 — o)

As in the Gaussian case, Eq. (12) agrees quite well with computer simulations [10].
In general, both theoretical and numerical calculations show that, for not too inelastic
systems, ¢ is very small. Deviations from the Maxwellian form are important, however,
if one considers the tails of the distribution function, which are exponential for the
stochastic thermostat and a “stretched” Gaussian for the Gaussian thermostat [6,16,17].

o) = (11)

c(a) =

(12)
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The cooling rate { can also be determined from the Sonine approximation (10) with
the result

C:%mna2uth(1 a2)<l+3c) . (13)
3 32

We assume now that a few impurities (of mass m( and diameter () are added to the
system. Given that their molar fraction is negligible, the state of the granular gas is not
disturbed by the presence of impurities and so the velocity distribution function f(v)
obeys the Boltzmann equation (2). Moreover, one can also neglect collisions among
impurities themselves versus the impurity-gas collisions, which are characterized by a
coefficient of restitution oy. We want to analyze the diffusion of impurities immersed
in the granular gas when the current of impurities is generated by the presence of a
weak concentration gradient Vny and/or a weak external field E (e.g. gravity or an
electric field) acting only on the impurity particles. Under these conditions, the velocity
distribution function fy(r,v,#) of impurities verifies the Boltzmann—Lorentz equation

E ©
Ofo+Vv-Vio+—- = fo+F fo=Jv| fo. f], (14)
my ov
where

mehJj=#/hw/ﬁ&wﬁgumfgﬁwfﬁum@uﬂn%n)

— fo(r,vi;0) f(x,v250)] , (15)
G =(0+ 09)/2 and
m _ ~ ~
Vi=v — m—i—mo(l + o Y& -gn)e,
Vi=vi+ 0 (140G gn)5. (16)
m —+ mo 0

The partial temperature of impurities 7, is defined as

gmnz/M%ﬁﬁm, (17)

where ng is the number density of impurities,
noi/deo(V). (18)

In addition, it is convenient to introduce the cooling rate {, associated with the partial
temperature 7y of impurities

fo= /mthﬁJy (19)

B 3710 To

Momentum and energy are not collisional invariants of the Boltzmann—Lorentz col-
lision operator J[ fo, f]. Only the number density of impurities is conserved

0o +V -jo=0, (20)
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where the current of impurities jo is defined as
o= [ i), 1)

The conservation equation (20) becomes a closed hydrodynamic equation for n, once
jo is expressed as a functional of ny and the external field E.
In the absence of diffusion (homogeneous steady state), Eq. (14) becomes

Z fo=JIv| fo, 1. (22)

This equation has been recently analyzed by using both types of thermostats [18,19].
The results show that the temperatures of the gas and impurities are clearly different
(T # Tp) and so, the energy equipartition is broken down. The failure of the energy
equipartition in granular gases has been confirmed by computer simulations [18,20,21]
and even observed in real experiments of vibrated mixtures in two [22] and three [23]
dimensions. In general, the temperature ratio y = Ty/T presents a complex dependence
on the parameters of the problem. However, according to Eqgs. (5), (9), and (22) the
condition for determining the temperature ratio is different for each type of thermostat.
In the case of the Gaussian thermostat (5), when one multiplies both sides of Eq. (22)
by v? and integrates over v, the steady state condition yields the equality of the cooling
rates [19,24]

(=0 - (23)
In the case of the stochastic thermostat (9), y is obtained from the condition [18]
mol = my{ . (24)

Requirements (23) and (24) lead to a different dependence of the temperature ratio
To/T on the control parameters, namely, the mass ratio mg/m, the size ratio gy/c and
the coeflicients of restitution o and o.

A good estimate of y can be obtained by considering the first Sonine approximation

to fo:

Fov) = ngn 20320320 [1 + 04—0 <020*4 — 500" + f)] , (25)
where 0 = moT/mT, is the mean square velocity of the gas particles relative to that
of impurities. The coefficient ¢, can be determined by substitution of Egs. (10) and
(25) into the Boltzmann—Lorentz equation (22) and retaining all terms linear in ¢
and c. The explicit expression of the coefficient ¢y is given in Appendix A. Once the
coefficient ¢y is known, the temperature ratio can be obtained from the constraint (23)
for the Gaussian thermostat and (24) for the stochastic thermostat.

Before illustrating the dependence of ¢y and y on the coefficients of restitution and
the parameters of the mixture, it is instructive to consider some special limit cases.
First, when impurities are mechanically equivalent to the gas particles (m=my, ¢ =0y,
oy = o), the results of the single gas case [6] are recovered, namely, T = Ty, and

32(1 — o )(1 — 203)

_ , 26
O 81— 17u + 3002(1 — o) (26)
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for the Gaussian thermostat while
32(1 —op)(1 — 20(5)
co = ,
07 241 — 17700 + 3003(1 — )

(27)

for the stochastic thermostat. Also, when the collisions among gas particles are elastic
(«=1 and so ¢ =0), our Sonine solution gives ¢y =0 and

_ 1+ o
24 (1 — ap)(m/mg)

for both types of thermostats. This result agrees with the exact solution of the
Boltzmann—Lorentz equation found by Martin and Piasecki [25] in the study of the
stationary state of a test particle immersed in a homogeneous fluid in equilibrium, un-
dergoing dissipative collisions with the fluid particles. Finally, in the weak dissipation
limit (1 —a<1, 1 —oy<1), the temperature ratio y behaves as

Y (28)

21 3
-+ (2) 5 %(1 —a), (29)

m-—+m a\? 1 mo(m + mg)?
y—1— zmo"(l—aou(g) ﬁ\/%‘”(l—a), (30)

for the stochastic thermostat. The two latter terms on the right-hand side of Egs. (29)
and (30) represent two different types of inelastic collisions providing independent
mechanisms to enforce the breakdown of energy equipartition.

Beyond the above limit cases, it is quite difficult to provide the explicit dependence
of ¢y and y on the characteristic parameters of the system. For the sake of concreteness,
now we consider the case o = . Figs. 1 and 2 show the coefficient ¢y as a function
of oy for gy9/c =1 and the mass ratios mo/m = 0.5 and my/m =5, respectively. We
consider the cases of the Gaussian and stochastic thermostats. When the mass ratio
is smaller than 1, we see that the dependence of ¢y on ag is qualitatively similar
in both thermostats, its value being small for not too inelastic systems. This means
that for moderate dissipation the distribution function f; of the homogeneous state is
quite close to a Maxwellian at the temperature of the impurity particle 7. However,
according to Fig. 2, the dependence of ¢y on og is quantitatively different for both
thermostats when impurities are heavier than the particles of the gas. In particular,
the curves of Fig. 2 exhibit a different convexity in the quasielastic limit. To know
something more on the dependence of ¢y on the mass ratio, in Fig. 3 we plot ¢y versus
the mass ratio mo/m for « =0y =0.8 and g¢/c =1. The qualitative dependence of ¢y on
mo/m is quite similar for both thermostats since first ¢¢ increases with mg/m, reaches a
maximum and then decreases with the mass ratio. At a quantitative level, we observe
that the magnitude of ¢¢ for the stochastic thermostat is in general smaller than that
of the Gaussian thermostat and consequently, the deviation of f from its Maxwellian
form is more significant in the case of the Gaussian thermostat than in the case of
the stochastic force. The dependence of the temperature ratio 7y/7 on the restitution
coefficient oy is illustrated in Figs. 4 and 5 for the cases mo/m = 0.5 and gg/o =1
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Fig. 1. Plot of the coefficient ¢ versus the coefficient of restitution o = ¢y for mo/m = 0.5 and ¢¢/o =1 for
the Gaussian thermostat (a) and the stochastic thermostat (b).
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Fig. 2. Plot of the coefficient ¢y versus the coefficient of restitution o = oy for mo/m =5 and o9/c =1 for
the Gaussian thermostat (a) and the stochastic thermostat (b).

and mo/m=>5 and o(/o = 1, respectively. We consider again both types of thermostats.
We observe that the temperature of the impurity is smaller (larger) than that of the
gas when the impurity is lighter (heavier) than the particles of the gas, whatever
the thermostat considered is. The lack of energy equipartition is quite apparent in all
the cases studied, especially when the mass ratio mg/m is larger than 1 in the case
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Fig. 3. Plot of the coefficient ¢y versus the mass ratio mg/m for o =0y = 0.8 and gp/o =1 for the Gaussian
thermostat (a) and the stochastic thermostat (b).
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Fig. 4. Plot of the temperature ratio 7/7 versus the coefficient of restitution o = op for mgo/m = 0.5 and
oo/o =1 for the Gaussian thermostat (a) and the stochastic thermostat (b).

of the Gaussian thermostat. This is indicative of what happens in the homogeneous
cooling state in the large impurity/gas mass ratio where a peculiar “phase transition”
has been recently found for which the diffusion coefficient is normal in one phase
but grows without bound in the other [26]. It must be remarked that the predictions
obtained for ¢y and y from the leading Sonine approach (25) compare quite well with
recent computer simulations [19,20].
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%

Fig. 5. Plot of the temperature ratio 7/7 versus the coefficient of restitution o = oy for mg/m =5 and
ap/o =1 for the Gaussian thermostat (a) and the stochastic thermostat (b).

3. Diffusion and mobility coefficients

As said in the Introduction, my aim is to get the diffusion and mobility coefficients
in the limit of small concentration gradient Vn, and weak external fields. These trans-
port coefficients are determined by solving the Boltzmann—Lorentz equation (14) from
the Chapman—Enskog method [7]. This method assumes the existence of a normal
solution in which all the space and time dependence of fj is through the hydrody-
namic fields. In this problem, the normal solution is explicitly generated by expanding
fo in powers of the gradient Vg, and the field strength E:

So= 1" +0 05"+ (31)
where each factor 0 corresponds to the implicit factors Vrg and E. The time derivative
is also expanded as 0, = 650) +0 651) + - -+, where the action of the different operators
aﬁ“ can be obtained from the balance equation (20). They are given by

=0, o mg=-v-if ", k=1, (32)
where

(k k

it = [aws. (33)

The zeroth-order approximation féo) is the solution of Eq. (22), whose approxi-

mate form is given by Eq. (25) but taking into account now the local dependence
on the density ng. Since féo) is isotropic, it follows that the flux of impurities van-

ishes at this order, i.e., jg()) =0, and so aﬁ“no = 0. To first order in J, one has the
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kinetic equation

E ©
Ty = I 1= - (v Vo ) 0

mg ov

_ E 0]
_—[v (Vlnno)—|—m0 av] 0 - (34)

The second equality follows from the space dependence of féo) through n¢. The solution
to Eq. (34) has the form

Dv)y=f(v)-Vinn + BK)-E. (35)
Substitution of Eq. (35) into Eq. (34) leads to the set of linear integral equations
F o — IV, 1=, (36)
1 o)
T RB— IV B, f]=—— ~ [0 (37)
mg OV

To first order, the current has the structure
i) = —DVinng + 2E , (38)

where D is the diffusion coefficient and 4 is the mobility coefficient. According to Egs.
(33) and (35), these coefficients are given by

Dz—%/deﬂ, (39)
1
;L,:g/dVV'Q. (40)

In the elastic limit (x =09 =1), T = Ty, and so féo) is the local equilibrium distri-
bution, i.e.,

) my \3/2 mov?
70wy =no (50 ) exp( =5 ) - (41)
In this case, aféo)/av = —(mov/T)féO) and the integral equations (36) and (37) yield
o = —T2B. As a consequence, one recovers the usual Einstein relation between the
diffusion and mobility coefficients
D
=—=1. 42
‘=T (42)

However, at finite inelasticity the relationship between D and 4 is no longer simple.
In the driven case, there are two separate reasons for which the Einstein relation in its
usual form is violated. First, since féo) is not a Gaussian distribution then, 0 féo)/ ov #
—(mgv/T) fgo) and D is not proportional to 4. The second reason is that the temperature
of the impurity particle is different from that of the fluid, except when the impurity is
mechanically equivalent to particles of the fluid. This last source of discrepancy could
be perhaps eliminated if one replaces the temperature of the gas 7 by the temperature
of impurities 7; in the usual Einstein ratio (42). This change leads to the modified
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Einstein ratio given by Eq) (1). As a matter of fact, if one took the Maxwellian
approximation (41) for féo (with T, instead of T'), then aféo)/av = —(mov/To)féO)
and the modified Einstein relation (1) between the diffusion and mobility coefficients
would apply (¢ = 1). Consequently, the only reason for which ¢ # 1 is due to the
non-Maxwellian behavior of the velocity distribution function féo) (absence of the
Gibbs state), which leads to small deviations that could be difficult to detect in computer
simulation experiments. This conclusion agrees with the results obtained from recent
molecular dynamics simulations [3], where no deviations from the Einstein relation
e =1 were observed for a wide range of values of the coefficients of restitution and
parameters of the system.

For practical purposes, the linear integral equations (36) and (37) can be solved by
using the first terms in a Sonine polynomial expansion. The reliability of this Sonine
approximation has been confirmed in several inhomogeneous situations. Thus, in the
case of the shear viscosity coefficient for a single gas, the first Sonine predictions
[13,27] compare quite well with a numerical solution of the Boltzmann equation in
the uniform shear flow state obtained from the direct simulation Monte Carlo method
[28]. Such a good agreement for the shear viscosity has been also extended to the
case of multicomponent systems in the low-density limit [29] and for finite densities
[30]. More recently, the tracer diffusion coefficient has been evaluated up to the second
order of the Sonine expansion [19]. As in the case of the shear viscosity coefficient,
the Sonine solution agrees quite well with computer simulation results over a wide
region of the parameter space. In this paper, the diffusion and mobility coefficients will
be determined up to the second Sonine approximation. In this case, the unknowns .o/
and £ are approximated by

(V) = fou(V)[arv + axSe(v)], (43)

B) = fou(VI[b1v + bySe(v)], (44)

where fo (V) is a Maxwellian distribution at the temperature 7y of the impurities, i.e.,
my 32 I’l/l()l)2
' = — - 45
Jom(v) = ng <2nTo> exp( 27, ) , (45)
and Sy(v) is the polynomial

So(v) = (; mov® — % To> V. (46)

The coefficients ay, by, ap, and b, are defined as

a of

1 _ mg /dVV- , 47)
by 3nyTo B
a o

’ :3L‘)3/dvso- . (48)
by, | 15 noT; P
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These coeflicients are determined by substitution of Egs. (43) and (44) into the integral
equations (36) and (37), respectively. The details are carried out in Appendix B. In
the case of the Gaussian thermostat, the Einstein ratio (1) becomes

Co V;

e=1 (49)
where {*, v5 and v} are explicitly given in Appendix B. In the case of the stochastic
thermostat, one gets

- co V3
£= 2 (50)

Equations (49) and (50) clearly show that the deviations from the Einstein relation
e¢=1 are proportional to the coefficient ¢y, which measures the deviation of the velocity
distribution function of impurities from the Maxwellian distribution. Both ¢ and ¢
vanish in the limit of elastic collisions and otherwise give contributions of the order of
a few percent to v, v;, and (¥, even at very strong dissipation. According to Eqgs. (49)
and (50) it is apparent that the Einstein ratio exhibits a complex dependence on a, oy,
and the mechanical parameters of the mixture (the mass and size ratios). A simpler
form for the Einstein ratio corresponds to the case of mechanically equivalent particles
(i.e., m=my, 0 =0y, and a=o0y). In this case, 7o =T, cy =c, and Egs. (49) and (50)
reduce in the quasielastic limit to a common ratio given by

5
e—>1+118(1 o). (51)
Eq. (51) shows most directly the dependence of ¢ on dissipation. Also, when the gas
is at equilibrium (x = 1), then ¢y = 0 with y given by Eq. (28) and so, the Einstein
relation is exactly verified.

As said in the Introduction, very recently Barrat et al. [3] have used the DSMC
method [28] and molecular dynamics simulations to investigate the validity of fluctu-
ation—dissipation relations for a binary mixture of inelastic hard disks with identical
diameters but different physical properties. The system is also subjected to a external
force which has the form of a white noise [Eq. (9)] with the addition of a viscous
term. In the single tracer case, their computer simulation results clearly support the
Einstein relation (1). Although a quantitative comparison between the theory presented
here and their results is not possible, it is illustrative to get the values of the Einstein
ratio ¢ predicted by the theory for the same cases as considered in the simulations.
The results are displayed in Table 1 for the Gaussian and stochastic thermostats. Note
that the latter coincides with the thermostat used in simulations, except for the viscous
term. We see that the deviations from the Einstein relation are very small (less than
1%), even for moderate dissipation (say for instance, « = oy = 0.7). This confirms the
conclusions obtained in Ref. [3] from computer simulations.

To illustrate the influence of dissipation on the Einstein ratio more generally, in
Figs. 6 and 7 the Einstein ratio ¢ is plotted versus oy for oo/ = 1 and different
values of the mass ratio mo/m. Fig. 6 shows the results obtained by using the Gaussian
thermostat while Fig. 7 refers to the results obtained from the stochastic thermostat.
Although the mechanical properties between both species (impurities and particles of
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Table 1
Values of the Einstein ratio ¢ for the different cases studied in Ref. [3]. The last two columns refer to the
results obtained by using the Gaussian and stochastic thermostats, respectively

mo/m o o & e
1 0.9 0.4 1.002 1.001
4 0.7 0.7 0.991 0.997
7 0.7 0.7 0.995 0.998

110 T T T T T T T T

1.05

w
1.00
095 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

9

Fig. 6. Plot of the Einstein ratio ¢ versus the coefficient of restitution o for the Gaussian thermostat in the
cases: (a) a=og, mo/m=>5 and ap/o=1; (b) aa=0yp, my/m=0.5 and gp/o =1; and (¢) o= 0.5, mg/m =10
and og/o = 1.

the gas) are quite different, we observe that ¢ is very close to 1, especially in the case
of the stochastic thermostat where again the deviations are smaller than 1%. However,
in the case of the Gaussian thermostat the deviations from unity are even about 8%
(for instance, for o = oy = 0.5 and my/m = 10). This failure of the Einstein relation
could be detected in computer simulations by using the Gaussian thermostat instead of
stochastic driving. In addition, Figs. 6 and 7 illustrate again the fact that the transport
properties are affected by the thermostat introduced so that the latter does not play a
neutral role in the problem [13].

4. Discussion

The goal of this paper has been to analyze the validity of the Einstein relation
between the diffusion and mobility coefficients in a heated granular gas. This analysis
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Fig. 7. Plot of the Einstein ratio ¢ versus the coeflicient of restitution o for the stochastic thermostat in the
cases: (a) o= og, mo/m=>35 and a9/o =1; (b) o= a9, mo/m=0.5 and g¢/o =1; and (c) «=0.5, my/m =10
and gp/o = 1.

has been mainly motivated by recent computer simulations performed by Barrat et al.
[3] where no apparent deviations of the FEinstein ratio from unity were found when
the temperature of the gas 7' is replaced by the temperature of impurities 7y in the
usual Einstein ratio, Eq. (1). This conclusion contrasts with the one obtained before
by Dufty and Garzo [2] in the wunforced gas case where it was clearly shown the
violation of the Einstein relation. The analysis carried out in Ref. [2] indicates that
the deviations of the Einstein ratio in its usual form from unity has three distinct
origins: non-Gaussianity of the distribution function of the homogeneous cooling state,
energy nonequipartition, and time evolution of the granular temperature. Given that
the last source of discrepancy is no present in the driven case, it is interesting to
assess the effect on the violation of the Einstein relation coming from the first two
reasons.

To achieve a steady state, the granular gas is driven by the action of external forces
(thermostats) that accelerate the particles and hence compensate for collisional cooling.
Here, I have used two types of thermostats: (a) an “anti-drag” force proportional to
the particle velocity (Gaussian force), and (b) a stochastic force, which gives frequent
kicks to each particle between collisions. The introduction of these thermostats has
the advantage of avoiding the intrinsic time dependence of the temperature in the free
cooling state, but at the price of introducing new effects induced by the external forc-
ing. The diffusion D and mobility A coefficients have been determined by solving the
Boltzmann—Lorentz equation by means of the Chapman—Enskog method. In the first
order of expansion, D and A are given in terms of the solutions of two linear integral
equations. An approximate solution of these integral equations has been obtained by
expanding the distribution function of impurities in a Sonine polynomial expansion.
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Here, I have retained two Sonine polynomials (second Sonine approximation). As hap-
pens for the transport properties of a single gas [13], the Sonine solution shows that
the dependence of D and 4 on the parameters of the problem is different for each
type of thermostat. Although not widely recognized, this conclusion illustrates the fact
that generally the inclusion of an external force depending on the state of the system
changes the apparent transport coefficients.

As Barrat et al. [3] suggests, the influence of the temperature differences between
impurities and particles of the gas on the Einstein ratio can be mitigated in part if
one uses 7 instead of 7 in the usual Einstein ratio. For this reason, I have explored
the validity of the modified Einstein ratio (1). The analytical results (based on the
second Sonine approximation) show that the deviation of the Einstein ratio from unity
is only due to the factor ¢y which measures the deviations of the velocity distribution
function of the impurities from a Maxwellian. In fact, if one neglects the small effect
of this factor, then ¢ = 1. In addition, the results provided here also show that the
deviation of ¢ from 1 is more significant in the case of the Gaussian thermostat than
in the case of the stochastic one. This is due essentially to the fact that in general the
magnitude of the coefficient ¢y of the stochastic thermostat is smaller than that of the
Gaussian thermostat. As an illustration, Figs. 6 and 7 show that the deviations of the
Einstein ratio from unity are generally smaller than 1% for the stochastic thermostat
while these deviations are even about 8% in the case of the Gaussian thermostat. Given
that the simulations carried in Ref. [3] were made by using a stochastic driving (with
the addition of a viscous term), the results of this paper agree with their observations
since deviations smaller than 1% are quite difficult to detect in computer simulations.

The results obtained here have been restricted to the single tracer case, i.e., a especial
limit case of a binary mixture. Barrat et al.’s computer simulations also show the
validity of the Einstein relations separately for each species, each one with its own
temperature. I plan to analyze this issue in the next future.
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Appendix A. Explicit expressions of {, and ¢

In this appendix, the expressions of the partial cooling rate {y and the coefficient
co in the homogeneous states driven by the Gaussian and stochastic thermostats are
given. Most of these results have been recently reported by the author in Ref. [19] for
the homogeneous cooling state. By using the leading Sonine approximations (10) and
(25) and neglecting nonlinear terms in ¢ and ¢y, (o can be written as [19,24]

o = Aoo + Ao1co + Ap2c (A.1)
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where
8 - 140\ U
Joo =5 Vandvup (—5— ) (1+0) [1= 51 +2)1+0)] . (A2)
) 1 > (1 + 9)73/2

ot = 13 Vand v (1 + )23 + 40) = 3u(1 +2)(1 + 0)]

(A.3)

1 S 10\

)L()QZ*E \/EHO' Uth 1 T (1+O€0)[2+3ﬂ(1+9€0)(1 +0)] . (A4)

Here, 6 = (0 + 0¢)/2, = m/(m + my), and 0 = moT/mTy.
The coefficient ¢ is defined by

8 mé 4 15
- - T . A.
Co G ( . 02/ dvo” fo ) (AS)

This coefficient is determined from the Boltzmann—Lorentz equation (22) by multi-
plying that equation by v*, and integrating over the velocity. When only linear terms
in ¢y and ¢ are retained, the result in the case of the Gaussian thermostat is found
to be [24]

15 15 <o
— 5 02 o (1 + 5) = Qoo + Qo1c0 + Qo2c, (A.6)
while in the case of the stochastic thermostat the result is
15 12
-5 % Lo = Qo0 + Qo1c0 + Qo2 , (A7)

where use has been made of the conditions (23) and (24), respectively. Here, pp=1—
w=mgy/(m+ my) and I have introduced the quantities [19]

] 1+0)7
Qoo = 2v/TnG v gt %(1 +ao)[ — 2(6 + 50)

+u(1 4+ a9)(1 4 0)(14 + 50) — 812(1 + o9)*(1 + 0)?

+215°(1 4 20)*(1 + 0)°] (A8)
Qo = g NG v i 1t %(1 + 00)[ — 2(90 + 2310 + 18402 +4003)

+3u(1 + 0p)(1 4+ 0)(70 + 1170 + 4402) — 241°(1 + a)*(1 + 0)*(5 + 40)

+301°(1 4+ o)’ (1 + 0)°], (A.9)
Qp = ? NG v i 1t %(1 + 00)[2(2 4 50) + 3u(1 + op)(1 + 0)(2 + 50)

— 2412 (1 + ap)*(1 + 0)* +3013(1 4 29)*(1 + 0)*] . (A.10)
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The final expression of ¢ is obtained by substitution of Eq. (A.1) into Eq. (A.6) for
the Gaussian thermostat and Eq. (A.7) for the stochastic thermostat and neglecting
nonlinear terms in ¢y and ¢. The result is

~ Aoo + Aoac + Z 1y 20%(Qoo0 + Qo)

co = . — , (A.11)
L 200 + o1 + &1y 702Q0
for the Gaussian thermostat while
200 + Aoac + & 11 202(Qyo + Q
o= o0 02€ + 75 to ~0-(L00 02¢C) , (A12)

o1 + &1y 202Q0
for the stochastic thermostat.

Once the coefficient ¢ is given in terms of y = po/(10) and the parameters of the
mixture, the temperature ratio y can be explicitly obtained by numerically solving the
condition (23) for the Gaussian thermostat or the condition (24) for the stochastic
thermostat.

Appendix B. Second Sonine approximation

In this appendix the coefficients a; and b; in the second Sonine approximation are
determined. The knowledge of these coefficients allows one to get the diffusion D
and mobility 1 coefficients from Egs. (39), (40), and (47). Let us consider first the
case of the Gaussian thermostat (5). For this thermostat, Egs. (36) and (37) become,
respectively

.o _ A0

ZCGV (vet)—J[AL, f1=—V 0 > (B.1)

S IR = (B2)
ov mg OV

Substitution of Egs. (43) and (44) into the above integral equations gives

1,0
5 Uay Y@ fouy +axfouSo) = arJLfouvs f1= @/ L fonSo f1= =V,

(B.3)
1.0 . .
7 { Pl V(b1 fomV + b2 fo.mSo) — biJ [ fomV, 11— baJ [ fo,mSo0, f]
_ 19 o
= (B4)

Next, Egs. (B.3) and (B.4) are multiplied by v and integrated over the velocity. The
result is

1
<V1 —3 C) ay +vay = —1, (B.5)

1
(Vl 3 C) by + voby = T071 R (B.6)
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where I have introduced the quantities

vy S fomv, f1, (B.7)

my
VG = —
! 30T,

=g [ vy IS 11 (B8)
noTy
If only the first Sonine correction is retained (which means a; = b, = 0), the solution
to Egs. (B.5) and (B.6) yields a; = —Tyb;, and so the modified Einstein relation (1)
applies (¢ — 1).

To close the problem in the second Sonine approximation, one multiplies Egs. (B.3)
and (B.4) by Syg(v) and integrates over the velocity. Following identical mathematical
steps as those made before, one gets

3 1
(v3 = Ty Day + (V4 2() azZ*ECOTo_] , (B.9)
P 3
(vs = (T )by + V4—§C by =0, (B.10)
where I have introduced the quantities
2 mo

=—— — dvSy-J B.11
=5 s | VS0 T 1, B.11)
v ——iﬂ/dvs I fomSo, /1 (B.12)
4= 715 potd o - J[fo.mSo, /] :

In reduced units and by using matrix notation, Egs. (B.5) and (B.9), along with
Egs. (B.6) and (B.10), can be rewritten, respectively, as

IO e
e %C* a, co/2

) ()-()
v; = (" vZ—%C* b3 0

Here, {* = {/v, vi = /v, v = vo/Tyv, vi = Tovs/v, and v; = vy/v with v = notog,.

Further, aj =va,, a; = Tyvay, by = Tyvb;, and b; = Tozvbz. Equation (B.13) coincides
with the one recently derived in the free cooling case [19]. The solution to Egs. (B.13)
and (B.14) provides the explicit expression of the Einstein ratio in the second Sonine
approximation. The result is

*
D a] N Co V2

= —_— = . B.15
Toi b} 2 v -3¢ (B.15)
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The analysis in the case of the stochastic thermostat (9) is similar to that made
above for the Gaussian one. The linear integral equations are now given by

17 :

I K oA —J[oA, 1= [, (B.16)
2m ov
1T : 1

—c(?) BB = fO (B.17)
2 m ov mo OV

The corresponding matrix equations defining the Sonine coeflicients {ay,as,b1,b,} can
be obtained by multiplying Egs. (B.16) and (B.17) by v and Sy(v). After some algebra,
one gets

[+ 2 () ()

- , (B.18)
vi—=0 vi a; /2
(s 2 ()= ()
=G i) \b 0

where (; = {o/v and use has been made of the relation

r_ L
m my

(B.20)

The solution to Egs. (B.18) and (B.19) leads to the following expression for the
Einstein ratio:
co V5
=1-——= B.21
¢ 2 v (B-21)
The collision integrals v and v} appearing in the Einstein ratios (B.15) and (B.21)
have been recently evaluated by the author [19]. They are given by

2 &\ 3 0 Y\
Vv = 3 vV (a) (1 4+ o)1+ )] |1 + 6¢ (1—1—9> , (B.22)
2 & \2 0 \"? 140

where
1+0)
A=202 (g) (202 — 30 + 4)(8 + 50)

— (14 0O[2B0 =28 + 50)(Tog — 11) + 20 ~1(290g — 37) — 25(1 — )]
+ 18620 ~2(8 4 50) + 20 ~1(25 + 660) + 50 ~1(6 + 110)

—5(1+0)02(6 + 50) + 1% (14 0)"2{1503 (1 + 00)(4u(1 + 2) — 5)
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+2[45 + 54003 + 16p(0tg — 36) + 4u>(134 + 509 + 603

— 4up(148 + (7o — 263))] + 02[ — 30 — (267 + 21700)

+ 1442 (17 4 2909 + 1203) + 10p0(7u(1 4 o) — 5)]

+ 00 — 315 4+ 270p3 — 2u(5500 + 57) + > (440 + 3260 + 15603)

+2u0(=2 + u(Tog + 2771} . (B.24)

B=5(142B)+ u(1 + O[5(1 — o) — 2(Totg — 11)80 ~'] + 18520 ~!
+ 202203 — 3o +4)0 11 +0)> =50 11 +0)

c

e m{wzﬂ(l + ao)[4u(1 + 09) — 5] + O[2p0(7p(1 + 29) — 5)

+

+ u(—5(9 + 7o) + (38 + 62019 + 2403))] — 15 + 5413 — 20u(3 + o)

+2/12(40 + 190y + 60(%) + 2uo[u(61 4+ Tog — 20)]} . (B.25)
In the above expressions, = uy — p0 = (1 —y~1).
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