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The effect of correlations on the viscosity of a dilute sheared inelastic fluid is analyzed using the ring-kinetic
equation for the two-particle correlation function. The leading-order contribution to the stress in an expansion
in e=(1—e)"? is calculated, and it is shown that the leading-order viscosity is identical to that obtained from
the Green-Kubo formula, provided the stress autocorrelation function in a sheared steady state is used in the
Green-Kubo formula. A systemmatic extension of this to higher orders is also formulated, and the higher-order
contributions to the stress from the ring-kinetic equation are determined in terms of the terms in the Chapman-
Enskog solution for the Boltzmann equation. The series is resummed analytically to obtain a renormalized
stress equation. The most dominant contributions to the two-particle correlation function are products of the
eigenvectors of the conserved hydrodynamic modes of the two correlated particles. In Part I, it was shown that
the long-time tails of the velocity autocorrelation function are not present in a sheared fluid. Using those
results, we show that correlations do not cause a divergence in the transport coefficients; the viscosity is not
divergent in two dimensions, and the Burnett coefficients are not divergent in three dimensions. The equations
for three-particle and higher correlations are analyzed diagrammatically. It is found that the contributions due
to the three-particle and higher correlation functions to the renormalized viscosity are smaller than those due to
the two-particle distribution function in the limit e— 0. This implies that the most dominant correlation effects

are due to the two-particle correlations.
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I. INTRODUCTION

There are many practical applications which involve rapid
granular flows under shear. In these flows, collisions between
particles are inelastic and there is energy dissipation due to
inelastic collisions. The source of energy for “fluidizing” the
particles is provided by mean shear, and there is a balance
between the rates of production and dissipation at steady
state. Kinetic theories for flowing granular matter have been
developed for some time now [1-7], using the analogy be-
tween the motion of the particles in the granular flow and the
motion of molecules in a dilute gas. However, it has been
realized that one of the limitations is the molecular chaos
assumption in the formulation of the Boltzmann or Enskog
equation for the single-particle distribution function. This is
a significant limitation, since most practical applications in-
volve flows in which the volume fraction is not small, and it
is difficult to justify the application of the Boltzmann equa-
tion for dense flows. In order to develop confidence in the
applicability of kinetic theory results for dense granular
flows, it is necessary to examine the modification of the dis-
tribution function due to correlations. As a first step in this
direction, we examine the effect of correlations in a dilute
gas of inelastic particles under shear.

It has been realized for some time now that the constitu-
tive relations obtained by solving the Boltzmann equation for
a gas of elastic particles cannot be extended to dense gases,
because correlations are neglected when we make the mo-
lecular chaos assumption in the Boltzmann equation. There
have been several studies of the effect of correlations, nota-
bly by Kawasaki and Gunton [8] and Yamada and Kawasaki
[9] using mode-coupling theory, Ernst and Dorfman [10],
and Ernst ef al. [11]. In addition, the Lutsko and Dufty [12]
used a generalized Langevin formulation. All of these studies
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indicated that the shear viscosity in a fluid of elastic particles
is a nonanalytic function of the strain rate. In two dimen-
sions, the shear viscosity has the formu=uy+u' In(y), while
in three dimensions the shear viscosity has the form p= g,
+u' |92, where u, is the shear viscosity for a Newtonian
fluid and 7 is the strain rate. This implies that the coefficient
of viscosity diverges in a two-dimensional fluid, while the
Burnett coefficients diverge in a three-dimensional fluid. It is
well known that the viscosity renormalization is caused by
the long-time tails in the velocity autocorrelation functions
[11,13], where the autocorrelation functions decay as a
power law /2 in the long-time limit, where D is the dimen-
sion of the system.

The effect of correlations has been analyzed for a gas of
inelastic particles in the homogeneous cooling state [14-16].
These studies consider an inelastic gas of particles in which
the energy decreases with time as 72 in the long-time limit
due to viscous dissipation. However, it is possible to scale
the temperature with a time-dependent scaling function, such
that the scaled temperature is independent of time. The dis-
tribution of velocities is a Maxwell-Boltzmann distribution
for velocities comparable to the square root of the scaled
temperature, though there are high-velocity tails [17] which
are not Gaussian. The system is usually prepared in such a
way that the collisions are elastic up to =0, and then inelas-
ticity is switched on at r=0. In this case, the probability
distribution function for the reference homogeneous cooling
state is different from that for elastic fluids. From the known
probability distribution function of the homogeneous cooling
state, the relationship between the correlation and response
functions is evaluated. It should be noted that the homoge-
neous cooling state is unstable to vorticity fluctuations [18],
and therefore, the linear response calculation is carried out
about an unstable base state.
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In the present analysis, we study the effect of correlations
on the transport coefficients for a sheared inelastic fluid by
solving the ring-kinetic equation for a sheared granular flow,
in a manner similar to Ernst et al. [11]. In this procedure,
there is no necessity to assume a phase-space distribution for
a reference state. The Boltzmann equation and the ring-
kinetic equation are obtained by closure approximations in
the Bogoliubov-Born-Green-Kirkwood-Yvon (BBKGY) hi-
erarchy for the two-particle and three-particle distributions,
respectively. In the ring-kinetic equation, the three-particle
distribution function is written in terms of the two-particle
distribution function in order to obtain closure at the two-
particle level. In the calculation, the most important insight is
that the dominant contribution to the two-particle distribution
function is in the form of products of the conserved hydro-
dynamic modes of the colliding particles. Here, the con-
served hydrodynamic modes are defined as the hydrody-
namic modes of the linearized Boltzmann of Navier-Stokes
equations for the sheared state for which the decay rate is
zero in the long-wave (zero-wave-number) limit. For a gas of
elastic particles, the conserved modes are linear combina-
tions of mass, momentum, and energy, which are quantities
conserved in an interparticle collision. For a gas of inelastic
particles, the conserved variables are restricted to mass and
momentum in the long-wave limit and energy is not con-
served in the long-wave limit. Due to this crucial distinction,
it turns out that our results are different from Ernst et al.
[11], as discussed below.

It has been realized for some time now [19-25] that the
hydrodynamic modes for a sheared inelastic fluid are very
different from those for a fluid of elastic particles, because
energy is not a conserved variable. Energy can be treated as
a conserved variable for length scales L <<\/e€ or wave num-
ber k> e/\, where \ is the mean free path, e=(1-e)"? is a
small parameter which estimates the departure from elastic
collisions, and e is the coefficient of restitution. For L
>N\/€ or k<<e/\, the rate of dissipation of energy is large
compared to the rate of conduction. Detailed expressions for
the eigenvalues and eigenvectors of the hydrodynamic ma-
trix were obtained in Part I. These results are used to deter-
mine the contribution to the viscosity due to two-particle
correlations. The procedure used by Ernst ef al. [11] involved
solving a differential equation in wave vector space at steady
state and is complicated by the necessity of prescribing
boundary conditions in wave vector space. Here, we use a
procedure similar to that of Lutsko and Dufty [12] for the
solution of the Navier-Stokes equations with random forcing,
where the unsteady equation is solved using an integration in
time. For the case k> e€/\, where it is appropriate to treat
energy as a conserved variable, the present procedure pro-
vides results identical to that of Ernst er al. [11]. For k
<(e/\), we show that the results are very different. Since
the linear hydrodynamic spectrum has decay rates propor-
tional to k%3, there are no long-time tails in the decay of the
velocity autocorrelation function [24]. As a result, the coef-
ficient of viscosity is not singular in two dimensions and the
Burnett coefficients are not singular in three dimensions.

An issue of interest is the relationship between the calcu-
lation of the viscosity via the ring-kinetic equation and the
Green-Kubo relation. Lutsko and Dufty [12] showed that the
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results for the renormalized viscosity obtained from the
Navier-Stokes equations with thermal noise are identical to
those obtained by Ernst e al. [11] via the ring-kinetic equa-
tion. Whereas the analysis of Lutsko and Dufty [12] assumes
a Gaussian random noise which satisfies the fluctuation dis-
sipation theorem, there is no such assumption in the calcula-
tion of Ernst e al. [11]. Moreover, Lutsko and Dufty [12]
obtained the viscosity from the energy balance equation,
whereas Ernst et al. [11] directly calculated the streaming
stress as the second moment of the fluctuating velocity in a
dilute gas. This indicates that at a fundamental level, the
results of the ring-kinetic equation are identical to those de-
rived by fluctuating hydrodynamics. If this is so, then it
should be demonstrable that the results of the ring-kinetic
equation are identical to those of the Green-Kubo relation.
We explore this in Sec. II and show that, in the leading
approximation in the limit of small e=(1-e¢,)!?, the ring-
kinetic equation gives the same result as the Green-Kubo
relation for the viscosity, provided the time correlation func-
tions are calculated for the sheared steady state and not for
the equilibrium state. An additional requirement is that the
direction of shear should be reversed while calculating the
time correlation function, since time-reversal symmetry is
not preserved in a sheared system.

Though the ring-kinetic equation provides the same result
as the Green-Kubo relation for the viscosity in the leading
approximation, this approach is more powerful since it can
be systematically extended to higher orders in the expansion.
In addition, it can be used not only to find the shear stress,
but also the normal stress differences and the mass and heat
fluxes in a system with concentration and temperature gradi-
ents. This procedure is developed in Sec. II for the higher-
order contributions to the stress in an e=(1-e,)!> expan-
sion. We show that the solutions of the ring-kinetic equation
can be systematically related to the solutions of the Boltz-
mann equation obtained using the Chapman-Enskog proce-
dure, and the series can be analytically resummed to obtain a
renormalized Dyson-type equation for the transport coeffi-
cients.

An agreement between the solutions of the ring-kinetic
equation and the Green-Kubo relation has an additional
subtle implication. Since the ring-kinetic equation includes
only two-particle correlations, this agreement implies that
the higher-order correlation functions do not influence the
most singular part of the transport coefficients. This aspect is
explored in Sec. III, where a diagrammatic perturbation ex-
pansion is used for the equations for the multiparticle corre-
lation functions. It should be noted that the diagrammatic
analysis used here is different from that in Dorfman and
Cohen [26], where an expansion is carried out in different
collision sequences. Here, the expansion is in correlation
functions involving different numbers of particles. As noted
earlier, the dominant contribution to the two-particle correla-
tion function is in the form of products of the conserved
hydrodynamic modes of the linearized Boltzmann or Navier-
Stokes equations. We show that for the three-particle and
higher-order correlation functions are small compared to the
two-particle correlation function in the limit e — 0; therefore,
the dominant contribution to the viscosity arises due to the
two-particle correlation function obtained by solving the
ring-kinetic equation.
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II. RING-KINETIC EQUATION

We consider a system of inelastic particles (disks or
spheres) of diameter d subject to a linear shear flow. The
flow is along the x direction, the velocity gradient is along
the y direction, and the z coordinate is perpendicular to the
plane of flow. The collision rules used here are those for
smooth inelastic particles, where the post-collisional relative
velocity along the line joining centers is —e times the precol-
lisional relative velocity, while the post-collisional relative
velocity along perpendicular to the line joining centers is
unchanged. Here, e is the normal coefficient of restitution. At
steady state, there is a balance between the rate of production
of energy due to mean shear, ,uGiy, and the rate of dissipa-
tion of energy due to inelastic collisions, where G,, is the
strain rate. The rate of dissipation of energy is proportional to
pT*?(1-¢*)/\, since the dissipation of energy in a collision
is proportional to (1—¢?)T and the collision frequency is pro-
portional to T"?/\, where T'? is the magnitude of the fluc-
tuating velocity, A ~ 1/ pd” is the mean free path, and p is the
number density when the mass of a particle is assumed to be
1. We consider the near-elastic limit e— 1, where e=(1
—e)"? is a small parameter. In this case, it is easy to see that
the strain rate is related to the temperature by G,,
~ €(T"?/\). Since we scale all velocities in the analysis by

T"2 and all lengths by 1/pd?, where T and p are the mean
temperature and number density, respectively, we set G,,
=€y, where y is O(1) in the limit e—0.

Before proceeding, we briefly summarize the results of
the linear analysis of Part I. The velocity scale in the present

problem is V7, where T is the mean temperature, and the
length scale is the mean free path, (pd®)~!, where p is the
mean density. Here, the overbar is used to denote the mean
values of the relevant variables in the base state. The velocity
distribution function in the base state is obtained by solving
the Boltzmann equation in the presence of imposed shear,
and an asymptotic analysis is used in the parameter €. The
leading-order distribution function, denoted by F,, is a
Maxwell-Boltzmann distribution. The higher corrections can
be systematically evaluated using the Chapman-Enskog pro-
cedure.

The dynamical equations for the mass, momentum, and
energy are derived by taking the moments of the Boltzmann
equation with the collisional invariants, which are denoted
by the D,=(1,(chy/ \/;_"),(cay/ \/7:"),
(caz/\/;_‘), VD/2(c%/DT~1)), where D is the dimensionality
of the system, and the Greek subscript « denotes a particle
index. The particle fluctuating velocity is defined as c¢,=u,
-U(x,), where U(x,) is the mean velocity at the particle
position. For an elastic fluid, the collisional invariants are the
particle mass, momentum, and energy; for a fluid of inelastic
particles, energy is not a collisional invariant. The dispersion
relations can be obtained in two ways. The first is to perturb
the distribution function and then taking the moments of the
linearized Boltzmann equation with respect to the collisional
invariants. The other is to do a linear stability analysis of the
macroscopic Navier-Stokes equations, which are obtained by
taking moments of the Boltzmann equation. In the latter
case, the macroscopic fields are considered to be of the form

column  vector
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(ﬁ(l+p’),ej/y+u;,u}’,,uz’,\s'aT’). By inserting the macro-
scopic fields of this form into the Navier-Stokes equations
and taking the Fourier transforms, we obtain the dispersion
relation of the form

~ 0 ~ ~~
dd+ e)‘/ky£d>+L¢=0, (1)

where L is the dispersion matrix and the vector ¢ is

3=(7zn\D.aND.@nD.(57). @

where
*(K) = J dx exp(— ik - x)x'(x) (3)

and L is a matrix which depends on the wave vector. The
derivative with respect to wave vector in Eq. (1) is inconve-
nient and can be removed using a time-dependent component
k, for the wave vector:

key (1) = ke (0) — tek,. 4)

Expressed in terms of this wave vector, Eq. (1) reduces to the
linear equation

§[$+Z$=0, (5)

where the matrix L is now time dependent due to Eq. (4).

Due to this, both the eigenvalues and eigenvectors of L are
time dependent. It is not possible to obtain a closed-form
solution for the eigenvectors of Eq. (5), but an iterative pro-
cedure has to be used, as discussed in Part . In the following

sections, we denote the eigenvalues of the matrix L as
(K, ), where the capital Roman subscript is the index for
the different eigenvalues. The matrix E is a matrix of dimen-
sion N.X N., whose columns are the eigenvectors, where N,
is the number of conserved variables. Using the eigenvalues
and eigenfunctions, Eq. (5) can be reduced to

45 +TE =0, (6)

where the matrix I' is a diagonal matrix which contains the
eigenvalues as its diagonal elements and the column vector
Eis

E=E"'4. (7)
Note that the diagonal terms in the eigenvalue matrix I'" have
dimensions of inverse time, while the eigenvector matrix E
is dimensionless.

The nature of the hydrodynamic modes depends on the
wavelength of the perturbations. For k> €, the rate of con-
duction of energy is large compared to the rate of dissipation,
and it is appropriate to treat energy as a conserved variable.
In this case, there are two propagating modes, two transverse
shear modes, and one mode corresponding to energy diffu-
sion, whose growth rates tend to zero in the long-wave
limit. However, the diffusive modes are modified due to the
time dependence of the wave vector in Eq. (4); in particular,
in the long-time limit, they decay proportional to
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exp(—const X 'j/zkfﬁ/ 3), where const is the viscosity for the
shear modes and the thermal diffusivity for the energy. The
eigenvalues and eigenvectors of these modes were provided
in Egs. (32), (A7), and (A8) of Part I. For k<¢, the rate of
dissipation of energy is large compared to the rate of con-
duction. In this case, the growth rate of the fluctuations in the
plane of shear is proportional to k*? in the long wave limit,
and the eigenvectors and eigenvalues were provided in Egs.
(44), (A10), and (A11) of Part I. It was also shown that the
k7 scaling is not valid for perturbations with wave vector in
the gradient-vorticity plane; in this case, the scaling of the
growth rate with wave vectors was similar to that for an
elastic fluid, and the detailed expressions were provided in
Egs. (32) and (A7) of Part 1. These eigenvalues and eigen-
vectors are used in the present analysis of the ring-kinetic
equation.

For a steady shear flow, the equation for the single-
particle distribution function reduces to

9

J ) J
(&,+ca- ;+ €YYo T —
Y
(®)

a ox a

where
Caﬁ(faﬁ) = f [6_2‘][‘&5((::1,(:’2},— Xa/ﬁ) _faﬁ(cwcﬁ’xaﬁ)]
n

X(a,—ug) - nd’ 9)

and the integral [, = [dc,. The one-particle and two-particle
distribution functions are expanded in a series in the small

parameter e~ dy/T"?:

fa=PF(1+g,), (10)

faﬁ=ﬁ2FaFﬁ(1+ga+gﬁ+gaﬁ)- (11)

The distribution F, is the Chapman-Enskog solution for the
Boltzmann equation:

—E’j’C %zjcay[fafyl (12)
Y

If we insert the distributions (10) and (11) into the equation
for the single-particle distribution function (8), we obtain the
following relation between the single-particle distribution
function:

(G +SHF(1+g,)]= J ColFoF (1 + 84+ 8y + 8ay)],
Y

(13)

where the modified “streaming” operator S (1) is defined as

S =C, - — + €} — | —-eylc,,— |, 14
) =¢, o, PNV | N (14)
where ¢ is some function of the velocities of particles a and
B. In this and in future equations, we refer to f,g, fas,, €tC.,
as the (two-particle, three-particle, etc.) “distribution func-
tions,” while g,, 8ap ELC., are referred to as the (single-
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particle, two-particle, etc.) “correlation functions.”
The three-particle distribution function can be written in
the most general form as

faBy=ﬁ3FaFﬁFy(l +ga+gﬁ+g7+gaﬁ+gﬁy+gay+ga/ﬁ )
(15)

In the ring kinetic approximation, the term gz, is neglected
in Eq. (15), and the three-particle distribution function is
written in terms of the one- and two-particle correlation
functions. The equation for the two-body distribution is

J
(E + Sa+ Sﬁ)faﬁz &Xaﬁ)caﬁ[falg] + J Ca"y[faﬁy]
Y

| otrun 19
7

where the streaming operator S, is defined in Eq. (14). The
factor 8(x,p) on the first term in the right-hand side of the
above equation is an approximation. For a collision between
two particles a and B, the necessary condition is that the
distance between the two particles is (x,—xg)=da, where d
is the particle diameter and a is the unit vector along the line
joining the centers of the particles. Since we are interested in
length scales large compared to the particle diameter, we
have approximated X,5—da by X, in Eq. (16).

Expressions (11) and (15) are used for f,z and f,g, in the
above equation; all spatial gradients of F, and g, are zero,
since these are spatially invariant. With this simplification,
and after using the equation for the one-particle distribution
functions (12) and (13) to cancel some of the terms in the
two-particle distribution function, we obtain

F_F ((9+ ) J + J
—+e€ —4c, —
B\ o T Wby T o,
d ot
+c5~—6)X +e'y(Sa+SB) 8ap
B

=F16(Xaﬁ)CaB[FaFB(1 +ga+gﬁ+gaﬁ)]

+f Cay[FaFﬁFy(gaﬁ+gB)/)]
Y

+j Cﬁy[FaFﬁFy(ga'y"'gaﬁ)]’ (17)
Y

where x,5=X,—Xg. There is a factor p~ ! on the first term on
the right-hand side of Eq. (17) because we have divided

throughout by p*(pd>T"?)T~P to nondimensionalize Eq. (17),
where d is the particle diameter and pd>T"? is the inverse of
a time scale, and the factor T-! is due to the scaling of ve-
locity by T'2, and consequently the distribution function by

TP, where D is the dimensionality.

The modified streaming operators S,, and Sy in Eq. (17)
incorporate the effect of the mean shear on the distribution
functions F, and Fg:
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S! ( J ) (18)
=|=Coy T+ CaxCay | -
@ ay &Cax ax“ay
It is convenient to express the above equation in terms of the
linearized Boltzmann operator L,, defined as

L = e+ 58,0 - | Coll1+ ) F ),
a y

(19)

where P, is the “permutation operator” which changes the
index « to 7. With this, the ring-kinetic equation in real
space can be written as

J d
F Fﬁ((}l +€'yyaﬁ +La+Lﬁ)ga,8

IXap

=p ' 0Xup) Capl FuF g(1 + 80+ 85+ 8up)].  (20)

III. SOLUTION OF THE RING-KINETIC EQUATION

A. Leading-order solution

The function g, can be separated into two parts, g,=h,
+4,. The first part A, is the solution that would be obtained
using the Chapman-Enskog procedure for the single-particle
distribution function to leading order in a expansion in small
h,. At steady state in a homogeneous system, the distribution
function is independent of time and position, and so the
above equation simplifies to

eYF,SI(1+h,) = f ColFoF (1 +ho+hy+hyh)].
Y

21

The other part g, accounts for the two-particle correlations.
Formally, it is necessary to write the equation for ¢, as

€VF . Si(q.) = f ColFoF (qa+qy+8ay)].  (22)
Y

However, in both Egs. (21) and (22), we use a perturbation
expansion e=(1-¢)"2. As already noted, the strain rate is
(1—e)"? times T"?/\, where T and \ are the temperature and
mean free path. Therefore, it is possible to use an expansion
of the above equations in which 4, and ¢, are written for-
mally as

hy=h'Y+h?,

Ga=q4 +4?,

oy =8+ 8- (23)

The equation for the single-particle distribution function is
best solved in real space, since the distribution function is
independent of position and time in a homogeneous system.
The equation for the leading order and the first correction to
the single-particle distribution functions are

f CoglFoFgl=0, (24)
B
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€YF,S(1) = f Co FoF (1 + 0+ 1], (25)
Y

€VFoSulhy) = f CoplFoF (7 + 0+ V0],
Y

(26)

M oMy 2
f Cuz‘y[FaF‘y(Qa +q'y +ga'y)]_03 (27)
Y

€7F S (q')) = f Co FuF (T +q5 +82D)]. (28)
Y

Equations (24)—(26), are solved using a Sonine polynomial
expansion to obtain the correction A" and h'? in the
Chapman-Enskog procedure [27], and this correction is used
to obtain the viscous stress. It should be noted that h(l) and
h(z) are O(e) and 0(62) in an € expansion, respectlvely The
ﬁrst correction h is of the form

hg) = €70, CoyGlcy), (29)

where G(c,) is only a function of the magnitude of the par-
ticle velocity. The next higher correction, which gives rise to
the “Burnett” term in the equation for the stress tensor, has
been calculated, though we do not provide the results explic-
itly here.

Equations (27) and (28) will be used, in the present analy-
sis, to determine q(l and q ) in terms of g aly and g ) , respec-
tively, and this will then be used to calculate the stress due to
correlations. Note that h,, ) is O(e) from Eq. (25). However,
the magnitude of q ) is to be determined from Egq. (27) by
first solving for the two-particle correlation function g ) Itis
known that ga 5 turns out to be small compared to 1, but large
compared to € for an elastic gas [11].

To progress, ring-kinetic equation (20) is expressed in
Fourier space using the Fourier transform for the two-particle
correlation function:

gaﬂ(k,ca,Cﬁ) = f dxaﬂgaﬁ(xaﬁ,cwcﬁ)exp(— ik - Xaﬁ)

(30)

The ring-kinetic equation can now be written as

J J
F Fpg P — + €vk, 7+Lk+L_k Zupk,1)

y
= f_)_lCaB[FaFﬁ(ha+ hB+ hah,B+ 9ot qﬁ+ gaﬁ)]a
(31)

where Zﬁ‘, the Fourier transform of the operator L, is
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~ 0
L]C(Y(lp) = lka : Calﬂ— 6’5’6‘605( P l'b - ca)’l//)
ay
—J Cod FoF (1 + P ). (32)
£

Note that on the right-hand side of Eq. (31), it is necessary to
use the values of h,, hg, g4, qp z'ind 8ap at f:ontact; the 0n1’y
term that depends on X, on the right-hand side of Eq. (20) is
8(x,p), and the Fourier transform of this is 1. Equation (31)
can be expressed in terms of the expansions (23):

J J
F FB( PRl Ly + L€k> (| )

y
= ﬁ_lCaB[FaFﬁ(h(al) + h(l) + qa + q,(Bl) + gg))],
(33)

d 1% =3
FoFgl — P + €Yk, 7+Lk+L_k gaﬁ(k f)
y

=p‘lCaB[FaFﬁ(haZ)+h(ﬁz +h£rl)h(])+Qa +qB +gaﬂ)]
(34)

We first examine the solutions for Eq. (33) for g ). There
are two possible ways to solve this equation. The ﬁrst is to
obtain a steady-state solution, in which the time derivative is
set equal to zero. This is a differential equation in the wave
vector k, which can be explicitly solved if boundary condi-
tions in the wave vector space are specified. The second
option is to introduce a time-dependent wave vector which
rotates with the shear flow, as was done in Eq. (4). Expressed
in terms of the time-dependent wave vector, the differential
equation reduces to

g - -
FQFB( L Lf’k> g

=57 Copl FoFgh 4 1)+ + g3+ g (D],
(35)

The above equation is an ordinary differential equation in
time and can be solved subject to initial conditions. How-
ever, the wave vector in the above equation is now time
dependent. We note, at this point, that the linearized Boltz-

mann operator L is the same operator as that in Eq. (5), for
which the eigenvalues \; were calculated in (32) and (44) in
Part I and for which the eigenfunctions =, [Eq. (7)] were
calculated in Egs. (A7) and (A10) in Part I.

The eigenvalues A, and eigenfunctions &,,, of the opera-

tor Ija, which have zero eigenvalues in the limit k— 0, sat-
isfy the relation

L (Ean) = Mg (K) €y (36)

where M varies from 1 to 5 for an elastic fluid which has five
conserved modes and M varies from 1 to 4 for a sheared
inelastic fluid with four conserved modes in three dimen-
sions. Note that both \,; and &, are, in general, functions of
wave number and time due to the time dependence of the
wave vector in Eq. (4). We also define the dual 7,y of the

PHYSICAL REVIEW E 79, 011302 (2009)

eigenfunctions &,,, by the orthogonality condition

f FobamMan= Oun- (37)

For an elastic fluid, to leading order in a small-k expansion,
the eigenvectors are orthonormal, and so 7,,,=¢&,y. This is
not the case for an inelastic fluid.

The two-particle correlation function g{al[); is written as an
expansion in the eigenfunctions of the conserved modes:

2k (1), 1) = ARV, 0 Eapr (K (1), D) Egn(= k(2),1), (38)

where a summation is implied due to the repeated capital
Roman indices in the subscripts for the matrices. It should be
noted that the eigenfunction &, is a linear combination of
the eigenfunctions of the collision operator ¢,;, which are
defined by the equation

Caﬁ[(¢a1 + 4’51)] =0. (39)

The eigenfunctions ¢,; are the mass and the three compo-
nents of the momentum and energy for an elastic system and
include only the mass and the three components of the mo-
mentum for inelastic systems. These eigenfunctions are de-
fined to be orthonormal:

j Fdld,=1, (40)

where I is the identity matrix and the superscript T denotes
the transpose. The eigenfunctions &,y can be defined in
terms of the eigenfunctions of the collision operator as

E.=E'0,, (41)

where we use the bold characters =, and ®, to represent
column vectors whose elements &,; and ¢,;, and E is the
matrix whose columns are the eigenvectors of the linear op-

erator L in Eq. (5). The dual Y, can be easily calculated
from Eq. (41) and the orthogonality condition (40):

Y.=E'®,, (42)

where the superscript | denotes the transpose. The column
vectors 7, in Eq. (37) are the columns of the matrix Y.

Before inserting the expansion (38) into the repeated ring
equation, we can make one more simplification to the right-
hand side of Eq. (35). The eigenfunctions we are considering
are linear combinations of those conserved in collisions,
which satisfy the relation (39). Consider a function
W(c,.cp. k(1)) which is a function of the velocities of the
colliding particles. We write the integral W,; as

Wy = J f D a1 PpiCoplFoF g¥]. (43)
aJp

Due to the symmetry of the collision operator, the above can
be rewritten as
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Wy = f f F Fg¥WCod burtbp]
adp

1
=2 f f FoF gV Cof Guabps+ bprdbas).  (44)
atp

The last step follows from the symmetry of W;; under the
interchange of a and B. The above integral is further simpli-
fied as follows. We first note that since ¢, and g, are col-
lisional invariants:

Copl(dar+ D) (boy+ Pp)]=0. (45)

Therefore, the right-hand side of Eq. (44) can be rewritten as

1
Wy =- Ef f FQFB\PCaﬁ[QSaI(ﬁaJ'F ¢,31¢/3]]
ad B

_f f FaFB\PCaB[(ﬁanSaJ]' (46)
a B

The last step in Eq. (46) once again follows from the sym-
metry of W;; with respect to an interchange in the particle
identities a and B. The symmetry of the collision operator
can once again be used to write

WIJ= _f J ¢a1¢aJCaB[FaFﬁq,]
av B

_f d)ald)ajf CaB[FaFB\Pl (47)
a B

For the right-hand side of Eq. (35), the transformation
effected from Eq. (43)—(47) can be written as

f L DarbprCapl FoF g(h + 13 + 1) + 45 + g )]

== f ¢a1¢a./fﬁ Ca,B[FaF,B(h(al) + h(ﬁl)
+qy)+qg + 2]
== EYJ d)alqsaJFaS;(l)’ (48)

where the final step results from the equalities (25) and (27),
and the operator S, is given in Eq. (18). This reduction
shows that if we are only interested in the projections of the
ring equation (35) onto the conserved modes of the collision
operator, it is sufficient to consider the “simple ring” equa-
tion

g
F Fﬁ(g + L+ P, )ggg—p 'C o F o F g(h + h3))].

(49)

The simple ring equation can now be solved explicitly, since
the inhomogeneous term on the right-hand side of the equa-
tion is known from the Chapman-Enskog equation (24). The
expansion (38) is inserted into the simple ring equation (49)
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and multiplied by 7,p(k(t)) 7o(-k(?)) and integrated over

the velocities ¢, and ¢g, to obtain

(g + Ap(K(1) + N (= k(r)))Aﬁlg(k(r>,r) = Ry (k(1).1),

(50)

where the inhomogeneous term R% on the right-hand side is

Rpp(k(1).0) =" f f 7 (K(0).1) 750(= K(1).1)
adp
XCapl FuF g+ hig + 4 + g5’ + g4p)]

=-p ey f Nap(K(1),1) Dao(=K(2),1)
Xf Caﬁ[FaFﬂ(h(al) + h(l) + q(al) + qﬁ + g(al/;)]
B

ey J 7 (K(1),1) 7= k(D). )FS(1).
(51)

Note that both Rgé and Ag}é are functions of time due to the
time dependence of the wave vector, and they also have ex-
plicit time dependence because the duals 7,p, have explicit
time dependence. The solution of Eq. (50) is of the form

A%(k(t),t) = Jl dt' exp(— ff dr'[\p(k(t"))

e k(r”))])R%(ku’),z'). (52)

For a steady homogeneous flow with strain rate eyee,,
the inhomogeneous term Rp( on the right-hand side is

ROYK(0),0) = = p~ e¥ED, (k(0),0) E}y (- k(0), 1)
Xf ¢a1¢aJFaS;(1)
== eVER k(). Ep,(- k(0,01 ;, (53)

where the matrix I';; is

Fllzf Fa¢a1¢ﬁjséy(1) =f Fa¢al¢ﬁj(caxcay/’f)~
(54)

Using this, the final result for the coefficients Ap, can be
factored into two parts, one of which depends on wave num-
ber and time and the other of which is only a function of the
particle velocities:
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¢ '
Agé(k,t) =-pleilry, f dr' exp<_ J dr'[\p(k(2"))
—0 t,

+No(= k(t”))])EIu(k(t’),t’)EZJ(— k(t’),t’)} ,

(55)

where the matrix I';; is given in Eq. (54). Note that the all
wave vectors within the integrals in the right-hand side of
Eq. (55) are dependent on time, as given in Eq. (4).

The solution for qa has to be evaluated from Eq. (27),
using the solutlons (38) and (52) for g 1) In Eq. (27), the
value of ga within the integral is at COHISIOH when the
distance between particles is equal to the particle diameter.
Since we are considering the dilute limit where this distance
is zero, the value of g, to be inserted into Eq. (27) is

iines=0= | £)
f Apy(K(1),0) £,p(K(1),0) g (= K (1), 1)
k

= ardbps f A1), Ep)(K(1).0)Eg)(- k(1).1).
k

(56)

When this is inserted into Eq. (27), we obtain,
f Copl FuF s(ql)) + g1+ J AR (D), D Ep}(K(1))
B k

X Egy(- k(1)) f Copl FoF gbartbp] = 0. (57)

The above equation can be solved by expanding qs) in a set
of orthogonal functions H(c,) and then finding the coeffi-
cients in the expansion from the above equation. The last
term on the right-hand side of Eq. (57) can be transformed as

| S | ol PPt
_ % f a f (Hox +Hp) ol FuFpbaty)
= i f ) f , (Hok + Hp) Copl FoF f(barbpr + bosbpr)]
—_ % f ) f ) (H ok + Hpr) Capl FoF o barbos + bpips)]

1
- _ Zf f FaF‘g(¢al¢aJ+ (bﬁl(lsﬁj)]caﬁ[HaK-'-HﬁK]‘
adp

(58)

In going from the third to fourth step above, we have used
the result that if ¢,; and ¢g; are collisional invariants, then
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Copl FoF g( o+ b o) (gt Ppy)]=0. From the first two terms
on the left-hand side of Eq. (58), when multiplied by H .k
and integrated over all velocities, we find

f aKJ B[F Fﬁ(qa + q(l))]
__f f (H ok + Hpg) C o F F,B(qa +€1;; N
1
- Efa fBFaFB(QS)+Qf31))CaB[HaK+HBK]_ (59)

Comparing Egs. (58) and (59), it is clear that the solution for
) s
q,’ is

-- ¢a,¢aj(% [ s ez 000EG K00
= ¢a,¢a,K,L,M( f , ¢BL¢ﬁMFBS'B(1>), (60)
where
ki)' = {%ﬂ f dr’ fk Epi(Kk(0,0E gly( k(1))
Xexp<— f dr'Np(K(") + N o= k(r"»])
XE;L(k'(r'),r')E;M<—k’(z'),r')]. (61)

Because we are integrating over all wave vectors in the
above expression and due to time-translational invariance, it
is clear that KMN is independent of posmon and time.

The stress due to the first correction g, D s evaluated as

(1)_ pf Fac Cang)
=- 5<f Facaxcay¢al¢al>
XK' ( f FQ%L%MS;(U). (62)

Here, the fourth term on the right-hand side is given by Eq.
(54), while the second term is also obtained from Eq. (54) as

J Facaxcayd)ald)aj = l_‘IJ’I_—" (63)

a
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For comparison with the Green-Kubo formula, we also pro-
vide the following equivalent expression for the stress ten-
sor:

eyT - -
o) = - Tl f Ep(k(1),0)E 5~ k(1).1)
k

t 0
xl f dt’ exp(— j di"I\p(k(1"))

+No(= k(r”))])E;K(k(t’),t’)ETQL(— k(). |.

(64)

It is useful to check the dimensions of the stress in Eq.
(64). We have assumed that the mass of a particle is equal to
1 without loss of generality. The dimensions of the mean

temperature T is L>T~2, where L and T and the length and
time dimensions. The eigenvectors are defined to be dimen-
sionless, while the integral over the wave vector has dimen-
sions of L™3. Therefore, the stress has dimensions of L1772,
as expected. The leading contribution to the viscosity is ob-
tained by taking the ratio of the stress and strain rate

(—crily)/ €v):

M:

0| )

| f E5(k(1),0) Egy(= k(1).1)
k
t 0
x{ f dr’ exp(— f d"INp(K(1")) + N (= k(t”))])

XEp(K(t'),t")Eg (- k(t'),t’)]. (65)

B. Higher corrections

The solution for the first correction can be determined
from Egs. (26), (28), and (34). The method of solution is
discussed only briefly, since the solution procedures are iden-
tical to those for the leading order solution. The first correc-
tion to the two-particle correlation function is written,
equivalent to Eq. (38), as

g8 = AGMKD). D€ (K (1)) Equ(~ K(1).).  (66)

When this is inserted into Eq. (35), and we obtain the equiva-
lent of Eq. (50):

(gt + Np(k(1) + N (- k(t)))A%(k(t),t) = RZ)(k(1),),

(67)

where
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Ry (k(1),1)

=-p ey f Nap(K(1),0) 700 (= k(2),0)F . SI (R + 1)

=—p ey f Eb (K1), 0 E (= K(0),0) by F oSL(hL)

+q3)). (68)

The term S;(q(al)) can be simplified, using Eq. (60), as

FoSi(q) = F S b K" f FabpudanSy1).
B

(69)

Therefore, the solution for R% assumes the form

RE)(K(1),1) = - p' eEp,(k(1), 0 Ejy (= k(1),1)
X (f ¢a1¢aJFaS(;(hE)[]))>
=— P VEp (K1), DE}, (- K(1),1)

X O Ky f FgandpnSy(l),  (70)
B
where K" is given in Eq. (61) and

05 = ( f Fa¢,¢JS;(¢K¢L)). (71)

It is useful to discuss, in a little further detail, the formu-
lation of the matrices K} and ©F". If N, is the number of
conserved variables, then each of these matrices has Nf ele-
ments, since each index goes from 1 to N, This can be
framed into a two-dimensional square matrix with N> rows
and columns. In the matrix KAK’Izv for example, the column
index is assigned in terms of the subscripts as (M—1)N,
+N, while the row index is assigned in terms of the super-
scripts as (K—1)N,+L. The product OF K%Y, is then the
usual matrix multiplication of the two-dimensional matrix,
where the rows of ®XF are multiplied by the columns of the
KYN. In this formulation, the last term on the right-hand side
of Eq. (74) below, [gF gpdpnSp(1) is a column matrix of
dimension 1 ><Nf, where the row index is given by (M
—1)N,+N, and the first term on the right-hand side of Egq.
(74) below, [ oF o€ a1C ay ParPay» is @ row matrix of dimension
N_.X 1, where the row index is given by (I-1)N,+J. The
matrix Z;" in Eq. (76) below is an identity matrix of dimen-
sion N2 X N in this formulation.

The solution for A%(k,t), obtained from solving Eq.
(67), is
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Afh=- f dr' Ep(k(t' 1)t ) Ef (= K(t'),1')
Xexp<— f dr'INp(K(") + N o k(r"))])
X ( f Fa¢>a,¢ajs;(h2>>)
=— f; dt' EL(k(t'),t)Ep(—k(t'),t")
Xexp<— J dr'INp(k(") + N o k(z"))])

X ®§(JLKJI‘</ILNJ FpbpnudpanSpl). (72)
B

From this, the solution for q(az), equivalent to (60), is

qixz) = ¢aA¢aBK/{1]B<f Fa¢al¢a./sz,y(hgyl))>

a

+ ¢A¢BK£.JB®;(JLK%LN<f F,Bd’ﬁMd’ﬁNS,B(l))- (73)
B

The above calculation can easily be extended to the obtain
the second correction to the stress as

Ui_zv) == ﬁ(f Facaxcayd)ald)aJ)Kij(f Fad)aL(ﬁaMS;(h(al)))

a

== ﬁ(f Facaxcay ¢aA d)aB)Ki\JB@fILK%I{V

X ( f FB¢BMS'5(1)>. (74)
B

Higher corrections can be obtained in similar manner a
similar to Egs. (62) and (74). For example, the third correc-
tion is

US) == ﬁ(f Facaxcayd)ald)aJ)Kij(f Fad)aL(ﬁaMS;(h(aZ)))

== ﬁ(f Facaxcay ¢aA d)aB)Ki\JB@fILK%I{V

a

X (f FB¢BM¢BNS;(hS)))
B

L e

a

x ( f FB¢,3Q¢BRS'B(1)). (75)
B

The series of the above form can be formally resummed in
order to obtain a renormalized “Dyson” equation for the
stress:
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— 1] -MN KL 7 -MN\—
Oy =~ p(f Facaxcay¢aA¢aB)KAB(IIJ - ®IJ KKL) :
a

B

where Z)" is the identity matrix. The transformation from a
nondimensional to a dimensional stress is easily effected us-
ing the same procedure as that used for going from Eq. (64)
to Eq. (65)

Note that the above relation can also be used for calculat-
ing the flux of mass due to a temperature gradient and vice
versa. In a similar manner, the normal stresses o, o,,, and
0, and the normal stress differences in a shear flow, can
also be evaluated using expressions very similar to Eq. (76);
the only modification required is that for o,,, for example,
the first term on the right-hand is —pf  F 4¢2 o dop instead
of _pfaFacaxcay¢aA¢aB‘

The other fluxes such as the mass and heat flux in the
presence of concentration and temperature gradients can be
easily evaluated using the analogs of Eq. (76). For this pur-
pose, we need to define two quantities, the microscopic flux
in terms of particle positions and velocities corresponding to
the macroscopic flux and the perturbation to the Boltzmann
equation due to the imposition of the macroscopic field gra-
dient, equivalent to the operator S|, in Egs. (76) and (71). For
example, if we consider a binary mixture, the equivalent of
the microscopic flux j; for component i in the mixture and
the operator S, are

Ji=PiCuis

Sei=—(VD)eqs (77)
where p; is the mass density of component i. In a similar
manner, for a temperature gradient, the microscopic flux jr

and the operator S/, are

1

szzﬁcica’
2
c 5
S'-=(VDe,| = -=|. 78
ar=( )ca(2 2) (78)

With this general formulation, the macroscopic flux J corre-
sponding to a macroscopic field gradient can be written as

J= ( f Fojban %) KA (TN — @Kk

X (f FpbpubpnSpl +h +n + )) (79)
B

where ®XF is given by Eq. (71), with the operator S’ given
by Egs. (77) and (78) for the mass and heat diffusion, respec-
tively.
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IV. GREEN-KUBO FORMULA
AND DYNAMICAL TRANSITION

Expression (64) can be used to evaluate the shear viscos-
ity. It is useful to first compare expression (64) with the
result of the Green-Kubo formula for the shear viscosity:

[

. 1
pe=lim | dt{o,, (k.0)0,,(~k,0)), (80)

where the k— 0 limit is taken for the shear stress on the
right-hand side. The microscopic shear stress for a system of
N particles can be written as

N
o-xy(kat) == E CaxCay eXP(lk : Xa) . (81)

a=1

In the limit k— 0 and for large N, the above expression for
the stress can be written as

N
lim 0, (K, 1) = = 2 CoCay- (82)
k—0 a=1

If the fluctuating velocity field is defined as

N
ﬁx(k’) = E Cax exp[— lk, : (X - Xa/)]’ (83)

a=1

then the integral

N N
f ﬁx(k’)ﬁy(_ k’) = E E caxcﬁyf CXp[lk' ! (Xa_ XB)]
K’ k'

a=1 p=1

N N
= E 2 Caxcﬁyé(xa_xﬁ)
a=1 =1

N
= 2 CaCays (84)

a=1

where the last step in the above equation follows from the
fact that only one particle can occupy the position x,. Insert-
ing this into the Green-Kubo expression, we obtain

1 o]
m=_

dt f (i (k' )i, (- K", )it (k",0)ii,(- k", 0)).
TV 0 " Jk" - -

(85)

The velocities can be expressed in terms of the normal
modes of the hydrodynamic matrix, using Eq. (54) as

T 0800 = ST oK Db, 0, (86)

where ¢, is the matrix of macroscopic density, velocity, and
temperature fields corresponding to the matrix ¢,;, which is
a function of the particle velocities, and I';; is given in Eq.
(54). This is inserted into the expression of the velocity to
obtain
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L
n=5,Tu fo d f ] (B0 K e 0)

Xuy(-K",0)). (87)

The integral in the above equation (87) could also be evalu-
ated with k’ defined as a wave vector at time 7 or at time ¢
=0 in the rotating reference frame. This is because, from Eq.
(4), it can easily be verified that the Jacobian for the trans-
formation from the time-independent wave vector (k,,k,,k.)
to the time-dependent wave vector (k,,k,—yk,,k,) is equal
to 1. We prefer to carry out the integral over the wave vector
Kk’ at =0, and so the equation for the viscosity, Eq. (87), can
also be written as

1 - !
M= Erufo dtfk’(o) fk”(o) (iK' (1),1)
X ¢)(=K'(1),0)u (k"(0),0)u,(- k"(0),0)).  (88)

We express ¢; in terms of the hydrodynamic modes of the
linearized Navier-Stokes operator:

d)[(k’t) =E[./(k’t)§/(k’t)' (89)

When this is inserted into Eq. (87), we obtain

1 o0
M= _Fuf dff f E;p(K'(1),0E;o(=k'(1),1)
2v oo I v

X (&p(K'(1),0) Eo(= K" (1), Du (K"(0),0)u, (- k"(0),0)).
(90)

The hydrodynamic modes of the linearized Navier-Stokes
equations satisfy the orthogonality relation

0

ép(k’(t),t)=§p(k’(0),0)exp<— f dt’xp(k’(t’))>.

1)

The final expression for the shear viscosity is

1 o
m=--I'y f f f dt Ep(k' (1), E (= K'(1),1)
2T k' (0) JK"(0) o

Xexp{— (f dr'[\p(K' (1)) + )\Q(—k’(t’))]ﬂ

0
X (&K (0),0) (= k' (0),0)ut, (K", 0)uy (- K",0))
1
=—T7T k’,0 -k’,0)u (k",0
ST fm) Lf«» (8", 0) o= K0 (", 0)

Xit,(— K",0))E 5 (k"(0),0)E 55(- k"(0),0)

X f dt Eip(k'(1),0)E;o(= k' (1),1)
0

Xexp(—f dt’[)\P(k’(t’))+)\Q(—k’(t’))]>. (92)

0

It can easily be shown that, to leading order in small €,
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(¢p(k’,0)do(-k',0)u,(k",0)u,(-k",0))
=Tppdk’ +K") 8-k —K")T=Tpy8k’ +K")TV,
(93)
where T is the dynamical temperature. Note that there are
corrections to Eq. (93) due to the shear-induced anisotropy in
the distribution function, and therefore Eq. (93) is valid only

to leading order in the limit of small e. Using Eq. (93), the
Green-Kubo relation for the shear viscosity reduces to

M:

0| )

Tk f E 3 (-k'(0),0)E g (k'(0),0)
K'(0)

X f dt E;p(k'(1),0) E;o(= k' (1),1)
0

Xexp(—f dt’[)\P(k’(t'))+)\Q(—k'(t’))]>. (94)

0

By effecting the transformation t——¢ and ' ——t’, we ob-
tain the final expression for the viscosity:

T
p= Tl f Epi(-k',0)Eg; (k',0)

k'(0)

0
xf dtEjk' (= 1), DE (=K' (= 1),— 1)

0
Xexp(— f dt'[Np(k'(=1")) + No(= k(- t’))]) .

(95)

There are a few notable features of the comparison of Eq.
(95) from the Green-Kubo relation and Eq. (64) from the
ring-kinetic equation.

(i) Clearly, the expression (95) is identical to Eq. (64)
derived from the ring-kinetic expansion if the eigenvalues \ p
and eigenvectors Ep are independent of time. Since they are
time dependent in the present analysis, the correlations in Eq.
(95) have to be taken with time reversed. Note that reversing
time in the present system is equivalent to reversing the di-
rection of the mean shear—that is, effecting the transforma-
tion y— —1v. Therefore, the direction of shear has to be cho-
sen carefully while interpreting the Green-Kubo relations. If
Eq. (80) is to be used, then the correlation functions have to
be calculated with shear in the opposite direction to the one
used for the response function. In the present result for the
shear viscosity, Eq. (95), this distinction does not make a
difference to the end result, since we are integrating over all
wave vectors anyway. However, it may make a difference in
the event we are calculating a wave-vector-dependent viscos-
ity.

(ii) The comparison of Egs. (95) and (64) shows that the
equivalent of the temperature in the Green-Kubo relation is
the average translational temperature in the sheared state in
ring-kinetic equation. Note that the temperature in the
sheared state is not a thermodynamic temperature, but is de-
termined by a balance between the rates of production of
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energy due to mean shear and dissipation due to inelastic
collisions. In contrast, the thermodynamic temperature of the
system is to be used in the Green-Kubo expression.

(iii) The other important difference to note is that the
Green-Kubo relation equation (95), as defined, is calculated
using correlations in the equilibrium (unsheared) state. The
result from the ring-kinetic equation (64) is for the sheared
state. This makes a significant difference in the results ob-
tained by the two calculations, since the hydrodynamic
modes for the sheared state in the long-wave limit are sig-
nificantly different from those for the equilibrium state.
Therefore, an important result of the present analysis is that
to leading order in small €, the Green-Kubo relation is valid
for the shear viscosity provided the decay of the hydrody-
namic modes in the sheared state is used in the calculation.
This is, of course, conditional on there being no further cor-
rections due to three-particle and higher correlations. This is
discussed using diagrammatic expansions in the next section.

(iv) Finally, the Green-Kubo relation is only the leading-
order approximation in the limit of small e. There are higher-
order corrections, which can be systematically calculated us-
ing the € expansion, and the present analysis provides the
framework for calculating these.

The series solution has been extended to higher orders. In
addition, we have been able to explicitly resum the series to
obtain Eq. (76). The term (I%N —@,’?K%ﬁ’ ~! on the right-
hand side of Eq. (76) is of interest. If the matrix (I%N
—OKLKMN) 1 has a zero determinant, then the stress diverges
even though the strain rate is finite and all the terms in the
Chapman-Enskog expansion for the single-particle distribut-
ing function are finite. It should be noted that the matrix
(ZMN-@FFKHN)~! depends only on the hydrodynamic modes
of the linearized Boltzmann equation for a shear flow and is
independent of the strength of the corrections h(al),hf), ... for
the Chapman-Enskog solution for the velocity distribution
function. In addition, the matrices G);(JL and K}V are func-
tions of the type of forcing through the operator S/, in Egs.
(61) and (71). A steady shear flow has been used as the
forcing in the present case, but we have indicated how the
analysis could be extended to other types of forcing. It is
clear that if the matrix (Z};" - @K K}¥) has a zero determi-
nant, the divergence of the stress response is specific to the
type of forcing used. Therefore, this represents a jamming or
slowing down of the sheared steady state, which is a non-
equilibrium transition, even though there is no nearby equi-
librium transition.

V. VISCOSITY FOR AN INELASTIC FLUID

We return to the expression for the viscosity, Eq. (64).
The result of the expression depends on the range of wave
vectors we consider while calculating the wave vector inte-
gral. If we consider the range k> €, where energy is treated
as a conserved variable, there are five hydrodynamic modes.
Equation (64) states that the ring-kinetic contributions to the
viscosity are due to coupling between different hydrody-
namic modes. There are two types of coupling possible,
those in which (N\p+\y)~k and those in which (N\p+\y)
~k?. The latter result in the most singular contributions to

011302-12



DYNAMICS OF A DILUTE.... II. THE EFFECT OF ...

the viscosity, and so we shall examine these in some detail.
These result in integrals for the scaled viscosity of the type

0 0

,mJ dthexp(—J N (K? = 29k kot + Vk§t2)>
—% k t
0

~J dt(27-r)‘kaD‘ldkfdQA

Xexp[N'kX( - Yk, + hE13)], (96)

where A is a constant (correct to leading order in small k),
N =(\p+ )\Q)/k2 is a constant, and the time-dependent terms
in the exponential arise due to the turning of the wave vector
with time. In Eq. (96), the wave vector integral has been
separated into two parts, one of which is the magnitude of
the wave vector k and the other is the integral over the solid
angle d() of the orientation of the wave vector with respect
to a fixed axis. Note that the integral over the magnitude of
the wave vector is proportional to kP, where D is the dimen-
sionality of the system.

The integral over k can be explicitly carried out, to obtain

0
A
nw~ f dr(2m)™! f dQ — - .
: [Nk (t = vk, + Vhr13) 1P
(97)

Next, we evaluate the time integral in the above expression.
If the strain rate were zero, then the time integral would have
a logarithmic divergence in two dimensions and would have
a2 decay in three dimensions. However, when there is a
nonzero strain rate, this divergence gets cut off at 7~ 7! due
to the decrease proportional to #* in the long-time limit and
there is a much faster decay for > 7!, which makes a neg-
ligible contribution to the integral. Due to this, the viscosity
is found to be proportional to In(y) in two dimensions and
proportional to 7'/? in three dimensions. Quantitative results
can be obtained by calculating the above integrals exactly, as
was done in Ernst et al. [11] using a different procedure,
which was to solve differential equations in wave number
space at steady state. We have carried out numerical results
using the procedure outlined here and using the eigenvalues
(32) and eigenfunctions (A7) in Part I and verified that the
same numerical results are obtained.

The above results are valid only for k> €. For the domain
k<<e, it is necessary to use the eigenvalues (44) and eigen-
vectors (A10) in Part I. If we restrict our attention to the
leading approximation E© for the eigenvalues, then we ob-
tain, quite easily, the following result for the viscosity:

0
w= f f dt 250(1) {exp(So+S; —28,) + (- 1)*3
k v —x©

350(0)
Xexpl (- 1)*38y) + (= D38, = 28,]+ (- )*?
Xexp[(— 1)y + (- 1)*3S, - 25,1}, (98)

where S, S}, and S, are given in Eq. (44) of Part I. We have
also calculated the contributions to the normal stress differ-
ences and the total temperature due to correlations using the
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eigenvalues (44) and eigenfunctions (A10) of Part I and
found these to be zero.

In the limit k,— 0, the growth rates and the eigenvectors
of the hydrodynamic modes are given by Egs. (32) and (A7)
of Part I. In this case, the result equivalent to Eq. (98) for the
viscosity is

o0 t t 2
,u:j f dtlexp(f dt')\l(t’)) +exp(f dt')\z(t’))} ,
kJ0 0 0

(99)

where \; and A\, are given in Eq. (32) of Part L.

Equations (98) and (99) contain the velocity autocorrela-
tion functions in the x and y directions in Egs. (64) of Part I.
Therefore, the scaling behavior of these autocorrelation func-
tions obtained in Eqgs. (58) and (59) of Part I can be used to
estimate the integrals. The first point to note is that the lead-
ing order decay rate in the limit k— 0 is proportional to k%3
in Eq. (44) of Part 1. This is in contrast to the decay rate
proportional to k* for an elastic system and for the case k
> € in Eq. (96). Even in three dimensions, there is no mode-
coupling contribution from the transverse mode with eigen-
value Ay k? in Eq. (44) of Part 1. Therefore, the divergence
in the viscosity in two dimensions and the divergence in the
Burnett coefficients in three dimensions are not present for
an inelastic fluid. Equation (58) of Part I indicates that the
decay of fluctuations proportional to k%3 translates to a decay
in the velocity autocorrelation functions proportional to
P in a sheared inelastic fluid in the long-time limit. Even
in the gradient vorticity plane with k,— 0, Eq. (59) of Part I
shows that the autocorrelation function decays proportional
to P+, Therefore, the difficulties with divergences of the
transport coefficients are not present in an inelastic fluid. It is
important to note that the difference is due to the difference
in the nature of the hydrodynamic modes, and not due to a
significant modification in the expression for the viscosity; as
we have shown earlier, the Green-Kubo expression does ac-
curately predict the viscosity correct to leading order in an
expansion in the parameter €, provided the correlation func-
tions are calculated in the uniformly sheared state.

The second implication of Eq. (98) is that there could be
a significant modification in the viscosity, because of the
unstable nature of the hydrodynamic modes. It is clear that if
only the contribution S|, is retained in the exponentials in Eq.
(98), then there is a divergence in either one or two of the
exponential terms in the limit r— —o0, depending on the sign
of so. However, in the long-time limit, the term S, increases
proportional to #* due to the dependence of wave vector on
time, and this renders the integrals convergent for > 37!
However, the transient exponential increase would result in a
significant numerical contribution to the system viscosity.

VI. HIGHER-ORDER CORRELATIONS

The analysis of the previous section can be extended dia-
grammatically to equations for higher-order correlation func-
tions. Here, the particle coordinates are denoted by the Greek
subscripts «, B, etc. The notation F' SE is used to represent the
Chapman-Enskog solution for the single-particle distribution
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FIG. 1. Diagrams for the one- and two-particle correlation
functions.

function, which is the solution for the Boltzmann equation.
The effect of correlations is included by expanding the
single-, two-, and many-particle distributions as

fa=PF(1+84),
Fap=PFSFG (1 + 80+ 85+ 8up).

Fapy=PFEFGF (1 4+ 80+ 85+ 83+ 8apt 87+ Say
+gaﬁy)' (100)

The diagrammatic scheme that we use is as follows. First,
we consider the diagrammatic representation of the Boltz-
mann equation:

(6, + S )FSE = f Cod FEEFG. (101)
B

The diagrammatic representation of the above equation is
shown in Fig. 1(a). The open circle represents a “root node”
(distribution function F gE) which is not integrated over the
velocities of particle «. The square circumscribing F SE on
the left is the operator S, in Eq. (14), while the time deriva-
tive is shown by the superscribed circles. It should be noted
that d,(c) represents d,(FSF), which is equal to zero because
the single-particle distribution function is identically zero.
However, we retain this in the diagram in order to cancel out
the terms in the higher-order correlation function. On the
right-hand side, the open square represents a “field node”
(distribution function F gE which is integrated over), and the
line joining the root and field nodes is the collision operator.
So the symbol on the right-hand side of Fig. 1(a) represents
CoplFEEFEE]

The equation for the single-particle distribution function,
which includes the effect of correlations, is

PHYSICAL REVIEW E 79, 011302 (2009)

(&Z+Sa’)[FgE(1 +ga')] =J CaB[FSEFgE(l +ga/+g,8+gaﬁ)]-
B
(102)

This equation for the single-particle distribution function is
shown in Fig. 1(b). In this equation, on both the left- and
right-hand sides, a solid circle on the left-hand side repre-
sents F<fg .. It should be noted that the symbol d,(¢) is
a(F gE ), which is zero because g, is independent of time.
On the right-hand side, a solid circle represents and an open
square connected by a line represents [C 5 F CEp /C;Ega], and
a solid square and an open circle connected by a line repre-
sent [ gC g F CEFCEgB] while a solid circle and a solid
square connected by a line represent [ BCQB[FCEFCEgaﬁ]
Since all terms in the expansion are linear in the correlation
functions g, the number of solid symbols indicates the num-
ber of particles connected by the correlation without loss of
ambiguity. In Fig. 1(b), the terms enclosed in the dotted rect-
angles are identical to those appearing in Fig. 1(a), and so
these can be removed by subtracting the terms in Fig. 1(a)
from the terms in Fig. 1(b). With this, we are left with the
reduced equation, Fig. 1(c), which provides the reduced
equation for the single-particle correlation function:

(az+Sa)(FgE a)zj Caﬁ[FgEFgE(ga'l'gﬁ"'galB)]'
B

(103)

The complete equation for the two-particle distribution
function,

(0,4 Sa+ SPIFSFG (1 + g0+ 8p+ 8up)]

=[715(Xaﬁ)caﬁ[F§EFgE(l +ga+gﬁ+gaﬂ)]

+ f Cay[FgEFgEFgE(l +8at 8a+ 8yt apt Bayt &py
Y

+ga,87)]+f CBV[FSEFEEF(;E(I +8at8p+t 8yt 8up
y

+gay+gﬁy+gaﬁy)]’ (104)
is shown in Fig. 1(d). The diagrams on the left-hand side are
related to the terms in the above equation as follows.

(i) The first term on the left represents the time derivative
FCE(? (FCE) +FCE(9 (FCE)

(i1) The second represents the time derivative
F<tg .0, (FgE)+FgEgB(9,(F§E). Note that this is an unlabeled
diagram, which includes both terms.

(iii) The third term is the time derivative F CEo" (FgEgB)
+ FCE J ( FCE )

(1V) The fourth is the time derivative J,(F CEp CEgaB)

(v) The squares represent the S operator acting on the
terms on the left-hand side of the three-particle equation. The
fifth diagram on the left-hand side, which contains two open
circles with a square around one of the open circles, repre-
sents S, (F SEFZE)+S[;(F SEFEE). Since the operator S, acting
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on F gives zero (the coordinates of particles « and B are
1ndependent) this term can be factored as Fj CES (F CE)
FCE Sﬁ( FCE)

(V1) The sixth diagram on the left represents
S (FCEFCE §)+S (F EFgEga) This can also be written as
FCE 8pSa (FC )+FCE aSﬁ(FCE) since S, acting on FB gp
glves Zero.

(vii) The seventh diagram on the left is Sa(FgEFgEga)
+SB(FCEFB gp)- This can also be written as FgESa(FgEga)
+F§ES,3(FB gp), since S, acting on FgE is equal to zero.

(viii) The eighth diagram on the left is Sa(FgEFgEgaﬁ)
+Sp(FSFG g 0p).

On the right-hand side, there are collision terms involving
the two- particle distribution functions  C,gF,, CER CE]

aﬁ[FCEF 5 Fe ], and Caﬁ[FgEF "8.p). In addition, there are
three-particle terms with binary colhslons which involve the
single-particle, two-particle, and the three-particle correla-
tion functions. We consider the three-particle terms first,
since many of these terms are removed when a reduced equa-
tion for the two-particle distribution is derived.

(i) The 5th term on the right-hand side represents
I,C y[FCEFCEFCE]+f Cﬂy[FCEFCEFCE] Since the colhslon
operator C,., does not alter the distribution function F¢E By this
term can also be written as Fj CEf yCalFg LR CE]
+F [ ,Ca [FSPFSF.

(ii) The 6th diagram on the right-hand side represents
I Cal FEFGFS g 0+ [, Cp lFP P FFggl,  which can
alsoc be . gvntten as FgE f YCanlFg CEF CEg ]
+F [ ,CalFg F Fgp).

(111) The 7th d1agram on the right-hand side represents
i) CM[FCEFCEFCEg ]+f7 y[FCEFCEFCEg ], which can be
factored into F f Cm/[F FCEgy]+FC%f CBY[FCEFCEgy]

(iv) The 8th term on the right dlagram on the
right-hand side represents ) yCW[FgEF el sE s
+f gCﬁV[F CEFICBEFgE o), which can be factored into

gﬁf Cay[FCEFCE]+FCE af Cﬁy[FCEFCE]

(V) The O9th diagram on the right-hand side is
IV Cal FEFG F g g+ [, Ca LS F G F P8 o). These terms
can be simplified further, but it turns out that these terms are
retained in the reduced equation, and so we do not simplify
these further.

(vi) The 10th term on the right-hand side is
I Cak FEFG F P o))+ [, Cp [ F FG F g, ). This term
also appears in the final reduced equation, and so we do not
simplify this further.

(vil) The 11th term on the right-hand side is
IV Cal FEEFGFS 01+ 1 yCBY[FSEFgEIZEEg Byl ’l;lElisCEterm
can be . Esn?é)hﬁed to, Fg[,CalFa F, 80yl

+Fa L CalFg Fy 8]

(V111) The ﬁnal term on the right-hand side involved the
three-particle correlation function, and this term is of the
form [ Cay[FCEFCEFCEgaBy]+f7CBy[FSEFgEF§EgaBY]. In
the ring-kinetic approximation, this is neglected because it
involves the three-particle correlation function.

Now we discuss the cancellation of the terms in Fig. 1(d).
First, we add the first and fifth diagrams on the left-hand side
and then subtract the 5th diagram on the right-hand side to
obtain
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IFEFG) + (S, + S (FSTFGR) - J ColFSFGFSF]
Y

+ f CplF PG FST]. (105)
Y
This can be rearranged to provide
(et s - [ corerrn)
Y
+ F¢E (a,FgE +SH(FgF) - f Cﬁy[FgEFgE]> .
b%
(106)

It is easily seen that both the 1st and 2nd terms in the ex-
pression above are zero by comparing with the Boltzmann
equation (101).

Next, we add the 2nd and 6th diagrams on the left-hand
side and then subtract the 8th diagram on the right-hand side
to obtain

FG g pi (FSF) + FEEg 0 FGF) + Fg g pS o (FEF)

CE CE CE -CE
F gaSB(Fﬁ’ ) FB gﬁf Ca’y[Fa Fy ]
Y

- F¢g, f Cp[FGFS"]. (107)
Y

This expression can be simplified to obtain
FgEgﬁ(a,(F§E> +8,(FF) - f cay[FSEFiE])
Y

+F<E a(a,(FgE)+SB(FgE)— f CM[FEEFgE])
Y
(108)

It is clear, by comparing with the Boltzmann equation (101)
that the above expressions are zero. Next, consider the ex-
pression obtained by adding the 3rd and 7th terms on the
left-hand side, and subtracting the 6th, 7th, and 11th terms on
the right-hand side. The expression obtained is

FEEa(FS g, + FEo(FG ) + FGS (FSFg,)

+FSp(Fg gg) - Fg f ColFFF g,
Y

[ e - | CrEre)
Y Y

CE CE -CE CE -CE -CE
- F¢ J CplFp F, gyl = Co)lFy Fg F, 80yl
y

— Cp [FFEF gp,). (109)

It is easy to simplify the above expression to obtain
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FﬁE(az(FSEga) +84(Fe8a)

- f CoJFEEFSF (g, + 8, + gay)])

Y

+ F?( 3:(F,2Egﬁ) + Sg(FgEgﬁ)

Y

It is easy to verify that the above expression is zero due to
the reduced equation for the single-particle correlation func-
tion (103).

From the above simplification, it is evident that the dia-
grams with the superscribed dashed rectangles are those that
can be factored into the single-particle distribution functions
in Fig. 1(d). As mentioned above, the term with the super-
scribed dotted rectangle contains the three-particle distribu-
tion function g,g,. If this is neglected in the ring-kinetic
approximation, we obtain the reduced equation for the three-
particle distribution function, Fig. 1(e).

Using the diagrammatic method, we can write down some
rules for obtaining the reduced nth-order correlation func-
tion.

(i) All time derivatives with one or more open circles on
the left-hand side can be neglected, since they can be fac-
tored into terms that already appear in the lower-order distri-
bution functions.

(ii) All streaming terms with one or more open circles on
the left-hand side can be removed since they can be factored
into terms appearing in the equations for lower-order corre-
lation functions.

(iii) On the right-hand side, all collision terms involving
n+1 nodes which contain a collision connection between an
open circle and open square can be removed, since the col-
lision operator is acting on g functions of particles not in-
volved in the collision.

(iv) All collision terms involving n+1 particles which
contain an open circle not involved in a collision can be
removed, since it can be factored into two terms, one of
which is the FF of the open circle and the second of which
appears in a lower-order diagram.

(v) In the terms with n+1 nodes and n solid circles, there
are two diagrams which survive when the above rules are
applies; these are the diagrams in which the open circle is on
one of the nodes linked by a collision.

(vi) In the terms with n+1 nodes and n—1 solid circles,
there are no terms that survive; if the two open circles are
linked by a collision, they are removed due to rule (iii), while
if one of the open circles is not linked by a collision, it is
removed due to rule (iv).

(vii) In the closure approximation, the collision term in-
volving n solid circles and one solid square is removed, since
this represents the (n+ 1)th-order correlation function.

A further simplification is obtained by combining the
streaming operators on the left with the second and third
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FIG. 2. Diagrams for the two-, three-, and four-particle correla-
tion functions, (a), (b), and (c), respectively, in terms of the operator
L,
collision operators on the right. If we use the definition of the
operator L,,

La(lﬂ)=5a(¢)—J Corl(1+ P )(Fyp)],  (111)
Y

where P, is the “permutation operator” which changes the
index a to 7y. With this the equation for the single-particle
correlation function is considerably simplified,

p
(a_rJrL“)(FSE a):f ColFSFFSPg,, ), (112)
Y

and the equation for the two-particle correlation function is
given by

p
(5 +L,+ LB) (FgEFgEgaB)

zﬁ_lé\(xaﬁ)caﬁ[FgEFgE(l +ga+gﬁ+gaﬁ)]'
(113)

Diagrammatically, this simplification is shown in Fig. 2,
where the dashed superscribed rectangle on the left repre-
sents the operator L,. The transformation from S, to L, is
equivalent to removing two diagrams with n+1 nodes and
n—1 solid circles not connected by collision links and either
one open circle and one solid square connected by a collision
link or one open square and solid circle connected by a col-
lision link. Therefore, the only diagram on the right-hand
side with n+ 1 nodes is the one with n+1 solid circles. Equa-
tion (20), which is shown in diagram 2(a) with the last term
on the right neglected, is the repeated ring equation. If we
neglect the terms proportional to g,, gg, and g,z in the inte-
gral on the right-hand side of the above equation, we obtain
the simple ring-kinetic equation, which is a closed and linear
equation for the two-particle distribution function.

Figure 2 also shows the diagrammatic expansion for the
reduced three- and four-particle correlation functions. In the
equation for the n-particle correlation function, the simplifi-
cation of the diagrams with n+ 1 nodes was discussed above.
We now discuss the simplification for the diagrams with n
nodes for equations for the three-particle correlation function
and higher correlation functions. The diagrams with <(n
—1) nodes are also present in the equations for correlation
functions for <(n—1) particles, and so these terms cancel
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when the reduced equation is evaluated. The diagrams with n
nodes on the right can be simplified as follows.

(i) Any diagram with one open circle not connected by a
collision link can be factored into F°£ and a term in the
equation for the lower-order correlation function. Therefore,
these terms do not appear in the reduced diagram for the
n-particle distribution function.

(ii) Any diagram for n particles with two open circles
connected by a collision link is zero, since these can be fac-
tored into the products of the Boltzmann equation and the
(n—2)-particle correlation function.

With the above two rules, it can be verified that there are
only two diagrams with n nodes, one of which has n solid
circles and the second of which has n—1 solid circles and the
open circle with a collision link. The reduced diagrams for
the three- and four-particle correlation functions are shown
in Figs. 2(b) and 2(c).

We can now examine the most divergent of the higher-
order correlation functions. We first assume that the solution
of the two-particle (ring-kinetic) equation is valid and then
show that the contribution to the higher-order correlation
functions due to the most divergent part of the ring-kinetic
equation is zero. To do this, we examine the left- and right-
hand sides of the reduced equation for the three-particle cor-
relation function, Fig. 2(b):

FEFGTFSH (0,4 Lo+ Lg+ L))g gy
= ﬁ_l 5(Xaﬁ) CaB[FgEFgEFgE(gay + g,B‘y + gaﬁ'y)]
+ ﬁ_l 5(Xa'y) Cay[FgEF[C;EFsE(gaB + g,By + gaﬁ'y)]

+p! 8(xg,) Cﬁy[FgEFgEFgE(gag +8ay+ 8apy)]
+ f (Ca§+ Cﬁg‘l‘ C’y§)
3

X[FSEF}fEFgE(gaﬁﬁ Gapt+ 8pyet 8ayd)].  (114)
In the above equation, the inhomogeneous terms are the two-
particle correlations on the right side.

It is easy to show that these inhomogeneous terms are
zero in the leading approximation for the solutions of the
ring-kinetic equations. First, note that the solutions of the
ring-kinetic equation are of the type (gqy+8&g,)=Apo(&np
+&pp) €50, Where €,p and £gy are linear combinations of the
variables conserved in a collision. Therefore, in a term of the
type CoglF gEFgEF gE(ga7+ gpy]s &,0 involves a particle in-
dex which is not undergoing a collision and (&,p+&gp) is
unchanged in a collision. Consequently,
Caﬁ[FgEFgEFgE(gw+gM)] is zero if FSF and FgE are
Maxwell-Boltzmann distributions. This term is not zero,
however, if the distribution function is not a Maxwell-
Boltzmann distribution. However, in the limit e— 0, the cor-
rection to the Maxwell-Boltzmann distribution is O(e), and
therefore, the term CQB[FSEFEEFgE(gM+gﬁy)] is O(e)
smaller than g,,. Since the inhomogeneous term in the equa-
tion for the three-particle correlation function in (114) is
O(e) smaller than g, the three-particle correlation function
Zapy 1S also O(e) smaller than the two-particle distribution
function g,
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A similar procedure can be used for the four-particle and
higher correlation functions. The inhomogeneous terms in
the equation for the four-particle correlation function in Fig.
2 have collision terms with one solid and one open circle.
These terms are also of the form C,g[ F’ gE(gay§+ gpye)]- If the
three-particle correlations are in the form of products of col-
lisional invariants, then the terms of the form C,gF SE(gayg
+gp,¢)] are also zero if the single-particle distribution func-
tions are Maxwell-Boltzmann distributions. Due to the modi-
fication of the Maxwell-Boltzmann distribution due to the
mean shear, there are corrections to these terms of O(e); due
to these corrections, the four-particle correlation function is
O(e) smaller than the three-particle correlation function. The
same inference can be drawn for the higher-order correlation
functions as well. This indicates that the two-particle corre-
lation function from the ring-kinetic equation provides the
most singular contribution to the transport coefficients in the
limit e—0 (or y—0).

VII. CONCLUSIONS AND FUTURE DIRECTIONS

The ring-kinetic equation for the two-particle distribution
function was analyzed in Sec. II. The equation for the two-

particle correlation function has the form (&,+Zﬁ+l~,f3k)§aﬁ
=R, where the inhomogeneous term R is related to the first
term in the Chapman-Enskog solution for the Boltzmann
equation. The critical piece of insight used here was that the
largest contribution to the two-particle correlation function
results from products of the conserved eigenvectors of the

operators Zﬁ‘ and Efgk which have zero eigenvalues in the
limit k— 0. These are identical to the eigenvectors for the
linearized Boltzmann or linearized Navier-Stokes equations.
When this two-particle correlation function is substituted
into the ring-kinetic equation, we obtain a first-order differ-
ential equation in time for the two-particle correlation func-
tion, which also contains a derivative with respect to wave
vector due to the linear shear flow. Ernst et al. [11] solved
this equation, at steady state, by integrating in the wave vec-
tor coordinate. Here, we use a time-dependent wave vector to
get rid of the derivative with respect to wave vector and
carry out an explicit time integration in order to determine
the two-particle correlation function and the resulting correc-
tion to the single-particle correlation function. From this, the
stress is calculated by taking the appropriate second moment
of the fluctuating velocity.

Ernst et al. [11] used the ring-kinetic equation to calculate
the singular contribution to the stress in the limit y—0. In
our calculation, the strain rate y and the temperature are
related through the energy balance equation. In the elastic
limit e — 1, the strain rate y~ €( T/ N\), where T is the tem-
perature and N\ is the mean free path. Therefore, the expan-
sion for a sheared inelastic steady state is in the parameter e,
which provides the extent of inelasticity in the system. In the
time-integration scheme followed here, we show how the
higher-order terms can be evaluated; these turn out to be
functions of the higher-order Chapman-Enskog solutions for
the Boltzmann equation. In fact, the series can be explicitly
resummed, to obtain an equation (76), which is not valid to
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all orders in €, provided the solutions of the Boltzmann equa-
tion are known from the Chapman-Enskog procedure.

It was shown, in Sec. II, that the leading order solution for
the viscosity is identical to the Green-Kubo formula, pro-
vided the velocity autocorrelation functions are calculated in
the sheared state. Note that a definite phase-space distribu-
tion in the equilibrium (reference) state is assumed while
calculating the Green-Kubo formula, whereas we have made
no assumption about the phase-space distribution in the
sheared state. This is similar to the derivation of the
Maxwell-Boltzmann distribution from the Boltzmann distri-
bution, where the equal probability of microstates in the
Gibbs ensemble is not assumed in the calculation. The solu-
tion of the Boltzmann equation can be extended to systems
near equilibrium using the Chapman-Enskog procedure,
which involves an expansion in the ratio of the mean free
path and the macroscopic scale. In a similar manner, we have
shown how the most singular solution of the ring-kinetic
equation can be extended to higher orders in the parameter e.
We have also been able to explicitly resum the series to
obtain Eq. (76). The term (I%N —@ﬁLK%LN - on the right-
hand side of Eq. (76) also has the potential to provide an
specific interpretation of “jamming” or “slow dynamics” as €
increases. This is because a solution for the stress exists only
if the matrix (Z)}"-@F KY)) is invertible. If the determinant
of the matrix becomes zero for some value of e, it implies
that the stress is divergent even at finite strain rate, for which
the Chapman-Enskog solution for the single-particle distri-
bution function is finite. The matrix (Z%N - G)gLK%V ! de-
pends only on the hydrodynamic modes of the linearized
Boltzmann equation for a shear flow and is independent of
the strength of the corrections hg),hg), ... for the Chapman-
Enskog solution for the velocity distribution function. In ad-
dition, the matrices @K" and K% are functions of the type of
forcing through the operator S, in Egs. (61) and (71). A
steady shear flow has been used as the forcing in the present
case, but we have indicated how the analysis could be ex-
tended to other types of forcing. It is clear that if the matrix
(IMN-OFKY)) has a zero determinant, the divergence of
the stress response is specific to the type of forcing used.
Therefore, this represents a jamming or slowing down of the
sheared steady state, which is a nonequilibrium transition.
There is the scope for much further research on the nature of
this transition.

The results of Sec. II were used to calculate the stress
response of an inelastic sheared fluid. For an elastic fluid, the
results of Ernst et al. [11] were recovered by this procedure.
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For an inelastic fluid, we have explicitly calculated the renor-
malization of the viscosity. Due to the k*3 dependence of the
growth rate of the hydrodynamic modes, we find that the
correction to the viscosity due to correlations is O(e’?) in
two dimensions [in contrast to the In(€) dependence for an
elastic fluid] and is O(€'>*) in three dimensions (in contrast
to the €"? dependence for an elastic fluid). Therefore, the
viscosity is not divergent in two dimensions in an inelastic
fluid and the Burnett coefficients are not divergent in three
dimensions if the length scale is large compared to the con-
duction length. This indicates that the difficulties associated
with the long-time tails of the velocity autocorrelation func-
tion are not present in inelastic fluids.

It should be noted that the distinction between elastic and
inelastic fluids used here is rather artificial, and the real dis-
tinction is whether the length scale is larger or smaller than
the conduction length (\/€), where A is the mean free path
and e=(1-¢)"?. It is necessary to devise techniques to treat
these two wave number ranges within the framework or to be
able to use a matched asymptotic expansion for a smooth
transition from one wave number range to the other in order
to be able to obtain quantitative predictions. Though the con-
duction length is large compared to the microscopic scale for
€<<1, this distinction will not be clearly defined for real
granular materials for which e is not close to 1. Therefore, in
real applications, there will be very little distinction between
the microscopic scale and the conduction length, and it is
appropriate to use the eigenvalues and eigenfunctions ob-
tained for an inelastic fluid for calculating the transport co-
efficients.

The three-particle and higher correlation functions were
analyzed in Sec. III. An agreement between the Green-Kubo
formula and the leading-order solution for the viscosity from
the ring-kinetic equation implies that the higher-order corre-
lations may not result in a dominant contribution to the vis-
cosity. In Sec. III, we show explicitly that when the two-
particle correlation function is in the form of the product of
the eigenfunctions for the conserved hydrodynamic modes
for the two particles, the three-particle and higher-order cor-
relation functions are small compared to the two-particle cor-
relation function. Thus, the two-particle correlation function
obtained from the ring-kinetic equation provides the largest
contribution to the transport coefficients in the limit e— 0.
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