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Abstract. Using kinetic theory we analyse the fluctuations of the total internal
energy of a granular gas under stationary uniform shear flow, and find that they
are coupled to fluctuations in the different components of the total pressure
tensor. Explicit expressions for all the possible one- and two-time cross and auto
correlations of the fluctuations are obtained for the two dimensional case. For the
range of inelasticity considered, good agreement is found between the theoretical
predictions and Molecular Dynamics simulations.
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1. Introduction

A granular system can be defined as an ensemble of macroscopic particles (grains) that
collide inelastically, i.e. kinetic energy is dissipated in collisions. When the dynamics of
the grains can be partitioned into sequences of two-body collisions, the system is referred
to as a granular gas, and the reliability of a kinetic theory description is supported both
by experiments and computer simulations [1-5]. One of the models most frequently used
to study granular gases is the Inelastic Hard Sphere (IHS) model, the dynamics of which
comprise free streaming followed by instantaneous inelastic collisions. For this model, all
the techniques of kinetic theory can be applied [6]. In particular, in the low density limit,
the dynamics of the one-particle distribution function are given by the inelastic Boltzmann
equation [7,8], and the correlation functions obey a closed set of equations [9)].
Macroscopically it is known that, in many cases, the dynamics of a granular system
resemble those of a fluid. For dilute systems, hydrodynamic equations can be derived
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by applying the Chapman-Enskog expansion [10] or linear response methods [11-
13], obtaining explicit expressions for the transport coefficients. In all these studies,
the Homogeneous Cooling State (HCS) plays a particularly important role. This is a
homogeneous state in which all the time dependence in the one-particle distribution
function goes through the granular temperature (defined as the second velocity moment
of the velocity distribution). Due to the inelasticity of collisions, the temperature decays
monotonically in time [14]. Tt is known that, for a wide range of initial conditions, the
HCS is reached in the long time limit for isolated granular gases. Thus this state plays,
for granular gases, a role similar to the equilibrium state for molecular, elastic fluids. In
fact, the zeroth order of the gradient’s distribution in the Chapman—-FEnskog expansion is
a ‘local’ HCS [10].

Despite this analogy with normal fluids, there are important differences. Due to
the macroscopic character of the grains, a granular system typically contains far fewer
particles than a normal fluid. The macroscopic field fluctuations are therefore of special
relevance not only theoretically, but also from a practical point of view. Total energy
fluctuations have been studied in the HCS, and explicit expressions for its variance and
two-time correlation function have been obtained [9]. With some generality, Langevin-like
equations for the fluctuating hydrodynamic fields have been derived using the Navier—
Stokes equations [15,16]. Fluctuation—dissipation theorems of the second kind were not
present, i.e. the amplitude of the noise is not related to the transport coefficients.
However, the two-time correlation functions decay as a macroscopic perturbation so that
fluctuation—dissipation theorems of first kind hold [17].

The study of fluctuations in the HCS is of special relevance, because it serves as
a starting point for generalization to other states. By analogy with normal fluids, the
equations for the fluctuating fields can be written intuitively for states that are close to
the HCS. The deterministic part of the equations is the linearization of the macroscopic
equations around the particular state considered. The noise can be assumed to have the
same stochastic properties as that in the HCS but with the total fields replaced by the local
actual ones. This should be valid if the state is not far from the HCS, which is the case for
small gradients. This idea has been applied in [18] to calculate the total internal energy
fluctuations in the stationary Uniform Shear Flow (USF) state. This state has a uniform
density, a constant and uniform temperature, and a flow velocity with a linear profile.
Due to its simplicity, it has been extensively studied [19-24]. The theoretical predictions
of [18] were expected to hold only for small gradients. For the stationary USF state that
means small inelasticity, due to the coupling between gradients and inelasticity, which
is a characteristic feature of stationary states of granular systems. This work examines
fluctuations of the total internal energy in the stationary USF state using kinetic theory
tools. This permits analysis of the problem in general, without any limitation to small
inelasticity. In particular, differences from the “local” HCS results of [18] will be discussed,
extending these results to finite dissipation. It will be shown that the structure of these
fluctuations is more complex than expected, since they are coupled to the fluctuations
of the several components of the total pressure tensor. Finally, explicit results will be
obtained through a systematic and controlled expansion in the degree of inelasticity.

The plan of the paper is as follows. In the next section, the IHS model is described in
some detail, and the evolution equations for the relevant distributions are summarized.
These equations are applied to the stationary USF state in section 3, where correlations of
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global quantities are specifically considered. In section 4 we study fluctuations of the total
internal energy and show that they are coupled to the components of the total pressure
tensor. Section 5 is a complete study of all the fluctuations. In section 6 the analytical
predictions are compared with Molecular Dynamics simulations, finding, in general, a
good agreement. The final section contains some general conclusions and comments.

2. Kinetic equations for the model

The system we consider is a dilute gas of N smooth inelastic hard spheres (d = 3)
or disks (d = 2) of mass m and diameter o. Let X;(t) = {R;(t),Vi(t)} denote
the position and velocity of particle ¢ at time ¢. The dynamic state of the system,
I't) = {Xi(t),...,Xn(t)}, is generated by free streaming followed by instantaneous
inelastic collisions characterized by a coefficient of normal restitution, «, independent of
the relative velocity. If at time ¢ there is a binary encounter between particles ¢ and j, with
velocities V;(t) and V(t) respectively, the postcollisional velocities Vi(t) and V/(t) are

1
VI =V, - J;O‘(&-Vij)&,
14+a, . R
V; IVj‘i‘ 9 (O"Vl'j)O', (1)

where V;; = V; — V; is the relative velocity and ¢ is the unit vector pointing from the
center of particle j to the center of particle ¢ at contact.
Microscopic densities in phase space, Fy(xq,...,x,,t), are defined by

1L'1, 25 T — X (2>

y(1, o, ZZ&xl )]0[z2 — X;(t)], (3)

i=1 j#i

etc, where we have introduced the field variables, x; = {r;,v;}. The averages of the
microscopic densities over the probability distribution function, p(I',0), characterizing
the initial state, are the usual one-time reduced distribution functions

fs(x1, .. xe,t) = (Fs(x1, ..., 26, 1)), (4)
where we have introduced the notation

(©) = [ arc(ry(r.o). o)
Two-time reduced distribution functions can also be defined in terms of the microscopic
densities as

frs(@, .o ap txn, . ag, t) = (Fo(a, o @, ) Fs(aq, oo 26, 1), (6)

where it will be assumed that ¢t > ¢’ > 0. Evolution equations for the reduced distributions
can be derived from first principles [8,9], as for the elastic case [25]. The one-time reduced
distribution functions obey the generalization for inelastic collisions of the Bogoliubov,
Born, Green, Kirkwood and Yvon hierarchy, but its general application is limited because
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the equations are not closed. The same applies to the two-time reduced distribution
functions.
It is convenient to introduce correlation functions through the usual cluster expansion.

From the one-time reduced distributions, one-time correlations, gs(z1,...,xs,t), are
defined by

fo(@r, 0, 1) = fi(21,1) fi(w2,1) + golw1, 22, 1), (7)
f3(x1, w0, 3, 1) = fi(21,1) f1(w2, 1) fi(2s, 1) + fi(21,1)g2(72, 73, 1)

—|—f1($2, t)92($17 xs, t) + fl('r37 t)QQ(fEla T, t) + g3(x17 Lo, T3, t)v (8)
etc. Similarly, two-time correlation functions, h,s(x1,..., 2.t 21, ..., 24 t"), can be
defined. In particular, hy; and hy; are introduced through

fia(xe, t 2y, ) = fi(zy, t) fr(a, t) 4+ hog (o, 6 20, 1), (9)

foa(zr, o, t; 27, t) = fi(z, t) fi(ze, t) fr(z), t)+ go (1, 22, t) fr (2], T)

+ hl,l(:Ela ta x/17 t/>f1 ($27 t) + h1,1<x27 tv 'Z.lla Zfl)fl (1’1, t)

+h2,1(x17x27t;x,17t,)' (1())
In the low density limit and for distances much larger than the diameter of the particles,

a closed set of equations for fi, g» and hy; is obtained [9,25].
The one-particle distribution function satisfies the inelastic Boltzmann equation [7,§]

0
5+ 20| s, t) = T 1] (1)
where we have introduced the free-streaming operator
0
7, — vy —— 12
(@)= V15 (12)

The collisional term reads

Sz, b f1] = /d$25<r12)To(V1, vo) fi(x1,t) fi(xe, 1), (13)
with the binary collision operator, Tj, given by

To(v1, va) = 0! / d6:0(vis - &) (via - &)a~222(1,2) — 1], (14)

Here o = 06, do is the solid angle element for &, vis = vi — vy, O is the Heaviside step
function and the operator b_'(1,2) replaces all the velocities v; and vy appearing to its
right by the precollisional values vi and v3,

. I+a, . .
vi=b 11,2 v = v, — 50 (6 -vi)o,
1
vy =0.1(1,2)vy = vy + i a(é‘ V12)0. (15)

The equation for the one-time correlation function in the low density limit is

0
— + LO(2y) + LO(x5) — Kla1, t|f1] — Klxa, 1] | g2(z1, 22, 1)

ot
= 0(r12)To(v1, va) fi(z1, 1) fi (29, 1), (16)
doi:10.1088/1742-5468/2014,/09 /P09024 5
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where we have introduced the linear operator

Kz, t|fi] = /d$35(ri3)To(vi,V3)(1 + Pi3) fi(x3, ). (17)

The operator P;; interchanges the labels of particle ¢ and j in the quantities to its right.
Basically, equation (16) shows that velocity correlations between particles with velocities
vi and vy are generated by uncorrelated collisions, implying particles with velocities v;
and vy through the right hand side of equation (16), and correlated collisions implying
two particles with velocities vi or vy and a third particle with velocity vs through the
linear operator K.

Finally, consider the two-time correlations. In the same limit, the following equation
for the first of these is obtained

0
i LO(2y) = Klay, t] f1] | b (zy, 525, 87) = 0. (18)
This equation has to be solved with the initial condition
hl,l(x17 t/, Ill, t/) = fl (Q?l, t/)é(lll — I‘ll) + QQ(SL’l, 23/1, t/), (19)

that follows directly from the definitions in equations (6) and (9). If we consider states
with a one-particle distribution function, f;, very close to a given reference distribution,
f1, the difference of both distributions, ¢ f; = f; — f1, fulfils to linear order

% + LO (1) — Ky, 1| fi] | 0 f1(w1,8) = 0, (20)
where K is given by equation (17). The structure of these equations is important because
it shows that the two-time correlations in a given state decay in the same way that a
linear perturbation of the one-particle distribution function around this state decays.
This is because the linear operator governing the dynamics is, in both cases, the operator
K given by equation (17). Of course, although the initial condition of equation (20) is free
(the only restriction being [0 f1(x1,t')| < fi(x1,t')), the initial condition for equation (18)
is given by equation (19).

3. The stationary uniform shear flow state

In this section we will apply the equations of the previous section to the stationary USF
state. At a macroscopic level, this state is characterized by a uniform number density, n,
a stationary temperature, T, and a constant velocity field with a linear profile, u, = ayé,,
where a is the constant shear rate and &, is a unit vector in the direction of the z-axis
(the subindex s has been introduced to label the state) [20-23]. In this stationary state,
cooling due to collisions is offset by viscous heating

2a
dng
where P,, s is the 2y component of the stress tensor and (s is the cooling rate. For a

hydrodynamic description, P,, s and (s have to be expressed in terms of the hydrodynamic
fields, ns, Ts and ug, and their gradients, i.e. the shear rate, a [10,26].

ny,s = CsTsa (21)

doi:10.1088/1742-5468/2014/09/P09024 6
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The steady USF state can be studied using kinetic theory. The definitions of the
hydrodynamic fields in terms of the one-particle distribution function are those usually
employed in kinetic theory

n(r,t) = /dvfl(a:,t), (22)

n(r, Hu(r, £) = / vy f, (2, 1), (23)

d
e, )T (1) = / v v~ e O (o ) (24)
The expressions for the pressure tensor and cooling rate are [10]
t) = m/dv[vi —u;(r, t)][v; — u;(r, t)] fr(x, ), (25)
and
_ (d=1)/
() = s [ [ vl nhe 0. @0

The Boltzmann equation admits a normal solutlon of the steady USF type, i.e. a solution in
which all the space dependence arises from the hydrodynamic fields and all their gradients.
As the only space-dependent field is linear, the distribution function can be written in a
particularly simple form

fUSF(ryv) = fs[v_us(r)ansaTs7a]' (27>
By substituting this expression into the Boltzmann equation, it follows that
Wiy Fi(Vi) + [ AVATU(VL VIV (V) =0 (28)
1z

where we have introduced the peculiar velocity V = v — u,(r), and we have omitted the
explicit dependence on the hydrodynamic fields and the shear rate in the distribution
function. Note that the form of the distribution given by equation (27) implies that the
system is homogeneous in the Lagrangian frame of reference. Although the exact solution
of equation (28) is not known, many approximate solutions are available [20-22, 24]. In
this work we will consider the ¢ = (1 — a?)/? expansion of the Jenkins and Richman
approximation up to order €2. The specific form of the distribution will be given below.
It is convenient to perform the following change of variables

{r,v,t} — {£€(r,t) =r — ayté,, V(r,t) = v — ayé,, t}. (29)

The steady USF state is usually generated in particle simulations using Lees-Edwards
boundary conditions [27] and, as stressed in [28], these become periodic boundary
conditions in the new variables. As the Jacobian of the transformation is unity, the
function

fe, VvV, t)= filr(£,t),v(€,V, 1)t (30)

is the actual distribution function in the new variables. Consider situations very close to
the stationary USF state, in such a way that the deviations, 6f(£, V,t) = f(£,V,t) —

doi:10.1088/1742-5468/2014/09/P09024 7
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fs(V), are assumed to fulfill the condition [6f(€, V,t)| << fs(V). To linear order, §f
satisfies

%(5f(£,vl,t) = H(L,V,1)0f(€,V,t), (31)
where
H(,V t)ZL(V)—V-g—aﬂi—l—aﬂ/i (32)
R Yoe Yo, Yor,

is an inhomogeneous linear operator with
_ 0
L(V1)h(Vy) = /dVQT()(Vl,VQ)(]. + Pio) fs(V1)h(V3) + aVlyWh(Vl). (33)
1z

Note that, in contrast with the free cooling case [11-13], the inhomogeneous term in
equation (32) is time dependent.

Consider now the one-time and two-time correlation functions in the steady USF state,
gousr and hy jusr respectively. In the new variables, the equations for

Gs(€1,V1,£2,Va) = gousr(r1, 12), (34)
and

hs(1, V1,t;€2, Vo, t') = hyyusr (21, 4 22, 1), (35)
are
[H(€1,V1,t) + H(€y, Vo, )] Gs(€1, V1, £, Vy) = —6(€12)To(V1, Vo) fo(V1) fo(V3), (36)

and

%hs(fl,vl,t;emvmt,) = H(1,V1,t)hs(£1,Vy,t;€5, Vo, t'), (37)

respectively. This last equation has to be solved with the initial condition (see
equation (19))

hs (El, Vl, t/; EQ, Vz, t,) = fs (V1)5(£12)5(V12) + Gs(ﬁl, Vl, »82, V2) (38)
Equations (36) and (37) describe one- and two-time two-particle correlations. Basically,

they depend on the one-particle distribution function, which is assumed to be known, and
on the linear operator defined by equation (33).

3.1. Global correlations

As the general problem is quite complex, we will focus on a simplified problem: the
study of the correlations between global quantities. In order to deal with dimensionless
distributions, we introduce the dimensionless velocity

A\ 2T,
c=—, Vg =4/ , (39)
Vg m

through the thermal velocity in the stationary USF state, vy, and the dimensionless time

s = %t, A = (n,o?™h), (40)

with A proportional to the mean free path. In terms of these units, we define the
dimensionless distributions. The scaled one-particle distribution function in the steady
USF state is

x(c) = ,%Zfs(V), (41)

doi:10.1088/1742-5468/2014/09/P09024 8
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the integrated deviation of the one-particle distribution function around the steady USF
state is

d
xle.s) = 2 [ aesf(e Vo) (42)
the dimensionless marginal one-time correlation function is
02
¢(01,Cg) = ﬁ /d£1 /d£2G5(£1,V1,£2,V2), (43)
and the dimensionless marginal two-time correlation function is
2d
w(Cl, Co, S — 8,) = 1;; /d£1 /dﬂghs(el,vl,t;EQ, V2,t/). (44)

For homogeneous states in the Lagrangian frame of reference, the evolution equation
for dx, obtained by integrating equation (31), reads

%6)((@ s) = A(c)ox(c, s). (45)

The operator A will be called the linearized Boltzmann operator which is a dimensionless
form of the linear operator defined in equation (33), i.e.

9 e, (46)

Cly —
y@clx

Ale)h(er) = / desTy(cr, es)(1 + Pra)x(er)h(cs) + s

where T v is the dimensionless counterpart of T

To(Cl, CQ) = /dé’@(c12 . &)(Clg . 6’)[04*21);1(1, 2) — 1], (47>
and
Aa
G. = — 4
s =" (48)

is the dimensionless shear rate.
The equation for the one-time correlation function is

[A(er) + Ale)]g(cr, c2) = _TO(Cla ca)x(c1)x(ca), (49)
and the evolution equation for the two-time correlation functions is

0

9s (c1,€2,8) = A(cq)Y(cy, 2, 5), (50)
to be solved with the initial condition

¥(cr, €2,0) = x(c1)d(crz) + @(ci, €2). (51)

Note the strong analogy between equations (49) and (50), and the equivalents in other
granular states (such as the homogeneous cooling state [9]), or other granular systems in
which the particles are accelerated by a stochastic force [29]. The analogy is also evident
with other dissipative systems [30], where the linearized Boltzmann collision operator,
A(c), always plays an essential role in the structure of the global correlations.

doi:10.1088/1742-5468/2014/09/P09024 9
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3.2. Correlations between global quantities

Correlations between global quantities can be evaluated using the distributions we have

introduced above. Consider quantities of the form
N

A(t) = Za[Vi —u(Ry)] = /dr/dva[v — uy(r)|Fy(z, 1), (52)
i=1
where a is supposed to be a homogeneous function of degree 3, i.e. a(kc) = k’a(c). The
deviation around the mean in the steady USF state is

SA(t) = A(t) — (A(t)) = / dr / dva(V)SF(z,t), (53)
where

0F (z,t) = Fy(x,t) — fusp(z). (54)
Correlations between the fluctuations of two different quantities, A; and As, of the form
given in equation (52) can be expressed as

<(5./41 5./42 /drl/dvl/drg/dVQal V1 CZQ Vg)hl 1USF($1>t .772,75). (55)
In writing this expression, we have made use of the following:
(0F (z1,t)0F (22,)) = h1yusk (w1, 5 22, 1), (56)

Expressing the integrand of (55) in terms of the dimensionless distribution defined in
equation (44), yields

(0AL()0A (') = Nt /dC1/dCzal(Cl)az(%W(ChC%S =), (57)

where (3; and (3, are the degrees of homogeneity of a; and as, respectively.
The expression for the one-time correlations is obtained by making s=s" in
equation (57). Taking into account equation (51), it follows that

(5L (£)5 As(8)) = NP+ [ / deay (¢)a / de, / deaas (e1)as(cs)d(cr, o) | - (58)

4. Fluctuations of the total internal energy

At a microscopic scale, the total internal energy is defined as
N

m
E(t) =) S [Vi—u(R)P, (59)

i=1
it is thus a quantity of the form introduced in the previous section. We identify,
a(V) = 2V?, that is a homogeneous function of degree two. Using equation (58), we get

(6E%(t)) = mI2N {/ dec*y(c /dc1 /dc20102¢ C1,C2):| : (60)

Since the distribution y is assumed to be known, we only have to evaluate the velocity
moment of ¢ that appears in the right hand side of equation (60). To do this we follow
a method based on the analysis of some spectral properties of the linearized Boltzmann
collision operator, A [9,29,30].

doi:10.1088/1742-5468/2014/09/P09024 10
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4.1. Spectral properties of A

In order to identify some modes of the A operator, it is necessary to introduce the time-
dependent USF state [31,32]. As for the stationary USF, the time-dependent state is
characterized macroscopically by a constant density, ngy, and a time-independent flow
velocity, uy(r) = ayéy. The temperature, Ty (t), remains homogeneous, but is time-
dependent. The subindex H distinguishes it from the stationary state labelled as s. By
dimensional analysis, if a normal distribution function for this state exists, it has the form

fu(V.t) = mf;dx(c,a» (61)
where

e V[T a

_vH(t)’ H(t) o o (D) (62)

We are using the same notation for the time-dependent scaled velocity V /vy (t) and for
V /us but this will not cause any difficulty. At long times , this distribution tends to the
stationary one

x(c,a) — x(c, as) = x(c), (63)
and the quantities vy (t) and a tend to their stationary values v, and a, respectively.
Consider the family of states given by equation (61) with the restriction of being close
to the stationary USF state. These states are characterized by the two parameters

on oT
= — = —. 64
ng’ T, (64)
It is assumed that the deviations
om=nyg —n,, 01 =Tyxg—Ts, (65)

are small, i.e. |0n| < ns and |0T| < Ts. Global perturbations in the velocity field are not
considered since we are always working in the frame of reference where total momentum
is zero. We do not include states with different shear rates, a, because we want all the
states to be generated by the same boundary conditions. Performing an analysis similar
to that in reference [33], the following evolution equation for ¢

df(s

P _ oz o), (66)
is obtained in appendix A. As the total number of particles does not vary, p is constant
and we can identify the normal mode [2p + 6(s)]. The eigenvalue

((as) a?dP, . a,d¢,.
= - 7 s) T & 7~\Us), 67
V=T T g ) T g (@) (67)
is expressed in terms of the dimensionless pressure tensor
Pl“y<&) =2 / dCCszX(Ca &)7 (68)

and the dimensionless cooling rate

rld=1/2(]
fa) = / dey / deschyx(er, @)x (e, d), (69)

2dF
in the time-dependent USF State Equatlon (67) is equivalent to that derived in [34] and
to that of [33] for the case p = 0. An expllclt formula for v as a function of the inelasticity
can be written using the expressions P, and C (as) of the BGK model studied in [32], and
neglecting the contribution proportlonal to dC /da.
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4.2. An invalid approximation

Let us rewrite equation (66) in a way that suggests the approximation to be analyzed in
the following. Define the scalar product

(h(e)lg(c)) = / deh*(c)g(c), (70)

the star denoting the complex conjugate. The deviations p and 6 can be expressed in
terms of oy as

. / deox(c,s),  O(s) = / de (2,;2 _ 1) 5x(c, s), (71)
and then
20+006) = [ de (e +1) oxte.s) = @0lsxte. o), (72)

where we have introduced

- 2

&(e) = C—Zc2 + 1. (73)
By taking the scalar product with & in equation (45), one obtains

d - ~

3 (Ce(e)lox(e, 5)) = (&a(c)[A(c)ox(e, ). (74)

Comparing this equation with the evolution equation for 6, equation (66), it is seen that,
for §x which belongs to the biparametric family of functions of time-dependent USF states
that are closed to the stationary USF state, (& (c)|A(c)dx(c,s)) = —7{&(c)|dx(c, s)). It
is consistent to consider the approximation

(&2(c)|A(c)g(c)) = —v(&a(c)lg(c)), (75)
for any function, g(c). This is, essentially, the approximation used to calculate the
fluctuations of the total energy in [9,29,30]. Let us also mention that, in the free-cooling
case, the equivalent of equation (75) is an exact property for Maxwell molecules [35].

However, it will be shown that equation (75), although consistent with linear
hydrodynamics, is not consistent with the equation for ¢, equation (49). We initially
see that some velocity moments of ¢ can be exactly related to velocity moments of the
one-particle distribution, y. As the total number of particles, N, does not fluctuate, it is
evident that

(ON(t)0A(t)) =0, (76)
for any fluctuating quantity, A. If, in addition, A can be expressed as in equation (52),
we have

(ONOA(L)) :stﬁ [/ dca(c)x(c) +/d01/d02a(01)¢(cl,02) ) (77)
and it can be concluded that

/dcl/dC2a<C1)¢(C1,C2) = —/dca(c)x(c), (78)

for any homogeneous function, a(c), of degree 3. With this result we can easily calculate

the component
2

Glenlotenen) = - [ac (% 1) xie) = -2 (19
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On the other hand, the integral can also be evaluated by taking the scalar product with
& in the equation for ¢, equation (49), obtaining

(E(e)|éler, 0)) / de; / de, (— + 1> To(c, &) x(er)x(e) = i (80)

where the expression of C, equation (69), has been used, and we have introduced
the notation (; = ((as). It follows that the approximation (75) is inconsistent with
the equation for the correlation function, equation (49), because it predicts a result
for (&(c1)|¢(c1,c)) which differs from the exact one given by equation (79). The
approximation is not even valid in the elastic limit since v ~ ( in that limit. In fact,
when (§E?) is calculated using the approximate expression (c2c3|¢(ci,cy)) (evaluated
using equation (75)), the result disagrees with those of [18] even for @ — 1. This is not
surprising, since the approximation is not valid in the elastic limit either.

4.3. A valid approximation

As the previous result is clearly unsatisfactory, it would be desirable to find an
approximation that is consistent with both linear hydrodynamics and the equation for
the correlation function. Note also that the linearized Boltzmann operator, A, given by
equation (46), contains a term of the form ¢,0/0c, which mixes the subspace generated by
¢* with ¢,c,. It cannot therefore be expected that (& A =~ —(&,] is a good approximation
in general. In fact, the operator c¢,0/0c, leaves invariant the 4-dimensional subspace
generated by {1,¢% c,cy, )} and, for Maxwell molecules, the left eigenfunctions of A
are linear combinations of these 4 functions [36]. With this in mind, we will seek a
generalization of approximation (75) taking as a possible candidate for & a function
in the subspace generated by {1,c?, c,cy, ¢ y} To identify it, we consider the evolution
equations for the homogeneous pressure tensor components of references [22,24]

Ty
ot

OPWH
ot

0P,

% (ﬁl/H + CH) yy,H — ﬁnHVHTH = 0 (83)

where we have introduced the subindex H to indicate that we are considering only
homogeneous situations. The cooling rate can be expressed as

_vrr oz V271d=02(1 — o?)
CH - TCS? Cs - dF(d/2) )

where (, coincides with ¢ (as) calculated in the Jenkins and Richman approximation to €
order, vy is the collision frequency

+ CHTH + ny,H = 0, (81>

2a
dnp

(BVH—i_CH) xyH+CLPyyH 0 (82)

(84)

gy (d—1)/2

T V2(d+2)I(d/2)’

and (3 is a parameter to be specified later on.

VH
vy = TZ,

doi:10.1088/1742-5468/2014/09/P09024 13
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Equations (81)-(83) admit a stationary solution. Defining the dimensionless
components of the pressure tensor in the stationary state

. P.
Pi s = = ) 85
j: nsTs ( )
one obtains [22,24]
. d¢, =
Py, = — § v Byys = 5~ : (86)
2a3 5 + Cs

The dimensionless shear rate is

=/
i = 25; (6 " %) | (87)

from which the stationary temperature can be evaluated through v, = Aa/a,. Note that
all the expressions can be expressed in terms of §S and [.

The set of equations (81)—(83), plus the trivial equation for the total density, can
be linearized around the stationary state characterized by n,, Ty and F;; 5. Defining the
dimensionless deviations of the pressure tensor as

P.— P.
Y 88
J nsTs ’ ( )
we obtain the following set of linear equations
d
%y(s) + My(s) =0, (89)
for
A
O(s
_ : 90
Y ny(s) (90)
Hyy(s)
where we have introduced the matrix
i 0 0 0 0 i
3 . 2(s
—(s (Bz+C,) gz 0
M = —1, (91)
dCsﬁZ dCsﬁZ = dCs
\/ 5= Gtpz (B0 g5
_62 Cs + 62

that, again, is expressed in terms of ¢, and 3. Taking the explicit value of § evaluated in
Grad’s approximation [24]

5:130‘{1_612;1(1—04)], (92)

the matrix is expressed in terms of the inelasticity alone, «.. In this way, equation (89)
becomes a set of linear differential equations for the deviations, y, defined in equation (90),
where all the coefficients of the matrix M are known functions of the coefficient of normal

doi:10.1088/1742-5468/2014/09/P09024 14
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restitution, o. This is the generalization of equation (66) that we sought. The eigenvalues,
{\:}L,, and their corresponding left eigenfunctions of M, {v;}}_,, fulfill
V; M = /\iVZ', (9?))

and can be calculated with Mathematica. As the expressions are very long, here we write
only the expansion to €* order for d = 2

T, 3 Ty
—= ~ - - - - 4
)\1 0, )\2 26 4\/?6, (9 )

1 T 1 T 19
~ | V2m+ =4/ = 2 i P S R T 23 = \*
As ( 2\/26 4\/?6 ) ! (\/_6 64° ) s A=A (95)

The corresponding left eigenfunctions to the same order are

vy = (1,0,0,0), (96)
72 17t 112 23¢* 1163
~(4— — 2 — —V?2 2 97
Vo ( 2 + 4 ) 4 + 8 ) \/_6 + 8\/576 ) ) ( )
€2 €2 67¢* € 19¢3
~l-1—- =+, -1+—= 1 98
Ve ( > T +16+128’4\/§+64\/§’) (58)
( 3 € N 753 ] €2 1841t >
—1 ) Yy T AT T T o1aa )
227 2v/2  128V2 64 8192
vy = V3. (99)

Note that, as equation (81) was the starting point for the derivation of equation (66), Az
can be expressed similarly to 7,

py= 0 Gl (100)

Here we do not have the % contribution since it was neglected from the outset.
With the aid of the left eigenfunctions, the normal modes of equation (89) can be
easily written as

Z; =V y =vjp+ 020 + vzl + vjall,,, (101)
where vj; is the i-th component of v;. Now, we can identify the functions, {&(c)}L,,

&i(e) = & + &nl® + Eisacy + fi4C§7 (102)
such that

(&(e)lox(c)) = =;. (103)
Taking into account equation (71) and

IT(s) = 2 / decie;ox(c ), (104)
we can identify

&i(e) =1, (105)

_ 2

fg(C) = (U21 — 1)22) + C_ZU22CQ + 2’02301,0y + 2’02405, (106)
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_ 2
&3(c) = (va1 — vs2) + ZZU?’QCQ + 2u33c,cy + 2@32/’ (107)

&i(c) = &(e). (108)
Note that while the coefficients {vy;}]_, are real, {vs;}?_, have an imaginary part. Then
the real and imaginary parts of A3 and &3 are introduced through

Az = A+l (109)

&(c) = &'(c) +1&3(c). (110)
In appendix B it is shown that the approximation

(&(0)[A(c)g(c)) = —Nil&i(c)lg(c)), i=2,3,4. (111)

is consistent with the equation for the correlation function, equation (49). Taking the
scalar product with {&}?_; in equation (49) an identity is obtained. Therefore, in contrast
with approximation (75), the approximation given by equation (111) is fully valid, i.e.
it is compatible with both linear hydrodynamics and the equation for the two-particle
correlations.

To summarize, we have identified four modes. The first one (with the null eigenvalue)
is trivial because it is that associated with the total number of particles. The second
eigenvalue, Ay = 7, vanishes in the elastic limit and is the one associated with the slowest
excitations (at least in the elastic limit). For this reason, the second mode, =, will be
referred to in the following as the hydrodynamic mode. The last two modes (one is the
complex conjugate of the other) decay faster and will be called kinetic modes. Note that,
although we have extended the number of fields to describe the excitations of the system,
the number of slow modes remains the same (i.e. we have not adopted a kind of extended
hydrodynamics approach as could at first seem to be the case). Of course, these results are
consistent with the ones of section 4.1. We obtain the same eigenvalue and, although the
associated eigenfunctions are different, both modes are equivalent in the correct subspace.
The differences in the modes are not important at the level of macroscopic hydrodynamics,
but they are crucial at the level of two-particle correlations and, therefore, for identification
of the correct fluctuating hydrodynamic equations [18].

Let us evaluate the fluctuations of the total energy using the approximation given
by (111). This can be done by taking the scalar products with (£ (ci)&;(cs)| in the
equation (49) for i, j = 2,3, 4, but, in contrast with the previous cases, these fluctuations
are coupled to those of the pressure tensor. We will nevertheless see that this coupling
disappears in the elastic limit (restricting ourselves to d = 2). In effect, multiplying
equation (49) with (&(c;)é(cy)| one obtains

27(&(c1)éa(ca)|d(er, ) = —(Ex(e1)éa(ez) | To(er, ea)x(cr)x(e2)), (112)

where approximation (111) has been used. For d = 2 and for leading order terms only
(€% order in this case), we have

a(en)a(ea) 6(cr, c2)) ~ \/%«2 £26)(2 +262) B(er, ©2))

T 9

= \/;e [4(ci 3| o(c, ca)) — 12] . (113)
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The relation (78) has been used to evaluate

/dClqb(Cl,Cg) = /dclc?¢<C1,C2) =—1. (114)

The right hand side of equation (112) is evaluated in appendix C using the e expansion
of the Jenkins and Richman approximation, obtaining

<52(C1)52(C2>|T0(017CQ)X(CI)X(C2)> ~ —16v2me’. (115)
By introducing equations (113) and (115) into equation (112), we have
llm(0102]¢(c1,c2)> = —1. (116)

Finally, taking into account equation (60), we can calculate the elastic limit of

N<<6§>22> [/ dectx(c /dcl/dc20102¢ cl,cz)} — 1, (117)

consistently with the results of [18].

5. Fluctuations of the relevant global quantities

The structure of the modes derived above implies a coupling between the fluctuations of
the total energy and the fluctuations of the pressure tensor for finite e. In this section,
all these cross correlations will be evaluated. The fluctuating total pressure tensor is
defined as

) Em/dr/dVV;VjFl(m,t), (118)

and its deviation can be written in the form indicated in equation (53). The correlations
between 6€ and §P;; can be calculated with the aid of equation (58), obtaining

2
(0E(t)oPi;(t)) = m?Nv;l [/ dec?cicix(c /dq /dC2C1021C2]¢ cl,cg)] (119)

and analogously

<(5'Pw(t)(573nm(t)> = ’fnZ.ZVU;JL [/ dCCiCanCmX(C> +/ dCl/ dCQCliClj02n02m¢(C1,C2):| . (120)

This expression involves the first velocity moments of the correlation function, ¢. It is
convenient to introduce the following notation

1
b(c) = , (121)

CaCy

2
Cy

allowing the moments to be expressed in the following matrix form
Cy = [ der [ desbifenpfealoer,ea) (122)
that is trivially symmetric, i.e. Cj; = Cj;.
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The moments {C}; };*:1 can easily be calculated because the total number of particles
is conserved. Taking into account equation (78), we get

1~ 1

Chn=-1, Cp=-1 Ci= —épxy,s’ Cu = _§pyy78' (123)

To calculate the other Cj; the scalar product (£;(c;);(cz)| is taken in equation (49) and
the approximation (111) introduced, obtaining

(A + X)) (&(e)(e)[d(er, 02)) = (Ei(er)§j(ea)|To(er, ea)x(er)x (), i, = 2,3,4. (124)
Actually, there are only 6 independent equations, because of the relation between the

third and fourth modes. As the scalar products (£;(c;)E;(ca)|p(c1, c2)) (see equation (102)
and (122)) can be written in terms of the C;; coefficients through

(Gi(c1)&i(ca)ld(cr, ca)) ngfﬂaw Z (Eir&si + Eulr) O, (125)

k>1=1
equation (124) defines a linear system of six equations for the six unknown coefficients
{Cys, Ca3, Cay, Cs3, C34, Cay} (remember that {C;}]_, are known).

The calculations leading to expressions for the coefficients C;; are detailed in
appendix C. Since the (&(cl)f](cg)\To(cl, c2)x(c1)x(ce)) are evaluated using the Jenkins
and Richman distribution function for d = 2, in the following all the results are restricted
to this dimension. To order €* the expressions obtained are

27 5 1 51
Chp = —1+4 2L Cps= —2e, Oy = —= + =¢2
22 + 326 ) 23 8\/567 24 5 + 646
23, 5 1 145
BT Tos6 0 UM T eval M T 1T s (126)

The one-particle averages that appear in the equations of the fluctuations,
(bi(c)b;(c)|x(c)), can be calculated to the same approximation, obtaining

4 _ 1 2 2 _ 2 2 _ 1 2
() =24 5 (e lx(e) = g (Pe) = 1- 3¢,

2 2 3 __ig c4c:§ _e2
{czcylx(c)) {cacylx(c)) = ok (eylx(e)) =1 (1 —€). (127)

To express the final result in a compact notation it is useful to introduce the matrix
elements

1
:Z<1 + 62)?

/dCl/dCQb (31 C2)¢(C1,C2,0) <b( )b](C)|X(C)>+CU(]_28)

By substituting equatlons (126) and (127) into the equation above, the expansion
including terms up to €2 of B(0) is obtained,

[0 0 0 0 ]
199¢2 Te 1 19¢2
0 1+ -4+
64 8\/‘ 2 64
B(0) = | Te 1+ 412 G (129)
8v/2 4 256 16v/2
0 1 N 19¢2 Te 1 4762
i 2 64 16v/2 2 256 |
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Finally, taking into account equations (128), (60), (119) and (120), we can express all the
correlation functions in terms of B;;(0),

(5€2(1)) = - NviBn(0),  (3E(1)5Pxy (1)) = 5-NviBus(0),

(OE(FP,(0) = " NiBa(0), (5P, (1) = m*NolBig(0).
(0Py (t)0Pyy (1)) = m*Nu; B3y (0),  (0P;,(t)) = m*NuvgBys(0). (130)

It is worth remarking that, although the system has been solved consistently to €2 order,
the expressions for the correlation functions are not the exact power expansion of the
correlation functions. This is because the Jenkins and Richman approximation to €2 order
is not the exact expansion of the distribution [21].

Finally, let us calculate the two-time correlation functions between the global
quantities already considered. Using equation (57) we arrive at the generalization of
equations (60), (119) and (120) for two-times

2
(BEME()) = TN} / de, / des2cip(cr, 0ni 5 — 8, (131)
2
(BEDIPy () = "o N! / de, / descaicagb(cr, ca, 5 — ), (132)
N m? 4 2 /
(0P (1)0E(t)) = TNUS dey [ degericrjesip(cs, coys — 8'), (133)

<57DU (t)&an(t’)) = mQNvg/dcl /dc2€1i01j62n02m1/](C1, Co, S — S,). (134)
Again, it is convenient to define the matrix elements

Bij(S) = /dC1 /ngbi(Cl)bj<C2>1/1<C1, Co, S). (135)
Inserting the formal expression of 1 (s)

(e, 2, 8) = ™ y(c1)d(cr2) + dlcy, ca)], (136)

into the above equations, and taking into account that the functions {b;(c)}?_; can be
written in terms of the functions {&(c)}i_,, the correlation functions can be evaluated
explicitly by using the approximation (111), with the result

4 4

Bij(s) =Y > Q' Que* By;(0), s> 0. (137)

=1 I=1
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Here we have introduced the matrix @)
§1 (c)
&a(c)
> = Ob(c , 138
&(c) @b(c) (138)
€a(c)
and its inverse, @', that can be identified through equation (102). Up to terms in €* we
have

1 0 0 0
S 12§13 € 9 _ % 9 _ % —9/3¢ 92
Q= §n Co2 o3 S| | o ¢ e & . (139)
§31 32 33 & %6 1t % 55 32l 2
9¢2 €2 c c €2
1o a3 Ewa ~¥ 1t St st u(l-a 9

Obviously, the correlation functions given by (137) fulfill the initial conditions. Moreover,
they are a linear combination of the two modes Ay and A3 (A4 = A}). The complete expres-
sions for all the correlation functions are very lengthy and here we only write explicitly the
expressions for the two-time autocorrelation function of the energy and pressure tensor,

2
(0E(t)0E(0)) = mTNv;lng(s), (6P.y (t)0Py(0)) = m*NviBas(s),  (140)
with Bay(s) and Bss(s) given by equation (137), i.e.

225¢2 5e? R
B — (1 —Xos Y- 1 —Ag's 141
1 3¢ oo V2 o e 11€2
333(8) = [(Z — %) COS (/\38) + 3—2 Sin ()\38) e 787+ 6—46 . (142)

We see that both functions have a hydrodynamic and a kinetic part. Nevertheless, the
main contribution of Bay(s) is the hydrodynamic one (the kinetic part is of order €?),
while the opposite occurs with Bss(s).

6. Simulation results

We have performed Molecular Dynamics (MD) simulations of a two dimensional system
of N = 2000 inelastic hard disks of mass m and diameter o, in a square box of side
L, corresponding to a number density ny, = 0.02072. To generate the stationary USF
state, Lees-Edwards boundary conditions [27] in the y-direction and periodic boundary
conditions in the z-direction have been used. Once the steady state was reached, we
measured all the quantities studied in the previous section. The resulting values have
been averaged over 300 trajectories, and in time over a period of about 150 collisions per
particle. This has been done for various values of the inelasticity, . The shear rate was
in all cases a = 6.32 x 1073(7°(0)/m)*/?0~!, where T/(0) is the initial temperature.
Figure 1 plots the quantity Bs(0) as a function of the inelasticity. The symbols are
the simulation results and the solid line the theoretical prediction given by equation (129).
Also shown are the theoretical prediction of the fluctuating hydrodynamic approach
(dashed line) and the improved one (dotted-line) taking into account rheological effects in
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Figure 1. Dimensionless matrix element B2y(0) as function of the restitution
coefficient, «, for a system of N = 2000 hard disks. The symbols (dots) are
the simulation results, the solid line is the theoretical prediction given by equa-
tion (129), the dashed line is the prediction using fluctuating hydrodynamics,
and the dotted line the improved prediction given in [18].
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Figure 2. Dimensionless matrix elements of B(0). The symbols are the simulation
data and the solid lines correspond to the expansion to terms in €? given in
equation (129). In the left figure, the circles, squares and triangles correspond
to Ba4(0), B44a(0) and Bss(0) respectively. In the right figure, the circles and
squares correspond to Bss(0) and Ba3(0) respectively.

the viscosity [18]. As the figure indicates, the last of these is very close to the prediction
given by (129). Figure 2 plots the remaining matrix elements of B as a function of o. The
solid lines are the theoretical predictions and the symbols are the simulation results. While
the agreement is very good for Bas(0), Bs3(0) and Bs4(0), there are some discrepancies
for Bys(0), B24(0) and By4(0) as the inelasticity increases.

As the B;;(0) coefficients have two components, the one-particle component and the
correlation function component, we have measured the implied one-particle moments
in order to establish the origin of the discrepancies. Figure 3 plots (c*) and (c’c). As
the figure shows, there are important differences between the simulation results (points)
and the Jenkins and Richman approximation (solid line). Also shown is the theoretical
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Figure 3. One-particle averages (c*) (left) and (c*c?) (right). The simulation data
(symbols) are compared with the predictions of Jenkins and Richman [20] (solid
line) and with the BGK model [22] (dashed line).
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Figure 4. Comparison of the simulation results for Ba3(0) and Bay(0) with the
theoretical predictions using the Jenkins and Richman approximation [20] (solid
lines) or the BGK model [22] (dashed line) for the one-particle moments.

prediction of the moments to terms in €? using the BGK model [22] which gives a much

better agreement. Its explicit expressions are

62

<C4>BGK =2+ €, (c2c§)BGK =1- 1 (143)

The remaining moments are accurately described by the Jenkins and Richman
approximation. In fact, they coincide with the BGK ones apart from (cfccz% for which
the Jenkins and Richman approximation does better than the BGK prediction.

Figure 4 plots Byy(0) and By (0) using the one-particle moments of the BGK model,
showing that this considerably improves the agreement with the simulation results. Hence,
we can conclude that agreement between the simulation results and the theoretical
predictions (considering the most accurate expression for the one-particle moments) is
excellent for all the coefficients, over the range of inelasticities considered. The only
exception is By for which the agreement is moderately good. We stress that, if the
correlation function components are evaluated with the BGK distribution, the agreement
is always worse than with the Jenkins and Richman one.

doi:10.1088/1742-5468/2014/09/P09024 22


http://dx.doi.org/10.1088/1742-5468/2014/09/P09024

Fluctuations in the uniform shear flow state of a granular gas

1 T T T T T 1 T T T T
0.8F E 0.8 \, e
s | s .
0.6\ 4 06F .
el o .
M m
= . = .
) Zz
Q041 . . 0.4 - 4
m . m .
L]
0.2 * . E 0.2 * . -
. * L] °
° * L] . 1 I hd (J
0 L 1 N ® _* o .o o o 0 L 1 L 1 L
0 5 10 15 0 5 10 15
S S

Figure 5. Decay of Bas(s)/Baz(0) for a system with aw = 0.80 (left) and ov = 0.90
(right). The solid lines (red) are the predictions given by equation (141), and the
symbols are the simulation results.

Figure 6. Decay of Bss(s)/Bss(0) for a system with o = 0.80 (left) and ov = 0.90
(right). The solid lines (red) are the predictions given by equation (142), and the
symbols are the simulation results.

Finally, we have also measured the two-time correlation functions. Figure 5 shows
the evolution of Byy(s)/Ba2(0), for systems with a = 0.80 (left) and o = 0.90 (right). In
figure 6 the decay of Bs3(s)/Bs3(0) has been plotted for the same values of the inelasticity.
As the correlation functions are a combination of two exponentials, it is difficult to
make a detailed comparison between the theoretical prediction and the simulation
results. Nevertheless, we observe that Bs3(s) decays faster than Bay(s), as predicted by
equations (141) and (142). Bsz(s) has a hydrodynamic part that is of order €2, while the
kinetic part is of order unity (the contrary occurs for By (s)). We have also seen that, in the
long time limit, both correlation functions decay in the same way (with the hydrodynamic
mode). In order to see the behaviour of the functions at long times, they have been plotted
on a logarithmic scale. This is done in figure 7 for a system with o = 0.90, where it is
seen that, if the time s is sufficiently large, the slopes become the same.
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Figure 7. Comparison of the decay in the long time limit of the correlations
Bss(s)/B22(0) and Bss(s)/Bss(0) for a system with av = 0.90.

7. Conclusion and discussion

In this paper, we have studied the fluctuations of the total internal energy of a granular
gas in the stationary USF state. Using the approximation given by equation (111), it has
been shown that the fluctuations of the total internal energy are coupled to the fluctua-
tions of the several components of the total pressure tensor. The approximation is fully
consistent with the kinetic equation for the correlation function and is not, in principle,
limited to small inelasticities. One of the main results of the paper is the closed system of
equations given in (124), for the first six moments of the correlation function. With them,
one can calculate all the possible one-time correlations of the total internal energy, and
the different components of the total pressure tensor. The system depends on several com-
plex moments of the one-particle distribution function in the stationary USF state. Since
this distribution function is not known exactly, the Jenkins and Richman distribution has
been used to €2 order. For d = 2, all the correlation functions have been evaluated as a
function of the degree of inelasticity, €, giving a good agreement with Molecular Dynamics
simulation results. The two-time correlations have also been evaluated.

At this point it is convenient to analyze the main analogies and differences between the
HCS and the steady USF state. In both cases, there is no fluctuation—dissipation relation
of the second kind, as the expression for the auto-correlation function of the total internal
energy is not directly related to the coefficients of the macroscopic equation, which in this
case is the cooling rate [18]. Moreover, in both the HCS state and the steady USF state,
the two-time correlation function decays as a homogeneous macroscopic perturbation,
see equation (50), so that there is a fluctuation—dissipation relation of the first kind.
The main difference between the two cases lies in the nature of the approximation
given in equation (111). While in the HCS case, the approximate eigenfunction can
be identified by looking at the linearized homogeneous hydrodynamic equations, in
the stationary USF case the equations for the pressure tensor components are needed.
Although, in principle, this fact has no direct consequences at the level of macroscopic
hydrodynamics, it is important at the level of the fluctuations. Actually, the correlation
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function, (0P, (t)0P.,(0)), does not decay as a pure kinetic mode, as is the case in the
HCS and as was assumed in [18]. The fluctuating quantity 6P, () cannot thus be treated
simply as a noise in a consistent way (one of the conditions for the results of [18] to
hold was that the correlation function of the noise decays faster than that of the energy).
We stress that, as the hydrodynamic part of the correlation function is of €2 order, the
coupling disappears in the elastic limit at which point we exactly recover the result of [18].
Finally, let us mention that many of the general properties shown in the paper can ap-
pear in any system beyond Navier-Stokes. Moreover, these results provide a starting point
for the complete study of hydrodynamic fluctuating fields in the stationary USF state.
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Appendix A. Evolution equation for the temperature

The objective of this appendix is to identify the mode that emerges after a homogeneous
perturbation of the density and the temperature. Assuming that the hydrodynamic stage
has been reached and the distribution function is that of the time-dependent USF state,

we have
dTH (t) 2a

=——P, t) — Ty (t Al
= = Pay(t) = G T (1) (A1)
where the pressure tensor and cooling rate can be written as
1 -
Poyu(t) = §nHmvH(t)2ny(a), (A.2)
vgl(t) ~,
) = 2 0¢(a) (A3

where P,,(a) and ((a) are defined in equations (68) and (69) respectively.
The deviation

5 P:Ey,H — P:Ey,H . ny,s’ (A4)
L NH | ng Ng
around the stationary value given by n, and Ty is, to linear terms,
(Poyn] 1 = 1, dP, . (1
o # = §mv§ny759 - §mv3a5 d&y (Gs) (59 + p) : (A.5)
where we have used
{ﬁ] _ s [ da } _ G (A.6)
OVl |y —o. Vs Onp | yy—o, N
By analogy, for the cooling rate term we have
ve |35, @, dC . e |z . dl,.
o[Ca(t)Tu(t)] = T~ QC(GS) - ?ﬁ(%) 0+ T~ ((as) — as@(as)] p- (A7)
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Taking into account equations (A.5) and (A.7), we obtain

do a2 oP - d¢
S B S Bl N SR i— (&
& |%d a0 @ Cs+a5da(as)] 4
a2 oP,, 265 ~ 3. 1_d¢
= as) — — Ppys — = —as—(as) | 6. A.
d oa (as) q s QCS + 2% da (as) (A.8)
But, as in the stationary state we have
20, ~ -
d Pmy,s = _Csa (A9>

we obtain the result of the main text, equation (66).

Appendix B. Validity of the approximation given by equation (111)

In this Appendix we prove that the approximation given by equation (111) is consistent
with the equation for the correlation function, equation (49). Taking the scalar product
with £;(cy) in equation (49) and performing the approximation (111), we obtain

A{Gilen)l(er, e2)) = ((en)|To(er, e2)x(er)x(e2), (B.1)
the validity of which can be proven. Here we will use a different approach. Equation (B.1)

can be obtained by first integrating with respect to c; in equation (49) and then taking
the scalar product with £;(c;) in the c; space. The first step gives
. 0
A(c)x(c) = —ascy%)g(c), (B.2)
where we have used

/d@¢¢b@>=—x¢» (B3)

Note that equation (B.2) is simply the non-linear Boltzmann equation for the stationary
state, but expressed in terms of the linearized Boltzmann operator. Approximation (111)
now has to be consistent when applied to equation (B.2), so that we have to prove that

MEE)IN() =BG (e x(e). i =234 (B.4)

For 7 = 1 the previous equation trivially holds. B
Equations (B.4) can be expressed in a different basis of the subspace {&;}?_,. The basis
{h;}%_, turns out to be useful, where

1

2c2

h(c)= | d , (B.5)

2¢c, Sy
26y

because we have

(B.6)
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and, equation (B.4) can then be written as

1 0
0 2p
78 ICH B Y B.7)
Liy.s s
Pyys 0
where we have used
1 0
0 s, 2p
[aentennier= [ | [ dehtenniere,zxie) =~ |17 (B.9)
Exy,s (?Cw YY,s
Pyys 0

Taking the explicit expressions of M, Pmy,37 and Py%s as a function of g:s and (3 of the main
text, it is straightforward to prove the validity of equation (B.7).

Appendix C. Evaluation of the C;; coefficients

In this appendix we calculate the coefficients C;; defined in equation (122), starting from
equation (124). As said, we only have 6 independent equations, because of the relation
between the third and fourth mode. The corresponding equation for ¢ = j = 2 is

2X2(&2(c1)&(ca)|d(c1, c2)) = (&acr)éa(ca)|To(cr, c2)x(cr)x(c2))- (C.1)
For 7+ = 2 and j = 3 we have two equations, one associated with the real part
(A2 + A?)(fz(cl)féf(cz)!?(ch C2)) — A3 (&alcr)é5(ca)d(cn, €2))

= (&(c1)&(e2)|To(cr, ea)x(e1)x(€2)), (C.2)

and other with the imaginary part

(A2 + M) (&a(c1)€5(co)l@(cr, €2)) — A (Ealcr)ésl(ca)ld(cr, ¢2))

= (&s(c1)&4 ()| To(cr, e2)x(er)x(c2)), (C.3)
where we have used a decomposition into the real and imaginary parts of the third
eigenvalue and eigenfunctions given by equations (109)—(110). For i = j = 3 we also

have two independent equations
2/\3R[<§§(01)5§%(C2)_|¢(C17f2)> - @(01)59{(02)@((317 c2))] — 4N5(&5(e1)&5 () |8l e2))
= (&5 (c1)&5 (ca)|To (e, c2)x(cr)x(c2))

—(&(e1)€4 (c2)|To(e1, e2)x(e1)x(c2)), (C.4)
and
)\g[@f(cl)gg(cz)@(cb C2_)> - <€N§(C1)§§(C2)!¢(Ch c2))] + 22 (€8 (c1)€5 (ca) (e, c2))

= <§§(Cl)f§(c2>|To(C1,C2)X(01)X(C2)>~ (C.5)

Finally, there is an additional equation corresponding to ¢ =3, j =4
205 (€57 (e1)&5 (ca) |0 (e, €2)) + <§§(01)5§(C2)|¢(Ch C2))]
= <§§(C1)§§(C2)N|To(01, ca)x(c)x(ca))
+H(& ()& (ca)To(er, e2)x(er)x(ca)), (C.6)

that can be written in terms of the third mode because Ay = A} and & = &.
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The scalar products (& (c1)&;(c2)|é(c1,c2)) can be written in terms of the Cj
coefficients through equation (125), so that the system of equations (C.1)—(C.6) is a linear
system of six equations for the six unknown coefficients {Caq, Co3, Cay, Cs3, Cs4, Cys}. Note
that the results so far are valid for any dimension, d, and the only approximation made
was that given by equation (111). Of course, it still remains to evaluate the coefficients

4 4
(&(Cl)f_j(%)ﬁo(ch ca)x(c1)x(cr)) = qufﬂTll + Z (&n&ii + &a&n) T, (C.7)
P

k>l=1

where we have introduced the matrix elements

Tij = /dcl/dczbi(cl)bj(cz)fo(chC2)X(01)X(Cz)
:/Hq/ﬁwﬂanﬂ%@hqﬁwm%@ﬁ (C.8)

with
To(cy, o) = /dé’@(clg ~o)(cip- )by (1,2) — 1]. (C.9)
The first coefficients, {T1,}]_;, can easily be calculated. In effect,
T, =0, (C.10)

due to the conservation of the total number of particles, and the second is related to the
cooling rate

d -
T12 - —5(5, (Cl].)

by equation (69). On the other hand, taking into account the equation for Yy,
equation (B.2), we have

_ 0 1. =
T3 = _QS/dCCxCZaTX(C) = §aSPyy7S, (C.12)

and

Ty = —as/dccja(z x(c) = 0. (C.13)

To evaluate the other coefficients we have to calculate explicitly Ty(cy, c2)b;(c1)bj(ca).
In reference [9] the term Ty(cy, cz)cics has already been calculated yielding

m(d=1)/2 {(1 —a?)(d+1+42a%) .
9

To(cy, cg)c%cg = —

r () i
+d+5_a2€4d+1)+4ag36’2—HTQ(2d+3—3a)g(g-G)2 , (C.14)

where we have introduced the new variables
g=1C —Cy (C.15)
G:;q+@y (C.16)
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For the rest of coefficients, we first evaluate [by(1,2) — 1]b;(c1)b;(cz2). Using the collision
rule, equation (1), we obtain

14+a,. R R R
9 (6-g) [Ci(chay + coy0,) — 2(0 - Cl)CQJ:CQy]

[bo(1,2) — 1]ciegpcay =

1+ a) . . R A R
+%(0’ : g)Q[C%Jway + CoxCoy — 2(6 - €1)(Cox0y + Coy02)]
1+ a) R 1+a)t, . A
—i—%(a g)°[couby + Coy0. — 2(6 - €1)5,6,] + %(a . g)4axay,
(C.17)
s (1,2) ~ 1]}, = (14 0)(& - @)lcen,, — B, (6 1)
14+ o), . . R N
P gpiat 4, — (6 e,
1+a ) ) R 1+a)t . .
o glen,a, (o -enal) + L 6 gyia (©18)
14+a,. R N
[ba(la 2) - 1]Clmclyc2m02y - 2 (0' : g)(gyclxc2xgy + chlyCZyg:L’)
1+a)?, . . . .
+%(0’ : g)Q[Unygxgy - O-;%ClyCQy - 0501350233]
14+a)? o 1+ ) . o a
o g+ ote) - gt (019)
1+a, . R R
[bo(1,2) — erzerycs, = —5 (0 8)[oy(2c1c1yc2y — ClaChy) = OuC1yCy,)
1+a)? . . aa
—i—%(a . g)z[az(clxcly — 2¢1,C2y) + axay(cgy — 2¢1,Cay)]
1+a)? . o . 1+a)t . .
%(a . g)3[ax0§(202y —Cly) — og’clx] + %(a . g)40x0§’,
(C.20)
and
bo(1,2) = 1]¢5,c5, = (1 + a)(6 - 8)F,(cl,cay — C163,)
(1+a)?, . .
t— (o g)70,(ct, + c3, — dcryezy)
l+a 1+a)t | .
S0 gty U gy (©21)
After multiplying by & - g, the a-integrals can be calculated with the aid of
d 1
2
oo g6 g2 F (€.22)
L R T
[doo6 8160~ o (C.23)
“ N “ ~ A~ ™ 21
/dcr@(cr -g)(o - g)?’o'iO'j = m(?)gglgj +g (5”) (C.24)
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d—1
R R . . 22
(52)
5
/ d66(6 -g)(6 - 8)'0,0, = (T 399,95 + 9°9; +29°9,0,5),  (C.26)
2
d—1
A N A dn A A 3z
/da@(a' -g)(6-8)'0,0,6, = T (M) 992949 (C.27)
2
d—1
~ A 5~ A~ T 2 3 5
JE R (e (90, 5°0), (C.28)
2
R R . a 37TT1
/dGQ(G -8)(6-g)°0,0; = m[uﬁggy(g2 +9,)9; + 9°(9% + 59;)d,] (C.29)
2
calculated for arbitrary dimension and
R R . o 37r%
/d09(0 8)(6-8)70,6] = = M) [9°(* + 93) +89°929;0.5 + (¢° + 599;)g7],  (C.30)
2

for d = 2.
In the following we will restrict ourselves to the case d = 2 and will use the Jenkins
and Richman distribution to €* order [20]

[1 — eV2¢,¢, + € <1 -+ 0202>} : (C.31)

—C
T 4 vy
To the same approximation, we have

1 —c{—c
x(c1)x(co) =~ Fe 1< {1 - 6\/5(0110134 + Cchzy)

2 2 2 2 2 2 2
+e <— — €y — Cyy F €101, + €3, 0o + 2C1xC1yC2x02y>:| , (C.32)

or, in terms of the new variables {g, G}

e~ 297262 €
x(ci)x(c) = 2 {1 - E(gxgy +4G,Gy)

2
4

The velocity integrals given by equation (C.8) can be calculated with the aid of
Mathematica, obtaining, up to €2

3 T
T22 = — 5\/%62, (C34)

T23 = —VTE, <035>

1 /=«
Toy = — —4 ] —€> .
24 8\/g€’ (036>
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19 /=
Tos = — — 4| —€2 .
33 64 26 ) (C 37)
T34 = %\/EE, (CBS)
11 /=«
Ty = — 4] —€2. )
44 64 26 (C 39)

Finally, by substituting the expressions for the T;; coefficients obtained above into
equation (C.7) and that into equations (C.1)—(C.6), we obtain the linear system for
C;; mentioned above. This system is solved with the aid of Mathematica to obtain the
expressions in the main text.
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