Math. Model. Nat. Phenom.
Vol. 6, No. 4, 2011, pp. 87-117

DOI: 10.1051/mmnp/20116405

A Langevin Description for Driven Granular Gases

P. Maynar and M. I. Garcia de Soria *

Fisica Teorica, Universidad de Sevilla, Apartado de Correos 1065, E-41080, Sevilla, Spain

Abstract. The study of the fluctuations in the steady state of a heated granular system is reviewed.
A Boltzmann-Langevin description can be built requiring consistency with the equations for the
one- and two-particle correlation functions. From the Boltzmann-Langevin equation, Langevin
equations for the total energy and the transverse velocity field are derived. The existence of a
fluctuation-dissipation relation for the transverse velocity field is also studied.
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1. Introduction

A granular system is characterized by a continuous loss of energy in collisions. The simplest model
that we can consider to describe this kind of systems is an assembly of smooth hard spheres (or
disks in two dimensions) that collide inelastically, in such a way that part of the kinetic energy
is dissipated in the encounter. The collision is characterized by a constant coefficient of normal
restitution [16, 21]. The rich phenomenology that has been found for this kind of systems makes
them of particular interest from both a fundamental and an applied point of view. In the dilute
limit, it has been shown numerically that for a wide class of initial conditions an isolated granular
gas reaches a homogeneous state, the so-called homogeneous cooling state (HCS), in which all the
time dependence of the one-particle distribution function is embedded in the granular temperature
which is defined as the second velocity moment of the distribution [17, 18]. This state, whose
properties have been extensively studied in the literature, plays, for inelastic gases, a role similar to
that of the equilibrium state for molecular gases. Nevertheless, from an experimental point of view,
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itis not obvious to probe such a regime [19, 25]. However, it is possible to obtain a non-equilibrium
stationary state by supplying energy to the system in such a way to compensate the dissipation due
to the inelasticity of collisions. We can think of several different procedures to thermalise the
system. An inhomogeneous stationary state can be reached if the energy is injected by a moving
boundary such as a vibrating piston [8]. To obtain a spatially homogeneous stationary state, we
can consider a mechanism coupling the velocity of each particle to a white noise, the so-called
stochastic thermostat [10, 11, 12, 15, 22, 23, 24, 27, 30, 31, 32, 33]. For this kind of forcing, which
is relevant for some two-dimensional experimental configurations with a rough vibrating piston
[26], the system reaches a homogeneous stationary state after a transient regime. The Boltzmann
equation for the steady state can be written and the distribution function evaluated approximately
for thermal velocities. For large values of the modulus of the velocity, an exponential behaviour is
found. An expression for the stationary temperature can be obtained as a function of the strength
of the noise and of the inelasticity of collisions [30].

The aim of this paper is to review some recent results about the fluctuations for a system subject
to the stochastic thermostat [14, 20] generalizing the theory to the study of dynamical properties.
The study of the fluctuations of granular gases has been addressed for a system in the homoge-
neous cooling state [7]. The starting point for this study was the equations for the correlation
functions obtained from an extension of the BBGKY hierarchy for granular gases. Later, follow-
ing the ideas of Zwanzig [2], a Langevin equation for the distribution function was introduced, in
which the properties of the noise of the Boltzmann-Langevin equation were identified requiring
consistency with the equations for the correlations [6]. A similar method will be applied to the
study of heated granular gases, identifying the Boltzmann-Langevin equation for the fluctuating
distribution function close to the stationary state. Once the fundamental properties of the noise of
the equations are calculated, we focus on the derivation of Langevin equations for the total energy
and the transverse velocity. From these equations, the one-time and two-time correlation functions
are evaluated. We pay special attention to the study of the transverse velocity remarking the differ-
ences with the elastic case (where we have a fluctuation-dissipation relation) and with the undriven
inelastic case. We note that in previous studies fluctuating equations for the hydrodynamic fields
were introduced phenomenologically, expecting to provide a valid description, at least, for small
values of the inelasticity [31]. The Boltzmann-Langevin description, as we will show, is valid
for all the range of values of the inelasticity, and allows us to address the problem of finding a
fluctuating hydrodynamic description without the limitation of small inelasticity.

The remainder of the paper is organised as follows. In Sec. 2. we recall some general results
for a granular gas heated by a stochastic thermostat. Sec. 3. is devoted to the non-fluctuating
hydrodynamic equations. In Sec. 4., the Boltzmann-Langevin description is presented and it
is finally applied to the derivation of the Langevin equations for the energy and the transverse
velocity field in Sec. 5. and 6., respectively.

88



P. Maynar and M.I. Garcia de Soria A Langevin description for driven granular gases

2. Kinetic theory description of heated granular gases

The system considered is a dilute gas of N smooth inelastic hard particles of mass m and diameter
o. The position and velocity of the ith particle at time ¢ will be denoted by R;(¢) and V,(¢),
respectively. The effect of a collision between two particles ¢ and j is to instantaneously modify
their velocities according to the collision rule

!
%% . v,)6.

1
%6 .v,)e, 2.1

VvV, = V-

Vi = V;+

where V;; = V,; — V; is the relative velocity, o is the unit vector pointing from the center of
particle j to the center of particle ¢ at contact, and « is the coefficient of normal restitution. It is
defined in the interval 0 < o < 1 and it will be considered here as a constant, independent of the
relative velocity. Between collisions, the system is heated uniformly by adding a random velocity
to the velocity of each particle at equal times. The driving is implemented in such a way that the
time between random kicks is small compared to the mean free time. Then, between collisions,
the velocities of the particles undergo a large number of kicks due to the thermostat. In addition,
we will assume that the “jump moments” of the velocities of the particles verify
2
Bijpy = lim <AV2’BAA‘?’W>MM = 0008, + %0(51‘]' — 1)y, (2.2)
,7=1,....N and G,y=1,....d,

where we have introduced AV, 53 = V, 5(t + At) — V; 5(t), Vi(t) being the 5 component of
the velocity of particle ¢ at time {. We have also introduced the strength of the noise, &j, and
(... Ynoise» Which denotes average over different realizations of the noise. The non-diagonal terms
(corresponding to ¢ # j and § = 7y) are necessary in order to conserve the total momentum [14].

2.1. Kinetic Equations

Given a trajectory of the system, microscopic densities in phase space, Fs(x1,...,zs,t), at time ¢
are defined by
N
Pi(zy,t) =Y 6l — X;(t)], (2.3)
i=1
N N
FQ(ZEhZEQ,t) = ZZ(;[ZL} —Xz(t)]é[l'g —X](t)L (24)
i=1 ji

etc. Here X;(t) = {R;(t), Vi(t)}, while the x; = {r;,v;} are field variable referring to the
one-particle phase space. The average of Fi(xq,t) and Fy(zy,x9,t) over the initial probability
distribution of the system p(I",0), where I' = {X;(t),..., Xn(¢)}, are the usual one-particle and
two-particle distribution functions

fl(l’l,t) = <F1(1171,t>>, fQ(Il,ZL‘27t) = <F2([E1,ZL’2,Z€)>, (25)
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where we have introduced the notation
(G) = / dI'G(T)p(T,0). (2.6)

In the dilute limit, assuming molecular chaos, 1.e. that no correlations exist between colliding
particles, and that the sizes of the jumps due to the thermostat are small compared to the scale on
which the distribution varies, the equation for the one-particle distribution function, f;(z1,%), is
the Boltzmann-Fokker-Planck equation [30]

0 a
55+ 20| o) = LA+ £ o) Xy
where we have introduced the free streaming operator
0
L(O) (371) = V- a_rl (28)
The collisional term can be expressed as
J[filfi] = /dl’zfs(ru)To(Vl, va) fi(w1,t) fi(x2, 1), (2.9)
in terms of the binary collision operator
TO(V17V2) = O'd_1 /d&@(é’ . V12)<a’ . Vlg)[()é_2b;1 — 1], (210)

where we have neglected the separation between the centers of colliding particles. The operator
b;l changes the velocities to its right into the pre-collisional velocities

1+a .

vi = vy — 500 (6 -vip)o, (2.11)
1+a,. R
vy = Vo - (6 -vi2)o. (2.12)

The last term in Eq. (2.7), which does not appear in the free cooling case, is the typical diffusive
Fokker-Planck contribution from the heating.

The two-particle distribution function is defined in such a way, see Eq. (2.4) and Eq. (2.5), that
the quantity fo(z1, z9,t)dx1dxs is just the average number of pairs of particles in which one lies
inside the differential volume dx; centered in z; and likewise, with dxy and x5 for the second parti-
cle. This definition is easily generalized to higher n-particle distribution functions, f,(x1,...,z,).
The evolution equation for f5, in the same limit in which the Boltzmann equation is valid, is [7]

|:% + L(O) (271) + L(O)(Zlfg):| fg(l’l, T2, t) = 5(r12)0d_1TO(V1, V2)f2($1, T, t)

+o?! /dxs [0(r13)To(v1, v3) + 0(r23) To(va, v3)] f3(21, 22, 23, 8) + Fru, 2.13)
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where we have introduced Fry that accounts for the external driving. The evolution equation (2.13)
contains essentially three parts: the free streaming in the left-hand side, the two terms in the right
hand side corresponding to collisions, and the last term, Fry due to the thermostat. The collisional
contribution is split into one part corresponding to collisions of particles with velocities v, and v,
and the other which involves collisions of particles with velocities v; or v, with a third particle
with arbitrary velocity, v3. The collisional contribution is identical to the one that appears in the
absence of forcing [7]. We concentrate now on the new term, Fry. Assuming that the sizes of the
jumps due to the thermostat are small compared to the scale in which the distribution f; varies, we
can expand Fry in the spirit of the Fokker-Planck description [29]

o 0

o Ov; 5 0V;

2
M=
]

Fry fa(x1, 22, 1)

By=11,j=1
1,[* & 208 0
R " Nov, t 2.14
250 |:8U% + avg Nov, Ovy f2(331,51727 )’ ( )

where we have taken into account equation (2.2), and we have explicitly assumed that the jump
moments 5;; g, do not depend on the magnitude of the velocities of the particles.
Two-time reduced distribution functions can also be defined in terms of the microscopic densi-
ties as
frs(@i, a2, o 2l ) = (F(x, ., O Fs(2h, o 2l 1), (2.15)

Y £ Y £

where it will be assumed that ¢ > ¢’ > 0, for concreteness. Again, in the low-density limit and
taking into account the influence of the thermostat, the lowest order distribution, f; 1, is seen to
obey the equation [7],

0 _
[——FL(O)(JH)] fia(zy, t;2,t) = Ud_l/d$25(r12)T0(V17V2)f2,1(961,$27t;95/1775,)

ot
G o

+ EO_ﬁfl’l(xl’t;xll’t,)’ (2.16)

which has to be solved with the initial condition

fra(zy, t 2, t) = o0(xy — oY) iz, ) + fo(zy, 2], 1). (2.17)

Let us introduce the two-particle and three-particle correlation functions, g, and g3, through
the usual cluster expansion

fo(@1, 9, 1) = fi(w1,t) fi(w2,t) + g2(21, T2, 1), (2.18)

and

fa(x1, 29,23, t) = fi(x1,t) fi(xe,t) fi(s,t) + go(21, 2, 1) f1 (23, 1)
+g2(x1, 23, 1) f1 (22, t) + go(22, 3, 1) fr(21, 1) + g3(21, 22, T3, 1). (2.19)
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Similarly, for the two-time correlation functions, we introduce the two-time correlation functions
hi,1 and hy; through

fialz, 2, t) = fi(z, ) fi(@), t) + hoa(z, 62, 1), (2.20)

foa(z1, o, t;27,t") = fi(we,t) fi(wo, t) fr(2], 1) + go(1, @2, t) f1 (2, 1)
+  hag(zy, t 2, ) fi(ze, t) + hag (2o, t; 20, 8) fi(z, t)
+  hog(x1, 2o, 52, 1), (2.21)
The equation for the correlation function g, (1, x9,t) can be obtained following the same lines

as in reference [7]. Taking into account Eq. (2.18) and neglecting the three-body correlations, gs,
in Eq. (2.13), we obtain

g + L(O)(Il) 4+ L(O)(JJQ):| gg<$1, 9, t) = 5(r12)0'd_1T0(V1, Vg)fl(Il, t)fl(l‘g, t)

ot
+ [K(x1,t) + K(x9,t)] g2(x1, t)—f—gi if(:zc t) fi(z2, 1) (2.22)
1 2,0)] 92{T1, T2, N v, Ovy 1\T1,0) 1\ T2, 1), .
where we have introduced the linear operator K (;,t) defined as
a1 - & (oY
K(xi, t) =0 d:v3<5(ri3)T0(vi, Vg)(l + Pig)fl (1’3, t) + 5 aV- s (223)

and where the permutation operator P,;, interchanges the labels of particles a and b in the quantities
on which it acts.

In the same way, the equation for A, ;, neglecting the contribution coming from /%, ; in Eq.
(2.16), is

0
{§+L@@0—KWM)MAM¢%JU=Q (2.24)
which have to be solved with the initial condition
hl,l(xla t, .Z'll, t/) = 5(1’1 — l'll)fl (.Z'l, t/) —+ gg(.]?l, l'll, t/) (225)

To sum up, under the same hypothesis made to derive the Boltzmann equation, we obtain
closed equations for the one-time and two-time correlation functions, Eqs. (2.22) and (2.24).
These equations represent a starting point for the study of the fluctuations and correlations in the
heated system.

2.2. The stationary state

It has been shown numerically that, for a wide class of initial conditions, the system reaches a
homogeneous stationary state [31] in which the energy input from the thermostat is compensated

by the energy lost in collisions. In this case the Boltzmann-Fokker-Planck equation reads
& an (v1) + Jfulfa] =0 (2.26)
- a2 JH(VI alJua] = 0. .
2 Ov?
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For the sake of simplicity, let us introduce the following dimensionless distribution

n
fa(v) = —xu(c), (2.27)
Un
with x #(c) an isotropic function of the modulus of ¢, vy = (25)!/2
temperature defined as

_ VvV
,C= oo and Ty the granular

d

5T = / dv%va fr(v). (2.28)

By introducing equation (2.27) in equation (2.26), we obtain a closed equation for x g

_ 20
[ desTten canutenaten) + 5 gozate) =0, 2.29)
1
where
T(Cl, CQ) = /dé’@(é’ : 012)(6' : C12)[Oé_2b;1 — ]_], (230)

2
is the dimensionless binary collision operator and £2 = f}%g is the dimensionless strength of the
H
noise with £ = (nyo ! proportional to the mean free path.
An approximate expression for the scaled one-particle distribution function y ;4 (c) was derived

to second order in Sonine polynomials [30]

d-1)-

—c2

e

xu(c) = gy [14 ax(@)S3, 1 (?)], (2.31)
where 1 1 ]
St () = §c4 — §(d +2)c? + gd(d +2). (2.32)
The coefficient as(«) is related to the forth velocity moment of x g (c)
d <C4>H
— =1 2.33
d+2 ()} +asle), (239

and an approximate expression is [30]

B 16(1 — a)(1 — 2a?)
734 56d — 24ad — 105a + 30(1 — a)a?’

as (2.34)

In the stationary state, the expression for the temperature in the first Sonine approximation is given
by

A3 /7 2

(1 —a?)Qungod1

where Qg = 2792 /T'(d/2) is the d-dimensional solid angle.
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In the case of the correlation functions for this homogeneous state, gf and hf’l, it is convenient
to introduce the dimensionless counterparts, gy and hy, as

ng
= Jd,.2d
iy

nyg

gf(IhIQ) = WQH(1127C17C2)7 h{{,1($17t;$27t,) hr(li2,c1,c2,5 — S/), (2.36)
H

where we have introduced the dimensionless length scale 1 = r//, 15 = 1; — 1, and the dimension-
less time-scale s = UTHt. The reduced distribution, gy, fulfills

0 _
Aler) + Alez) — ¢ G gu(hiz,c1,¢0) = —0(Li2)T(c1, e2)xm(cr)xu(cz)
12
it 0 0.
+ & e, e, xu(c)xu(ca),
(2.37)
where A(c;) is the linearized Boltzmann-Fokker-Planck operator
_ 52 82
A(cz)h(cz) = /ngT(Ci, Cg)(l + Plg)XH(Cg)h(Cl) + E@h(cl) (238)

Equation (2.37) describes the one-time correlation between fluctuations in the stationary state. As
can be seen, the correlation function is determined by the properties of the linearized Boltzmann-
Fokker-Planck operator, A, and by the one-particle distribution function, y z.

The evolution equation for the two-time correlation function is

0 0
[& — A(Cl) +cq - 8—11:| ]’LH(llg,Cl,C27 S — S/) = 0, (239)

which has to be solved with the initial condition
hi(Lia, c1,c2,0) = hp(lig, c1,¢2) = xu(c1)d(Liz)d(ci2) + gu(liz, €1, c2). (2.40)

Taking into account equation (2.37) and that the term ¢y - %X m(c1)d(li2)d(c12) vanishes identi-
cally, the equation for this quantity is

0
A(cr) + A(cz) —cia- oL, hu(liz, €1, c2)
9 0
= —d(li2)I'(c1,¢2) + 52%0_01 : a—C2XH(C1)XH(Cz), (2.41)
where B
F(Cl, CQ) = CT(Cl7 CQ)XH(Cl)XH(CQ) — [A(Cl) + A(CQ)]XH<01>5<C12). (242)
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3. Hydrodynamics

Let us summarize briefly how the system can be analyzed from a hydrodynamic point of view. The
hydrodynamic fields can be defined as usually done in kinetic theory

n(r,t) = /dvfl(:v,t), (3.1)
netjurt) = [ dventeo), (32)
gn(r,t)T(r,t) = [ a2V, (3.3)

where the function V(r,¢) = v—u(r, t) is the peculiar velocity. The complete non-linear equations
for these fields for a granular system heated by the stochastic thermostat are [15, 31]

0

0 = _V. 4
5" V - (nu), (3.4)
0 1

0 2 ,

5T = —u-VT = —(V-q+ P;Vu) — (T +mé, (3.6)

where P;; is the pressure tensor, q is the heat flux and ¢ is the cooling rate, which is also a functional
of the distribution function

(1-— az)mw 20

¢ = 4D (52) nkyT

/dvl/dV2|V1 _VQ‘ fl(r Vi, )fl(r Vo, ) (37)

3.1. [Evolution of homogeneous perturbations

Now, we will focus on the study of a linear perturbation of the hydrodynamic fields around the
homogeneous stationary state. We are interested, primarily, in the information related to the hy-
drodynamic eigenvalues that we can obtain from them.

Considering a homogeneous state, the previous equations reduce to

0 0 0
—n=0, —u=0 —T =—(T - 3.8
In the long time limit, the system is expected to approach a steady state with a constant temperature
given by the equation
Ca(fu)Ta = mé&g. (3.9)

Substituting the explicit form of the scaled one-particle distribution function in the first Sonine
approximation, Eq. (2.31), in the equation above, we obtain the temperature given in (2.35).
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Let us consider now a homogeneous state close to this homogeneous stationary state. We can
write the hydrodynamic fields as n(t) = ny + dn, u(t) = duand T'(t) = Ty + 7. We also define
the dimensionless hydrodynamic fields

S e =28 sg(s) = o8

op(s = — 3.10
pls) = - T (3.10)

where we used the dimensionless time scale s introduced in the previous section. Assuming that

the deviations are small, and taking into account equations (3.8)-(3.9), we can write the linearized

evolution equations for the dimensionless hydrodynamic fields in this new time scale

0 0 0 3
—o0p=20 —ow =0 —00 = —(pop — =(po0 3.11
where (o = lf—g is a dimensionless coefficient that is a functional of the one-particle distribution

function in the stationary state. Its expression in the first Sonine approximation is [30]

(16 + 3a2)7 % (1 — a?)

SV ()

To obtain the equation for 66 we have assumed that the perturbed distribution function scales as

Go = (3.12)

n v
t) = —— — 3.13
_ ar() ] /2 : . .
where 0(t) = [T} , and xp is the same scaled distribution function as for the reference

stationary state. This assumption has already been used and tested numerically in [31], but we
remark that it is an additional approximation. Then, the cooling rate ¢ for the state under scrutiny
is proportional to 7"'/2(t) and we obtain the equation for the linearized energy written above.
Equations (3.11) indicate that a perturbation in the total number of particles or total momentum
does not decay, as a consequence of the fact that these variables are conserved, but a perturbation
in the total energy will decay exponentially to the stationary value, as expected. Moreover, as the
equation for the temperature can be rewritten in the following form

0 (2 3 2

we can identify the hydrodynamic eigenvalues A = 0 and v = —%CO, A being (d + 1)-fold degen-
erate. For the sake of clarity, it proves convenient to relabel these eigenvalues as

3
)\1 - 07 )‘2 = 07 A3 = _EC(% (315)
where )\, is d-fold degenerate. The associated hydrodynamic modes, {yg}g,ﬁ are

2
Y1 = 0p, y2 = 0w, Yz = 550 + 06. (3.16)
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3.2. Enforcing consistency with the linearized Boltzmann-Fokker-Planck
equation description

We now turn our attention to the problem of finding the linearized hydrodynamic equations for a
homogeneous perturbation, directly from the Boltzmann-Fokker-Planck equation. Enforcing con-
sistency with the macroscopic considerations of section 3.1. above, we will infer useful properties
on the hydrodynamic part of the spectrum of A(c). We first introduce the scaled deviation of the

distribution function 4

v
ox(es) = 2 [A1(v,1) = fa(v)). (3.17)
The evolution of the scaled distribution is governed by
0
%5)((@ s) = A(c)ox(c, s), (3.18)

where the operator A(c) is the linearized Boltzmann-Fokker-Planck operator defined in (2.38). Let
us also introduce the scalar product

(f(c)lg(c)) = /dCXH1<C)f*(C)g(C)7 (3.19)

where f* is the complex conjugate of f. Interestingly, the hydrodynamic modes introduced in
(3.16) can then be written as

ys = (&slox),  B=1,2,3, (3.20)

where
C

a© - & -ow@. &0 -(5-5)uwl. 62

6

Taking the scalar product of the linearized Boltzmann-Fokker-Planck equation (3.18) with the
functions 3, we obtain the linear equations (3.11) (in the hydrodynamic time scale, that is, if we
wait long enough so that fast modes have vanished) only if the spectrum of A admits the three
eigenvalues written in (3.15), and the associated “hydrodynamic” eigenfunctions, {ﬁﬁ}gﬁ, obey

the orthogonality condition

<gﬁl|§ﬁ2> = (551527 B, B2 =1,2,3. (3.22)

In Appendix A, it is shown that the null eigenvalue is (d 4 1)-fold degenerate, and the correspond-
ing eigenfunctions, &; and §,, are worked out. Moreover, as a consequence of particle and total
momentum conservation in a collision, & and &, are the corresponding left eigenfunctions. We
were not able to demonstrate that A3 is an eigenvalue of A, but we have shown explicitly that

(&leg) =0, for  p=1,2. (3.23)

In the following, we will assume that A actually admits this third eigenvalue, with an unknown
eigenfunction £3 and that &5 is a good approximation of the actual left eigenfunction associated
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with A3 . With the help of this assumption, we will see in the following sections that it is possible to
define a projector in the hydrodynamic subspace. Let us remark that for inelastic Maxwell particles
in the free cooling case the function &5 identified in this way is the actual left eigenfunction [4].
For the heated case the situation is similar and the linearized Boltzmann-Fokker-Planck operator
for inelastic Maxwell particles has a left eigenfunction which is a linear combination of the two
functions yz(c), and ¢*xz(c) (in fact, the linear combination which makes the function orthogonal
to £1(c)). These facts support our assumption as a reasonable approximation for the hard particle
case.

4. The Boltzmann-Langevin equation

The starting point for the study of the fluctuations in this work will be the Boltzmann-Langevin
equation. In this section we derive the corresponding equation and we determine the properties of
the noise in order to obtain consistency with the equations of the correlation functions presented in
section 2..

As defined in Eq. (2.5), the one-particle distribution function, fi, is the ensemble average of
the phase function F}, and its dynamics is given by the Boltzmann-Fokker-Planck equation, Eq.
(2.7). The problem is now to find an evolution equation for the fluctuating quantity

d
SF(l,c,s) = Z—i[Fl(x,t) — fa (V)] 4.1)

As for the velocity of a Brownian particle [28], we expect that the difference between the equa-
tion for the fluctuating quantity 0 F’, and its average, (0F") = Jy, is a random force term, R [2].
Then, the fluctuations § /" around y j are described by a Boltzmann equation linearized around the
solution x y with a random force, R, added

0 0
—dF(L,c,s) = |Alc) —c- = | 0F (L c,s) + R(1,c,s). 4.2)
ds ol
Taking averages in equation (4.2), we obtain the linearized Boltzmann-Fokker-Planck equation if
and only if

(R(1,c,s)) =0. 4.3)

Equation (4.2) is the Boltzmann-Langevin equation. As in the free cooling case [6], we assume
that the noise term, R(1, c, s), is Markovian

<R(ll7 Cy, Sl)R(127 Co, 82)>H == H(lb 127 Cy, C2>5(81 - 52)7 (44)

where (...)y means average in the stationary homogeneous state. In order to evaluate the func-
tion H (1,15, ¢y, c2) explicitly, we will calculate (§F'(1;, ¢1, s)dF(ly, ca, s)) gy with the Boltzmann-
Langevin equation and then, we will impose compatibility with the equation of the correlation
function of Sec. 2.. So, let us first write this function as a functional of the distribution and the
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correlation functions. Using the definitions of the microscopic densities, Egs. (2.3), (2.4), the dis-
tribution and correlation functions, Egs. (2.5), (2.18), (2.40), and the dimensionless distributions,
Egs. (2.27), (2.36), we have

(0F(Li,c1,8)0F (lg,¢2,8)) = é([ﬂ(-’ﬁlaﬂ—fH(Vl)][Fl(%t)—fH(Vz)]>H

_ Z_I%Kﬂ(xl’ ) F (22, )y — fr(vi) fu(va)]

_ nf, o, a,t) + fi(v1)S(2s — 29) = fur(v1) fr(va)

_ ”_;[gwm, 1) + fr(vi)d(a1 — )]

_ n;@l (91 (Liz, €1, €2) + 0(Lia)8(cro)xar(c1)]

_ ﬁhf](lm,cl,@). (4.5)

Now, let us solve Eq. (4.2) as a functional of the noise. In order to do that it is convenient to
define the linear operator

A(ll, Ci) = A(Cl) —C; - aﬁli, (46)
in terms of which the solution for § F'(1, c, s) is
6F(Lc,s) = erMO5E(1 ¢, 0) + / ds'erOC=R(1, ¢, 5')
0
s>>1/d/Alcss)R(lcs) (47)
0

where we have assumed that the term stemming from the initial conditions vanishes in the long
time limit. This is equivalent to assuming that the spectrum of the linearized Boltzmann-Fokker-
Planck operator is such that any perturbation without component in the subspace associated with
the null eigenvalue decays. With equation (4.7), we can evaluate

(0F(ly,¢1,5)0F(ly, 2, 8))
/ dS/ ds" e A(ly,c1)(s— 8,)+A(12’C2)(S_SH)<R(11,Cl,S,)R(lg,CQ,SH)>H

/ dS / ds// A(l1,e1)(s—s")+A(l2,c2) (s— S//)H(llg, Cl,Cg)é(S/ _ S”)

/ ds'e [A(l1,e1)+A(l2,e2)](s—5 H(llg, Cy, 02)
0

s'=s

_[A(ll’ Cl) + A(lg, Cg)]_l e[A(h,m)-l—A(lz,cz)}(s—s/) - H(1127C1, C2)

2] —[A(ly, €1) + ALy, c2)] T H(Lia, €1, ¢3), 49
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where we have assumed that the term e[A(ll’°1)+A(12’°2)}5H(112, c1,¢2) — 0 in the long time limit.
After identifying the function, we will see that this is, in fact, the case, because H (15, ¢1, c2) does
not have components in the subspace associated with the null eigenvalue. Equivalently we have

[A(11, 1) + A(lz, €2)]hp (Liz, €1, €2) = —ngl?H(Liz, €1, €2). (4.9)
Finally, comparing equations (4.9) and (2.41) we conclude that

2o 0
0(li2)(cq, co) — Noc, a—C2XH(C1)XH(CQ)> (4.10)

H(liz,c1,¢2) = o dd
H

with I'(cy, ¢2) given in Eq. (2.42). With this expression of H we can see that it does not have
components in the subspace associated with the null eigenvalue. Taking into account that &; and
&, are left eigenfunctions of A associated with the null eigenvalue and that [14]

/d01/dCQT(Cl,CQ)XH(Cl)XH<C2) :O,
/dcl/dCZCliT(CbCQ)XH(Cl)XH<C2) :O7
/dCl/dCQCliCQiT(Cl,CQ)XH(Cl)XH(CQ) 252, (411)

/dllg/dcl/dCQH(llg,Cl,Cg) :0,
/d112/dcl/dCQCliH(ll27C17c2) =0,

/dllQ/dCl/dCQCliCQiH(112,C1,C2) =0. (412)

we can see that

If we multiply Eq. (4.2) by 0F'(1', ¢/, s’), with s’ < s and we average, we obtain

0 0
0s ol

2 Ae)+c- —} (6F(Lc, s)sF (Y, ¢, )Yy = (R, ¢, s)SF(I, ¢, s)) . (4.13)

We can easily see that

1

<6F(l, C, S)(SF(l/, C/7 S/>H = m

hy(l—=1 c,c s —§). (4.14)

Now, if we compare Egs. (2.39) and (4.13), we obtain that

(R(l,c,s)0F(1,c,s))g =0, s> (4.15)
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In the remaining of this section, we shall write the Boltzmann-Langevin equation together
with noise properties in Fourier space. This will prove useful for the subsequent analysis. Let us
introduce the Fourier component of a function of the position variable as

foo = [ae s, )= 2 30 e, (4.16)

k

where V = ng is the volume in units of the mean free path. The equation for ¢ F(k, c, s) is then

[aﬁ — Ak, c)} 6F(k,c,s) = R(k,c, s), (4.17)
S
where we have introduced the operator
A(k,c) = A(c) —ik - c. (4.18)
The Fourier transform of the noise, R(k, c, s) obeys
(R(ki,c1,51))m =0, (4.19)
(R(ki,c1,81)0F (ka, €, 0))r = 0, 51> 5o, (4.20)
and . .
(R(ky,ci,s1)R(ky, 2, 82)) i = H(ky, ko, €1,€2)d(51 — 82), (4.21)
where
V2 0 0
H(ky, ko, €1,¢2) = — |I'(c1, €2)0(ks + ko) — & o— - =—xm(c1)xm(ca)d(ki)o(ka) |, (4.22)
N 0c1 0cQ

which completes the calculation of the noise variance within the Langevin description.

5. Fluctuations of the total energy

As a first application of the Boltzmann-Langevin equation, let us derive a Langevin equation for
the total energy. This calculation has been done using the correlation function formalism, and the
result was compared to results of Direct simulation Monte Carlo method, obtaining a very good
agreement for all the values of the coefficient «. Now, we will show that, from the Boltzmann-
Langevin equation it is possible to deduce an equation for the total energy that gives the same
results for the fluctuations.

We can write the energy fluctuations, in terms of the microscopic density, as

SE(t) = /dv/dr%mv2 [Fi(z,t) — fu(v)]

2 pd
- WHTW / dec? / dIsF(1,c, )

2 ~
— m;}HEdnH/dc025F(k: 0,c,s). (5.1)
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The dimensionless field de(s) is defined by

Je(s) = <2i(;>)H = é/dc%éﬁ(k =0,c,s), (5.2)

where (E/(t))y is the total mean energy. We can identify de(s) with the scalar product

2 .
de(s) = §(§3|5F(k =0,c,s)). (5.3)
If we consider now that &; is approximately an eigenfunction of A(c) with eigenvalue \3 = —%CO,
using the Boltzmann-Langevin equation we can write
d 3
{% + 5(0} de(s) = Re(s), (5.4)
with 9
R.(s) = §<§3|R(k =0,c,s)). (5.5)

The next step is to find the properties of the noise term, R.(s), making use of the properties of the
noise of the Boltzmann-Langevin equation. From Eq. (4.20) it is clear that

(R.(s)de(s'))g =0, s> 5. (5.6)

The correlation function of the noise is

<Re(51)Re(32)>H = %/dcl/dC2XH(Cl)_IXH(Cz)_1§3(cl)g3(C2)H(112,C1,C2)5(51—52)
4

- N5(31 — 52) [(&s(€1)&s(c2)| T (e, c2)xm(cr)xm(c2))

— (&(c1)&(ea)[(Alcr) + Alc))xa(c)d(cra))] = Ad(s1 — s2),  (5.7)

where we have made use of Eq. (4.22) and Eq. (2.42). The calculation is now straightforward
although lengthy. Taking into account the results obtained in [14], we have, in first order in Sonine
polynomials that

(&3(c1)&s(c)[T'(c1, e2)xm(er)xm(cz)) = 3Coass, (5.8)
with
=154+ 7d+ 14d* — 3(—=9 + d(9 4 2d))a + 30(1 + d)o* — 6(9 + d)a?) (5.9
33 = 9d(—19 + 2d(—7 + 3a) + 3a(9 + 2(—1 + a)a)) ‘ '
The other term can be easily evaluated in our approximation
_ _ 2 1 2
(€s(c1)€s(c2)[(Aler) + Alez))xr(er)d(cr)) ~ —3G / de (% - 5) xm(c)
5 d+2
= —3¢ (—% + 4—d(1 + ag)) . (5.10)
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Finally, we can identify A, to be

5 d+2

12
As = FCO <(l33 — % + W(l + CLQ)) . (511)

With the properties we have about the noise R.(s), it is easy to calculate the correlation function
of de. The solution of Eq. (5.4) can be formally written as

Se(s) = e~ 2%%52(0) +/ ds'e 296~ R () 321/ ds'e= 296 R (). (5.12)
0 0

So, we can evaluate

(6e(s)*) gy = / dsy / dsze_%CO[(s_51)+(S_52)](Ra(sl)Ra(SQ»H = / dsye 300751 A gy A )
0 0 0 3Co

(5.13)

In Fig. 1, we show the comparison between the theoretical result (solid line) and the DSMC

method results (circles and squares) for a two-dimensional system, as a function of the coefficient

of normal restitution. As can be seen, the agreement is satisfactory for all the range of values

of the inelasticity. In the limit, « — 17, we find the non-trivial result (552> H — g, while in

the free cooling state, this quantity vanishes [7]. We emphasize that the elastic limit is singular:

the behaviour for elastic systems with @ = 1 is not approached by taking the quasi-elastic limit
a—1".

We can also evaluate the two-time correlation function for the fluctuations of the total energy.

If we multiply in Eq. (5.4) by de(s’), for & < s, and taking into account that the noise is not

correlated with the distribution function for a time smaller, we obtain that
(52(8)0e(8)) i = (6e(s')?) e 29005, (5.14)

Then, the decay of the two-time correlation function is the same as we have found for a homo-
geneous perturbation of the total energy. As expected, the amplitude of the fluctuations coincides
with the one obtained in [14] from the equations for the correlation functions.

6. The fluctuating transverse velocity

The objective in this section is to derive a fluctuating equation for the transverse velocity field,
w (k, s). The reason to consider this field is that its equation is decoupled from the equations for
the other hydrodynamic fields [31], and it can be derived exactly in the hydrodynamic limit with
the knowledge we have about the spectrum of the linearized Boltzmann-Fokker-Planck operator,
1.e. we do not need the approximation corresponding to the third eigenfunction.

Mathematically, the transverse velocity is defined in the following way: Let us consider the
d-dimensional vector k which belongs to the space $¢. This space can be spanned by the base
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<(d 5)2 >,

Figure 1: Second moment of the fluctuations of the total energy as a function of the restitution
coefficient a. The solid line is the theoretical prediction and symbols are the two-dimensional
Monte Carlo simulation results of Ref. [32].

. . yd-1
where k is a unitary vector parallel to k and {ki} are (d— 1) unitary vectors

d—1
i i=1

Ui}

orthogonal to k. The transverse velocity is defined as
wi(k,s) = /dc(c K)oF(k e s),  i=1,.. . d—1 6.1)

For the subsequent analysis, it is convenient to introduce the following projectors
P f(c) = (Gavile)] f(c))éari(c), (6.2)

QU f(c) = (1= PY)f(c). (6.3)
Then, if we apply P to §F' we obtain

POSF(k,c,s) = wyi(k, s)éi(c), (6.4)

and the transverse velocity is the component of § F(k, c, s) in the subspace generated by &, ;(c).
In order to obtain an equation for w, we apply the projectors P and () (for simplicity in the
notation we skip the super-index) to the Langevin equation (4.17)

{% — PA(k, c)} PSF(k,c,s) = PR(k,c,s) — Pi(k - c)QiF(k,c,s), (6.5)
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{% — QA(Kk, c)} QOF(k,c,s) = QR(k,c, s) — Qi(k - c)POF(k, c, 5). (6.6)

Now, let us solve equation (6.6) formally
QoF(k,c,s) = e@&Q5E(k,c,0)

+ / ds'er&OE=NOR(k ¢,s') — Qi(k - ¢)PSF(k, ¢, s')]. (6.7)
0

Restricting ourselves to initial conditions with Qéﬁ (k,c,s) = 0, and by substituting Eq. (6.7) in
Eq. (6.5), we obtain a closed equation for P§F'(k, c, s)

{g—PA(k,c)] PSF(k,c,s) + P(k-c) / ds' Q)= (k . ¢)PSF (K, ¢, §)
S 0

— PR(k,c,s)

— Pi(k-c) / ds'e@r kOO R(k, ¢, 5'). (6.8)
0

In Appendix B it is shown that, in the hydrodynamic limit, i.e. to second order in £ and in the long
time limit, equation (6.8) reduces to the following equation for the transverse velocity

{83 ¥ W] wi (k,5) = Rk, s). (69)

The coefficient 7} is the shear viscosity given by

n :/ ds/dccxcyeA(c)ScJ{g,y(c) = —/dccxcyA(c)_lcxgg,y(c), (6.10)
0

which agrees with the expression obtained in [15] by the Chapman-Enskog method, and R, (k, s)
is a noise term which can be decomposed as

R,(k,s) = S(k,s) + I(k, s). (6.11)

The term S(k, s) comes from the thermostat (which does not conserve momentum locally), and the
second term, I1(k, s), is the fluctuating part of the pressure tensor. Their microscopic expressions
in terms of the noise of the Boltzmann-Langevin equation are

S(k,s) = / de(k, - ¢)R(k,c,s), (6.12)

and
Ik, s) = —ik’/ ds’/dc(l; c¢)(ky - )& OR(K, ¢, ). (6.13)
0

Of course, due to the fact that (R(k, ¢, s))y = 0, the mean value of the noise vanishes

(Ru(k, $))y = 0. (6.14)
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The autocorrelation function of the noise is evaluated in Appendix C. Due to symmetry consider-
ations, there are only correlations between the k and —k components, which yields

<Rw(k, Sl)Rw(—k, 82)>H == VW [525(81 — 82) + k2ny(32 - Sl)}

+ (S(k, s)IL(—k, s2)) s1 < S2. (6.15)

The first term is the expected zeroth order term which comes from the heating. The Dirac delta
function is an exact consequence of the fact that the external noise (the heating) is white. The
function Cy, (s2 — s1) reads

Coy(s2 — 51) = /dcl/dCQClxclyC%CCdeA(CQ)(52_81)¢H(ClaCQ)' (6.16)

Here, we have introduced the function ¢ (cq, co) as the space integral of the correlation function
h’H (17 Cq, 02)

br(cr,co) = / Al (L, c1, ¢5) = i (e1)d(cra) + xa(cr, ), 6.17)

where xa(c1,cs) = [dlgu(l,cq,c2) and gy is the dimensionless correlation function defined in
(2.36). The equation for ¢ can easily be obtained by integration over space variable in Eq. (2.41),
which gives

[A(c1) + Aca)]pn(cr,c) = —T'(cq, ) + fzai : i)gjr(cl)xlq(cg). (6.18)
C1 802
As discussed in Appendix C, Cy, can be physically interpreted as the autocorrelation function
of the global quantity Zf\il Vi(t)V,(t). In the elastic case, this correlation function is related to
the shear viscosity but it is not the case for granular systems [1]. The formula for the correlation
(S(k, s1)II(—k, s2)) g is given in Appendix C, and it does not seem to admit a simple physical
interpretation. As the two correlation functions, C,,(s) and (S(k, s1)II(—k, s2)) i, decay with the
kinetic modes and, in the £ — 0 limit, the fluctuating velocity is expected to be frozen (its time
evolution is given by the null eigenvalue, Eq. (6.9)), we can consider that they are proportional to
a Dirac delta function in time, and we have
vz,

Wk} ny<82 - 51) + <S(k, Sl)H(—k, 82)>H

72 00 %)
Lo |V / dsCly(s) + / ds(S(k, O)TT(—K, )1t | 5(s1 — s2).
N 0 0
(6.19)

Note that this is in contrast with the free cooling case where the noise can not be considered to be
white [6]. In this case, the equation for the transverse velocity (rescaled with the thermal velocity)
contains a term of order zero in k£ which is proportional to the cooling rate. Then, even in the
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k — 0 limit, the velocity is not frozen on the kinetic scale. In Appendix D the second integral of
equation (6.19) is evaluated obtaining

[e's) ‘72
/0 dS(S(k, O)H(—k,s))H — Wlf/dcl /dCQCGCQICQyA<C2)102y¢H(C1,C2), (620)

which is valid in the hydrodynamic limit. If we substitute ¢ (cq,c2) by its expression in terms
of the one- and two-particle distribution function, Eq. (6.17), we obtain (see Appendix E) that
the one-particle contribution vanishes and the correlation function can be written in terms of the
two-particle velocity correlation function, yz(cq, c2)

<Rw(k> Sl)Rw(_k> 52)>H
V2
= W(;(Sl - 82) {52 + 2]€2 |:— /dC1 /dCQClmclyCQICQyA<C2)_1X2(Cl, CQ)

+/dc1/dCQCl$02zCQyA(CQ)_ICQyX2(Cl,CQ):| } (621)

As can be seen, the k2 term has no relation, a priori, with the shear viscosity, Eq. (6.10), i.e.
there is a priori no fluctuation-dissipation relation as that assumed in [31]. However, we now
show that, under additional hypotheses (that in principle are not restricted to the elastic limit),
the aforementioned term reduces to the shear viscosity. Let us assume that the most important
contribution of the two-particle velocity correlation function, x»(cy, c2), is the hydrodynamic part,

i.e. we assume
d+2 d+2

XQ(Cl, Cg) ~ Z Z (Zﬁ”g/fﬁ(cl)fgl (Cg). (622)
B=1pg'=1
This assumption was already made in [14] where the coefficients ag 3 were evaluated to calculate
the total energy fluctuations. We emphasize that it led to an excellent agreement between analytical
predictions and numerical data (Monte Carlo) for energy fluctuations, for all the values of the
inelasticity [14]. In this approximation, the first integral in (6.21) vanishes because c,c,xu(c) is
orthogonal to the hydrodynamic modes. The second term is

d+2 d+2

/dCI/dc201$02x02yA(C2)_102yZZaﬂ7ﬁ/§6((}1)§ﬁ/(02)
B=1p=1
—a2x,2m/dclclm§2r(cl)/dC2C2xCQyA(C2)102y€2:p(c2)7 (6.23)

where, for symmetry considerations, the only term that remains is the one associated with 7 =
B = 2. If we use now that as;; = —1/2 (see the reference [14]), and the formula for the shear
viscosity, Eq. (6.10), we finally have

2

(Ru(K, 51)Ru(—k, 53) — Vwa(sl — )€ + i), (6.24)
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Then, in the hydrodynamic limit and assuming that the two-particle velocity correlation function,
X2(c1,c2), has only components in the hydrodynamic subspace, the correlation function of the
noise reduces to the one introduced phenomenologically in [31], not only in the elastic limit, but
for arbitrary inelasticity. Although we have no direct proof of the accuracy of approximation (6.22),
we note that it is backed up by numerical data, see e.g. [14].

As an application of Eq. (6.9), let us calculate the two-time correlation for the transverse veloc-
ity field. Proceeding as in Sec. 5., the two-time correlation function can be calculated, obtaining

72 ¢2 | ~1.2
_ V_g + 77k7 6—ﬁk2(s—s’)
N 2nk?
As seen, the correlation function decays as a linear macroscopic perturbation, with an amplitude
which is a function of the heating and the shear viscosity.

(wy (k,s)w(—=k,s)) g : (6.25)

7. Conclusions

In this work, we have presented a theory of fluctuations for a dilute gas heated by a stochastic
thermostat in the stationary state. The starting point has been the Boltzmann-Langevin equation:
a stochastic equation for the fluctuating distribution function. This equation has the same form as
the linearized Boltzmann equation but adding a noise term. The properties of the noise are deter-
mined enforcing consistency with the equations for the correlation functions, for both the one-time
and the two-time correlation functions. We consider that the noise is white as it is the case for
molecular fluids. From this equation it would be possible to construct a set of fluctuating hydro-
dynamic equations, and from them to evaluate the one-time and two-time correlation functions of
the fluctuating fields. We have focused on the study of the simplest two fluctuating quantities: the
total energy and the transverse velocity, whose equations are decoupled. The results obtained for
the energy fluctuations match up with the ones calculated earlier by means of the equation for the
correlation function [14]. We have also deduced the decay of the correlations for the fluctuations,
finding that they decay in the same way as a linear perturbation. These results have been success-
fully tested against the numerical results obtained by the Direct simulation Monte Carlo method
for all the range of values of the coefficient of normal restitution « [14, 32]. For the transverse
velocity field, some important differences have been found in comparison with the free cooling
case [5, 6], where it was shown that the relevant Langevin noise is not white and that there is no a
fluctuation-dissipation relation of the second kind (the amplitude of the noise is not related to the
shear viscosity). Firstly, the noise has two parts, one coming from the thermostat and the other one
coming from the fluctuating pressure tensor. Moreover, the noise can be considered to be white as
the dynamics of the velocity is as slow as desired in the hydrodynamic (low k) limit. With regard
to the validity of the fluctuation-dissipation relation in the heated case in the hydrodynamic limit,
the amplitude of the noise is priori not related to the shear viscosity. However, considering that the
two-particle velocity correlation function has only hydrodynamic modes —which seems a reason-
able assumption— the coupling between the two noises somehow restores fluctuation-dissipation
and we obtain the expression assumed in [31], with the actual inelastic shear viscosity. In princi-
ple, this rather surprising result is not limited to small inelasticity.
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A Eigenvalue problem for A

We consider here the eigenvalue problem for the homogeneous linear Boltzmann-Fokker-Planck
operator A, defined in (2.38)

A(c)€s(c) = Asés(c). (A1)
We are interested in the eigenfunctions and eigenvalues associated with linear hydrodynamics and,

to perform the analysis, similar techniques as in [3, 7, 13] will be required.
Consider first the function

i(c) = xu(c). (A2)
When the linearized operator A acts on x g, we have
_ e/ 0\
A(cy)xr(cr) = /dch(cg,C3)(1 + Pro)xu(ea)xm(cr) + 5} (8_cl> xu(c). (A3)
Taking into account the equation for 7, Ec. (2.29), we obtain the following relation
e(oY
Aler)pi(er) = D) (8_(:1) xu(cr). (A4)
Now, let us considerer the function
0
(€)= =5 X (o). (AS)

Taking derivate in the equation obeyed by y (¢ — w) with respect to w, and subsequently evalu-
ating the result for w = 0, we obtain

A(Cl)’L/JZ(Cl) =0. (A6)
Finally, we will consider the function
Usfe) = ¢ ~oxa(o (a7
3 = e XH\C).

From the equation obeyed by 13(Acy), we can take derivate with respect to A, and evaluate the
result for A = 1. We arrive at an equation for v3(c;),

Meriater) = (@ +3)5 (e ) xalen (a8)
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From equations (A4), (A6) and (AS8), we can identify two eigenfunctions of A. Making use of
(A4) and (A8), it appears that

M) (35 - o] + vle) ) =0 (49)

Hence, from Egs. (A6) and (A9) we can conclude that the null eigenvalue is (d + 1)-fold
degenerate with the eigenfunctions

10 0

§i(c) = 30¢ lexu(c)] + xau(c), &= —%XH(C)- (A10)

B Derivation of the transverse velocity field equation

In this Appendix we derive the equation for the transverse velocity field, w, (k, s), in the hydrody-
namic limit. The starting point is equation (6.8)

L?Q—PA(k,c)] PéF(k,c,s) + P(k-c) / ds'eQM&O =) (k. c)PSF(k, c, s
s 0

= PR(k,c,s)
— Pi(k-c) / ds'eQr =N R(Kk, ¢, ). (B1)
0
Let us first consider the term PA(k, c)POF (k, c,s). As A(c)& (c) = 0 and [ de(k, - c)(k -

c)&2. (c) = 0, we easily have 3
PA(k,c)PéF (k,c,s) =0. (B2)

Let us evaluate the last term of the left-hand side of Eq. (B1). To second order in k, we have

P(k - c)/ ds'eQM&E=) (k. ¢)POF (k, c, §)
0

~ k265, (c) / Cdshw (k, o) / de(k - ¢)(ky - €)@k - c&) (c)
0
K26, (0) / " dswy (K, )Gy (5 — ) (B3)
0
where we have introduced
Goyls) = / de(k, - e)(k - €)M (K - ). (c)
= /dCCnyQA(C)SCx€2y(C>7 (B4)
and use has been made of the fact that the operator A(c) is isotropic. In the hydrodynamic limit,

the velocity evolves in a scale much slower that the scale in which the function G, (s) decays. We
then have

/ ds'w, (k, s )Gyy(s — §') — quw, (k, s), (BS)
0
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where 7 is the dimensionless shear viscosity

n= /OO dsGgy(s). (B6)
0

The noise terms are the last two terms of Eq. (B1)

PR(k,c,s) = §2L(c)/dc(fq-c)}~%(k,c, s)
= &1(c)S(k,s), (B7)

and
P(ik-c)/ ds'e@r &= Q Rk, c, §)
0

& (c)ik / de(k, - c)(k - ) / s/ QA=) Rk ¢, &)

0
= =&, (o)(k, s), (B3)

where we have used the definitions of S(k, s) and the fluctuating pressure tensor, II(k, s), Eqgs.
(6.12) and (6.13). Finally, by multiplying Eq. (B1) by k, - c and further integrating over velocities,
we obtain the equation of the transverse velocity of the main text.

C Autocorrelation function of R, (k, s)

In this Appendix we evaluate the correlation function of the noise of the transverse velocity field,
R, (k,s). We consider k # 0, s; < so with s; large. It is convenient to introduce the following
notation for the transverse and parallel components of the vector c

~

ki-c=c, k-c=¢ (C1)
The autocorrelation function of R, (k, s) reads, in terms of S(k, s) and I1(k, s),

(Ru(k,s1)Ru(=k,s2))r = ((S(k,s1) +II(k,51))(S(=k, s2) + II(=k, 52)))
= (S(k,s1)S(—k, s2))m + (S(k, s)II(—k, s2)) s
+ (II(k, s1)S(—k, s2))  + (I(k, s1)I1(—Kk, s2)) &
(C2)

We now calculate each correlation function taking into account the microscopic expressions of

S(k,s) and II(k,s), Egs. (6.12) and (6.13), and the correlation function of the noise of the
Boltzmann-Langevin equation, Egs. (4.21) and (4.22).
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The first term is
<S(k,81)S( k 82 /d01/dc201L02L k Cl,Sl)R(—k, C2,82)>H

= —5 81 — S9 /dC1 \/\dCQClLCQLF C1,C2)

V2 _
= W(;(Sl — S /dC1/dCzCuCuT(Cl,C2)XH(01)XH(C2)
vV
= 52w(5(81 — 82). (C3)

where we have used the relation [ dc; [ deacy oy T (e, o) xm(cr)xu(c2) = €2, that is proved in
[14].
The second correlation function is

(S(k, s)Il(=k, s2))
= /dclcuik/ ds/dcgcgncheQQA(_k’CQ)(”_S)(é(k, cl,sl)QQR(—k, C2, )\
0

—zk‘—/alcl/alcgcu@cueQ2 (Fke2)(s2=s1) 0, T (c1,c9).(C4)

Here, we have changed the sign of II(—k, s) because we are dealing with the —k component and
then k — —k (we do not change k. — —k,, because this vector comes from the projector PP and
it is fixed).

The third term vanishes

<H(k,51)5( k 82 = —Zk/ dS /dClclnCu_/dCQCQJ_

«  eQiA(ken)(s— S’)Q1< (k Ci1, S )R( k C2>52)>H_0
(C5)

because (R(s')R(s3))y = 0 for s’ € (0, s1) with s, < s5.
Finally, we evaluate the last term to second order in k

< kSl kSQ

S1
ng/ dsl/ ds2/dcl/dc2qcu62”cue (e1)(s1=s7)+A(c2)(s2-3)

<R(k C1,S ) -k C2782
= —1{32/ dSl/ d82/dC1/dCQClclL02”Cgle (c1)(s1—s7)+A(c2)(s2— SQ)F(Cl,CQ)(;( —5/2)
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= —kz/dcl/d(:gcl”cucgcu/ dse’e)(s1=s)+Ae2)(s2— S)F(cl C2)
0
= —kz/dcl/dCQClncu@cue (c1)s1+A(ez)s2 / dSB_S[A(Cl)—’—A(Q)}F(Cl,Cg)
0
~ —/{:Q/dcl/dcgclncucgcue (c2)(s2=s1)

Afen) + Ae)] ™ | ~Tlenea) + €50 L valenn(e)| co

where, in the last step, we have taken into account that s; is large and we have introduced the term

% : 8%2 xu(c1)xu(c2). This term does not contribute to the integral, but is written for convenience,

to make a connection with the global correlation function ¢ (cy1,c2) = [ dlhy(l, ¢1,co) which
fulfils Eq. (6.18). In doing so, we find that the autocorrelation function of II(k, s) reads
72
(I(k, s)II(—k, s2)) i ~ WkQCzy(s2 — 51), (C7)

where
Ory(SQ —81) = /dC1/dc201$61y02xc2y€A2(82_81)d)H(Cl,CQ). (C8)

As ¢p(cq, co) is the integral of the correlation function hg (1, ¢, c2), Cyy can be identified as the
correlation function of the global quantity Zfil Vi () V,(2).

D Evaluation of (S(k,0)II(—k,s))y

In this Appendix we evaluate the time integral of the correlation function (S(k, 0)II(—k, s))x in
the hydrodynamic limit. Using the notation of the previous Appendix, we have

/0 " ds(S(k, 0)TI(—K, $))

) ‘72 eQQA(_k7C2)S o
_’Lk—/dC1/dCQClJ_CQC2J_ [m} QQF(Cl,Cg)

1
= —Uf—/dcl/dc20u02||Cqu2 (C17C2)

k, + A(—k,
B Zk_ /dcl /dCQClJ_C?CZJ_ QQ[ (Q2C/iz_k7 ((32) CQ)] ¢H(k7 C1, CZ):

(D)

where we have introduced the function
bk, e, 0) = / de ™ g (1, ¢, ). (D2)
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that fulfils the Fourier transform of Eq. (2.41)

o n(enn(e)dk). (D)

Note that the last term in the previous equation only appears for k = 0. Taking into account that
c1 xg(c) is left eigenfunction associated with the null eigenvalue and after some algebra we obtain

[A(k,c1) + A(=k,co)]on(k, c1,c0) = —T'(ci, c) + f

/OO ds(S(k, O)II(—k, 5)) s

1
= _kQ/dcl/dCQClﬂclLCﬂCQLQ A( “k.c )qb (k,Cl,Cg)
2

—zk/dcl/dczcucgcuqﬁ,q(k C1,Co). (D4)

Now, let us consider the hydrodynamic limit of (D4). The first term gives

1 V2 o
—k:2 d d —_— k —— K d . D
/ C1/ c201||011_02||02J_Q Ak c2)¢ a(k,ci,c0) — N /0 SCzy(S) (DS)

The second term can be evaluated by using the following expansion in powers of k
[Alc) —ik-c] " ~ A(e) ™t + A(e) " (ik - ¢)Ac) 7L, (D6)

which yields
_Zk?/dcl/dCQClL02||C2J_¢H(k Cy,C2)

2 o0
— Vﬁkz/o dsChpy(s) — —kz/dcl/dcgclzch@y/ dseA(C2)502y¢H(c1,c2)

0
(D7)

Taking into account (D5) and (D7), we obtain

/ dS<S(k,O)H(—k, S)> — ——k?Q/dcl/dCQClaCCQICQy/ dS@ C2)SCQ QbH(Cl,CQ)
0

0

= _k2/dc1/dc201$02$02y (c2) egydm(cy, ca). (D8)

E Evaluation of the £? contribution of (R, (k, s;)R,(—k, s2)) i

In this Appendix we evaluate the k? component of the correlation function of R,, in terms of the
one- and two-particle distribution functions, xz and x»

on(ci, ca) = xu(e1)d(eiz) + xalc, ca). (ED)
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The first term is

/000 dsCypy(s) = /000 dS/dCl/dCQCthlyCQxCQyCSA(CQ)CbH(Cl,CQ)
= —/dC1/dCQClzclngxCQyA<C2)1¢H(C1,C2)
= —/dchcyA(c)_lczchH(c)
- /dCl/dC2C1x01yCQ$CQyA(C2)_1X2(Cl,CQ). (E2)

If we do the same in the second term, we have

/dC1/dCQCGCQQ;ngA(C2>_102y¢H(Cl,Cg) = /dccmcyA(c)_lcwchH(c)
+ /dcl/dCQClmCQxCQyA(CZ)_lchXZ(ClaCQ)-
(E3)

It can be seen that the sum of the two terms only depends on the two-particle correlation function
and we obtain the k2 part of Eq. (6.21).
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