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Abstract. We study a granular gas heated by a stochastic thermostat in the dilute
limit. Starting from the kinetic equations governing the evolution of the correlation
functions, a Boltzmann-Langevin equation is constructed. The spectrum of the
corresponding linearized Boltzmann-Fokker-Planck operator is analyzed, and the
equation for the fluctuating transverse velocity is derived in the hydrodynamic
limit. The noise term (Langevin force) is thus known microscopically and contains
two terms: one coming from the thermostat and the other from the fluctuating
pressure tensor. At variance with the free cooling situation, the noise is found to
be white and its amplitude is evaluated.

1 Introduction

Typically, a granular system is defined as an ensemble of macroscopic particles which collide
inelastically, i.e. part of the kinetic energy of the grains is dissipated in a collision. This simple
ingredient gives rise to a very rich phenomenology which is of interest not only from practical or
industrial perspective, but also because of the resulting new theoretical challenges [1-4]. One of
the most widely employed idealized model for granular fluids is a system of smooth hard spheres
(or disks in two dimensions) whose collisions are characterized by a constant coefficient of
normal restitution [5,6]. For this model, and considering that the particles move freely between
collisions, kinetic equations have been derived: starting from the dynamics of the particles, it
is possible to derive the corresponding Liouville equation, and the Boltzmann equation results
in the low density limit [7,8]. This kinetic equation has been extensively used to address many
fundamental questions such as the derivation of the hydrodynamic equations, with explicit
expressions for the transport coefficients, which have been derived by the Chapman-Enskog
method [9,10] and also via the linearized Boltzmann equation [11]. Due to the inelasticity of
the collisions, the total energy of an isolated granular system decays monotonically in time. In
the fast-flow regime, it has been shown numerically that, for a wide class of initial conditions,
the system reaches the so-called Homogeneous Cooling State (HCS), in which all the time
dependence of the one-particle distribution function goes through the granular temperature,
which is defined as the second velocity moment of the distribution [12,13]. This state has been
extensively studied in the literature and very recently the fluctuations of the transverse velocity
have been analyzed [14,15]. It has been found that the transverse velocity fulfills a Langevin
equation but, in contrast to the elastic case, the noise is not white and the second moment of the
fluctuations is not only controlled by the viscosity but also depends on a new coefficient. Similar
results are found for the other hydrodynamic equations [16]. The study of fluctuations in the
HCS is important for the development of a general theory of fluctuations in granular systems
because it defines the reference state from which macroscopic hydrodynamic equations can be
derived [9]. In this sense, the HCS plays, for inelastic gases, a role similar to the equilibrium
state for molecular gases.
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On the other hand, there are situations in which the grains cannot be considered to move
freely between collisions. If, for example, the grains are immersed in a medium which acts as
a thermostat, the system may reach a stationary state in which the energy injected by the
thermostat is compensated by the energy dissipated in collisions. Note that, if the grains are
Brownian particles, the interstitial medium injects energy into the granular system, but also acts
as an energy sink due to frictional forces. One of the simplest mechanism that can be considered
to thermalize the system is a white noise force acting on each grain, which results in the so-called
stochastic thermostat [17-28]. One important point is that the distribution function differs from
that of the HCS [17], and that it is this distribution which plays the role of the “reference state”.
The non-equilibrium steady state that the system reaches in the long time limit exhibits long-
range correlations which are in agreement with the predictions of fluctuating hydrodynamics
[20]. The latter description was introduced phenomenologically, and is expected to be valid in
the vicinity of the elastic limit only. The objective of this work is to derive these equations
from a more fundamental point of view and without the restriction of small inelasticity. More
precisely, we adapt the formalism worked out in [15] for the free cooling, to the present driven
case. Starting from a Boltzmann-Langevin description, we derive a fluctuating equation for
the transverse velocity identifying the noise of this equation. Under certain hypothesis to be
clarified in the text, we obtain that the correlation function of the noise is well approximated by
the one introduced in Ref. [20], where the internal noise contribution (excluding the “external”
noise term directly stemming from the thermostat) fulfilled a fluctuation-dissipation relation as
for conservative fluids [29].

The remainder of the paper is organized as follows. In Section 2 previous results for a
system heated by a stochastic thermostat are presented, such as the equations for one-particle
distribution function and the two-particle correlation function. In Section 3 the Boltzmann-
Langevin equation for this system is derived and the properties of the noise are inferred. The
particular case of the transverse velocity field is analyzed in Section 4 and finally, the conclusions
are presented in Section 5

2 Stochastic thermostat: Preliminary results

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

1+a,.

(6-V;j)e, V;:VjJr

where V;; = V; — V; is the relative velocity, ¢ 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

s <A‘/’L,ﬁAV, >noise 62
Bijpy = lim Atj : = £50i;0p, + NO(%‘ —1)dpy, (2)

,j=1,...,N and G,y=1,...,d

where we have introduced AV, 5 = V; g(t + At) — V; 5(t), V; g(t) being the 5 component of
the velocity of particle i at time ¢. We have also introduced the strength of the noise, £2, and
(... Ynoise, which denotes average over different realizations of the noise. The non-diagonal terms

(corresponding to i # j and 8 = ) are necessary in order to conserve the total momentum
[32].
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2.1 Kinetic equations

Given a trajectory of the system, one-point and two-point microscopic densities in phase space

at time ¢ are defined by
N

Fi(zy,t) =Y 8[z1 — Xi(1)], (3)
1=1
and

N N
Fy(w1,m,t) = Y Y 8[w1 — Xi(£)|o[wa — X;(2)], (4)
i=1 j#i
respectively. Here X;(t) = {R;(t), V;(t)}, while the z; = {r;, v;} are field variables referring to
the one-particle phase space. The average of F (z1,t) and Fy(x1, z2,t) over the initial probabil-
ity distribution of the system p(I',0), where I' = { X (t), ..., Xn(¢)}, are the usual one-particle
and two-particle distribution functions,

fl(fl?l,t): <F1(1'1,t)>, f2(1’1,1}2,t>:<F2($1,$2,t)>, (5)
with the notation

(@) = / drG(D)p(T, 0). (6)

In the dilute limit, assuming molecular chaos, i.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,
fi(x1,t), is the Boltzmann-Fokker-Planck equation [17]

2 2
i@ v g o) = JIAIA] + s il @
where
Jflfl = /d$25(r12)T0(V1,Vz)fl(l‘l,t)fl(l‘2,t) (8)
and
To(vi,ve) = o@7? /d&@(& vi2)(6 - vig)[a 2t — 1], (9)

is the binary collision operator. The operator b;l changes the velocities to its right into the
pre-collisional velocities
1+a,. . 1+a,. .

5 (6 -vi2)o, vVvy3=va+ W(d - V12)0 . (10)

As can be seen, the last term in (7) does not appear in the free cooling case and depends on
the strength of the heating, &j.
Let us introduce the two-particle correlation function through the usual cluster expansion

fa(z1,m2,t) = fi(x1,t) f1(w2,t) + g2(21, T2, 1). (11)

Neglecting three-body correlations, the equation for the correlation function go(z1,z2,t) was
derived in [32] and reads

vi=vy —

LN T B
o Vi o Vo ory 92(%1, T2,
= 0(r12)To (v, vo) fi(2r,t) fi(wa, t) + [K(21,t) + K(22,1)]ga(21, T2, 1)

& o 0

N avl avz fl(.Tl,t)fl(.TQ,t), (12)
where
: g o
K(.’Ei,t) = d.’ﬂg(S(I‘ig)To(Vi,Vg)(l + 'Pig)fl(atg,t) + ?W, (13)

with Py, an operator that interchanges the label a and b in the quantities to its right.
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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 [20] 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

& o

5 av%fH(V1)+J[fH|fH] = 0. (14)

For the sake of simplicity, let us introduce the following dimensionless distribution

fu(vi) = “xa (), (15)
H

with xg(c) an isotropic function of the modulus of ¢, vy = (%)
granular temperature defined as

12 ¢ = X~ and Ty the

gnHTH = /dv%mvsz(v). (16)

By introducing equation (15) in equation (14), we obtain a closed equation for x g

_ 2 9
[ desTercapntennten) + 5 ppxaten) o a7)
1
where
T(er,cz) = / d60(6 - ¢12)(6 - c12)a~2b5" — 1], (18)
is the dimensionless binary collision operator and 52 = % is the dimensionless strength of the
H

noise with £ = (ngo?=1)~! proportional to the mean free path. In the case of the correlation

function, it is convenient to introduce its dimensionless counterpart, gz, as

ng

92,1 (21,22) = W@H(llz,chcﬁa (19)
H

where we have introduced the dimensionless length scale 1 = r/¢ and 1,5 = 1; — 5. The reduced
distribution fulfills

0 ].
{A(Q) +A(ez) —ci2- 812} gu (L2, €1, ¢2)
1
_ ongld 00
= ~0(lu2)T(er, e2)xar(en)xa(en) + &0 o o xmle)xn(er),  (20)

where A(c;) is the linearized Boltzmann-Fokker-Planck operator

52 92

A(cl)h(cl) = /ngT(Ci,Cg)(l +’P23)XH(03)h(Cl)

Equation (20) describes the one-time correlation between fluctuations in the stationary state.
As it 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, x .

For the purpose of the next section, it is also convenient to define a new function

he(li2,c1,c2) = xm(c1)d(li2)d(ci2) + gu (liz, €1, €2). (22)
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Taking into account equation (20) and that the term ¢y - %XH(01)5(112)(5(C12) vanishes iden-
tically, the equation for this quantity is

A(c1) +A(ca) —cia - alim hi(liz, €1, c2)
~, n d
= —6(112)I(c1,c0) + 52%% . %XH(Q)XH(CQ)’ (23)
where
[(cy,¢a) = T(c1, c2)xm(cr)xm(c2) — [A(er) + Alea)]xm(c1)d(ci2). (24)

2.3 Linearized Boltzmann-Fokker-Planck equation

In this section we derive the evolution equation for a small perturbation around the homoge-
neous stationary distribution function fg(v). The objective is to evaluate some spectral prop-
erties of the linear operator that controls the dynamics, which turns out to be the linearized
Boltzmann-Fokker-Planck operator introduced above. These properties will be useful in the last
section where we derive hydrodynamic equations.

Let us introduce the small perturbation, J f

5f(x1t) = fi(aa,t) — Frr(ve), ‘;—f <1 (25)

The linearized equation for § f is obtained from the Boltzmann-Fokker-Planck equation (7) and
equation (14)

%(5f($1,t) + Vi1 - ai(s'f(ll,t) = K(ml,t)éf(xl,t), (26)
T

where K(xz1,t) is defined in (13). Now, let us introduce a dimensionless perturbation and a
dimensionless time scale as

5f(1,t) = syl c,s), (27)
Vg
VH
= ¢ 2
s = <, (28)

which is proportional to the number of collisions per particle in the interval (0,¢). The equation
for §x reads

Os ol

where A is the linearized Boltzmann-Fokker-Planck operator defined in (21). Equation (29) is
the linearized Boltzmann-Fokker-Planck equation and it describes the dynamics of any small
perturbation around the homogeneous stationary state.

In [32] it was shown that the linearized Boltzmann-Fokker-Planck operator has d + 1 eigen-
functions associated to the null eigenvalue (in principle there are not more eigenfunctions asso-
ciated to this eigenvalue). These eigenfunctions are

2(5)((1,01, S) = [A(Cl) —C1 8:| (SX(I,Cl, S), (29)

6ule) = 5 5~ [exin(e)] + X1 (0), (30)
2(0) = — o (e). (1)

They fulfill A(c)é;(c) = 0 for ¢ = 1,2. Moreover, as the number of particles and momentum are
conserved in collisions, we have

/ deA(c)h(c) / deciA(e)h(c) = 0, (32)
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where h is an arbitrary function. Equivalently, it can be said that the functions

§i1(e) = xu(c),  &(c) = xulc)c, (33)

are left eigenfunctions of A associated to the null eigenvalue with the scalar product

(7lg) = [ dexis' @1 (©)g(o) (39

with f* the complex conjugate of f.

3 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 the previous section.

As defined in Eq. (5), the one-particle distribution function, fi, is the ensemble average of
the phase function Fi, and its dynamics is given by the Boltzmann-Fokker-Planck equation,
Eq. (7). The problem is now to find an evolution equation for the fluctuating quantity

(5F(1,C,S) = ﬁ[Fl(xvt) - fH(V)} (35)

As for the velocity of a Brownian particle [30], we expect that the difference between the
equation for the fluctuating quantity 6F, and its average, (§F) = 0, is a random force term,
R [31]. Then, the fluctuations § F' around x g are described by a Boltzmann equation linearized
around the solution y g with a random force, R, added

%JF(I, c,s) = [A(c) —c- gl} 0F(,¢c,s)+ R(l,c,s). (36)

Taking averages in equation (36), we obtain the linearized Boltzmann-Fokker-Planck equation,
Eq. (29), if and only if

(R(1,¢,s)) = 0. (37)

Equation (36) is the Boltzmann-Langevin equation. As in the free cooling case [15], we assume
that the noise term, R(L, c, s), is Markovian

<R(11, Cy, Sl)R(].Q, Co, 82)>H = H(ll, ].2, Cy, C2)5(81 — 82), (38)

where (...)y means average in the stationary homogeneous state. In order to evaluate the
function H(ly,ls, c1,co) explicitely, we will calculate (0F(ly,c1,$)0F (13, co,8))y with the
Boltzmann-Langevin equation and then, we will impose compatibility with the equation of
the correlation function of the previous section. So, let us first write this function as a func-
tional of the distribution and the correlation functions. Using the definitions of the microscopic
densities, Egs. (3), (4), the distribution and correlation functions, Egs. (5), (11), (22), and the
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dimensionless distributions, Egs. (15), (19), we have

2d

(0F (x1,t)6F (22, 1)) g = —5-([Fi(x1,t) — fa(vi)][Fi(z2,t) — fa(v2)))u

(Fi(21,t) Fi(22, )i — fu (V1) fu(v2)]

L foom (21,30, t) + fu(v1)d(z1 — 22) — fu(v1) fu(va)]

v
T
Ny
24
vy
n3
V2
T
7
V2
= 7[92 a(xy,x2) + fa(vi)d(zy — x2)]

7[§H(1127 c1,¢2) +0(li2)0(ciz)xm(c1)]

— nHeth(llg,Cl,Cg). (39)

2
H
1
ng
1

Now, let us solve Eq. (36) as a functional of the noise. In order to do that it is convenient to
define the linear operator

A(li,Cl‘) = A(CZ) — C; - aili, (40)
in terms of which the solution for dF(1, c, s) is
SF(Lc,s) = eMBGR(L ¢, 0) + / s/ eMOG- Rl ¢, ')
0
=S / ds' A= R(1, ¢, '), (41)
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
to the null eigenvalue decays. With equation (41), we can evaluate

(0F(1i,¢1,5)0F (13, ¢2,5)) i

/ds/ ds” eAre1)(s— s")+A(l2,c2)(s—s’ )<R(11,Cl7 )R(IZ’CQ,S/)>H
/ ds/ ds”eMIen (=) A0 (=5 ) (15 ¢y, 00)5(s' — )

B / dS/e[A(h’ClHA(IM?H(S?SI)H(IM, C1,C2)
0
(AL, e1) + A(ls, €2)] ! 6[A(11,01)+A(lz,c2)](875')} T H(lis,c1, )

s'=0

Z (AL, e1) + A(ls,€2)] TH(Lia, €1, €2), (42)

where we have assumed that the term e[A(ll’°1)+A(12’°2)]"’H(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(ly2, ¢, c2)
does not have components in the subspace associated to the null eigenvalue. Equivalently we
have

[A(ll, Cl) + A(12, Cg)}hH(llg, Cy, Cg) = 71’LH€dH(112, Cy, CQ). (43)
Finally, comparing equations (43) and (23) we conclude that
1 2 9 9
Hlliz,e1,02) = —0(la)ler,en) = S sxa(e)va(en), (41)
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with I'(c1, c2) given in Eq. (24). With this expression of H we can see that it does not have
components in the subspace associated to the null eigenvalue. Taking into account that &; and
&, are left eigenfunctions of A associated to the null eigenvalue and that [32]

/dcl/dCQT(Cl,Cg)XH(Cl)XH(Cg) =0,
/dcl/dCZCliC%T(ClaCZ)XH(CI)XH<C2) = &2, (45)

/d112/dc1/dC2H(1127€1,C2) =0,

/dllQ/dCl/dCQC1Z‘C2iH(1127C1,C2) = 0 (46)

we can see that

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

fio = [ae i, = 2 Sk ()

k

where V = éZd is the volume in units of the mean free path. The equation for 6F(k, c, s) is then

[683 — Ak, C)] 0F(k,c,s) = R(k,c,s), (48)

where we have introduced the operator
A(k,c) = A(c) — itk -c. (49)

The Fourier transform of the noise, R(k, c, s), obeys

(R(k,c,s5))m =0, (50)
and ~ _
<R(k17 Ci, Sl)R(kQa Co, 82)>H == H(kh kQa Ci, 02)5(51 - 52)7 (51)
where
V? w0 0
H(ki, ko, c1,¢2) = — [I'(c1,¢2)d(k1 + ko) — ¢ (c1)xm(c2)d(ki)d(ke) |, (52)

N dey dey M

which completes the calculation of the noise variance within the Langevin description, that will
be used to quantify the transverse velocity fluctuations.

4 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 [20], 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.

Mathematically, the transverse velocity is defined in the following way: Let us consider the
d-dimensional vector k which belongs to the space R?. This space can be expanded in the base
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. . yd-1 . . yd-1
{k} U {kl} where k is a unitary vector parallel to k and {ki} | are (d — 1) unitary
i=1 i=
vectors orthogonal to k. The transverse velocity is defined as
wyi(k,s) = /dc(c k) )0F(k,c,s), i=1,...,d— 1. (53)

For the subsequent analysis, is convenient to introduce the following projectors

P9 f(e) = (Eari(0)lf(€))ézri(c), (54)

QWf(e) = (1 - PD)f(c). (55)
Then, if we apply P to §F we obtain
PYSF(k,c,s) = wyi(k,s)é1i(c), (56)

and the transverse velocity is the component of §F (k, ¢, 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 (48)

[58 — PA(K, c)} P§F(k,c,s) = PR(k,c,s) — Pi(k-c)Q5F(k,c, s), (57)
{aas ~ OA(K, c)} Q3F(k,c,s) = QR(k, ¢, s) — Qi(k - ¢)PSE(k,c, s). (58)

Now, let us solve equation (58) formally
Qéﬁ'(k, c,s) = eQA(k’C)SQ(SF(k, c,0)
+ / ds'e@M =N QR(K, ¢, s') — Qi(k - ¢)PSF (k, c, ). (59)
0
In the time regime in which the system has forgotten the initial condition, i.e. when we can

consider that eQA(k’c)sQéﬁ’(k, ¢,0) — 0, by substituting Eq. (59) in Eq. (57), we obtain a closed
equation for POF (k,c,s)

[5 — PA(k,c)] P§F(k,c,s) + P(k-c) / ds'e@M&e) =) Ok - ¢)PSF (K, ¢, s')
s 0
— PR(k,c,s) — Pi(k-c) / A5/ €@ =) QR (k, ¢, 5'). (60)
0

In Appendix A it is shown that, in the hydrodynamic limit, i.e. to second order in k and in the
long time limit, Eq. (60) reduces to the following equation for the transverse velocity

[888 + fzkﬂ wi (k,8) = Ry (k, ). (61)

The coefficient 77 is the shear viscosity given by

7] :/ dS/dCCnyeA(c)scxfz’y(C) = —/dccmcy/\(c)_lcmfg,y(c), (62)
0

which agrees with the expression obtained in [24] by the Chapman-Enskog method, and R,, (k, s)
is a noise term which can be decomposed as

Ru(k,s) = S(k, s) + II(k, 5). (63)
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The term S(k,s) comes from the thermostat (which does not conserve momentum locally),
and the second term, II(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, -c)R(k,c,s), (64)

and
I(k, s) = —ik / ds’ / de(k - ¢)(k, - c)e@M =IO Rk, c, 5). (65)
0

Of course, due to the fact that (R(k,c, s))g = 0, the mean value of the noise vanishes
(Ru(k,s))m = 0. (66)

The autocorrelation function of the noise is evaluated in Appendix B. Due to symmetry con-
siderations, there are only correlations between the k and —k components, which yields

<Rw(ka51)Rw(_k732)>H = VW [525(31 - 52) + kQCwy(52 - 81)
+ <S(k, Sl)H(—k, 82)>H, Ss1 < So. (67)

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 Cyy(s2 — s1) reads

Cry(s2 —51) = /dC1/dCQClzC1yCQm62y€A(c2)(sz_sl)¢H(C1,CQ). (68)

Here, we have introduced the function ¢ (cq, c2) as the space integral of the correlation function
hH (l, C1,C2 )

dr(ci,c2) = /dth(LCl,Cz) = xm(c1)d(c12) + x2(c1, €2), (69)

where xa(c1,c2) = f dlgy (1, ¢1,c2) and gy is the dimensionless correlation function defined in
(19). The equation for ¢y can easily be obtained by integration over space variable in Eq. (23),
which gives

[A(c1) + A(c2)]or(c1,c2) = —T'(cy,ca) + gQﬁiq : %XH(Cl)XH(Cﬂ (70)

As discussed in Appendix B, Cy, can be physically interpreted as the autocorrelation function

of the global quantity Ef\il V(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 [34]. The formula for the correlation
(S(k, s1)II(—k, s2))m is given in Appendix B, and it does not seem to admit a direct physical
interpretation. As the two correlation functions, Cyy(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. (61)), we can consider that they are
proportional to a Dirac delta function in time, and we have

‘72
szczy(@ —s1) + (S(k, s1)II(—k, s2))
‘72 ) 0 0
-2 Wk /0 dsChy(s) —l—/o ds(S(k,0)II(—k,s))m | 0(s1 — s2) - (71)

Note that this is in contrast with the free cooling case where the noise can not be considered to
be white [15]. In this case, the equation for the transverse velocity (rescaled with the thermal
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velocity) contains a term of order zero in k which is proportional to the cooling rate. Then, even
in the k& — 0 limit, the velocity is not frozen on the kinetic scale. In Appendix C the second
integral of equation (71) is evaluated obtaining

oS} f/2
/0 ds(S(k,0)II(-k,s))g — WkQ/dC1/dc2C1mCQzCQyA(C2)7102y¢H(Cl,C2)7 (72)

which is valid in the hydrodynamic limit. If we substitute ¢ (c1,cq) by its expression in terms
of the one and two-particle distribution function, Eq. (69), we obtain (see Appendix D) that
the one-particle contribution vanishes and the correlation function can be written in terms of
the two-particle velocity correlation function, y2(cy,c2)

(Ru(k, 1) R (—k, 82))
V2 £2 2 —1
= W(S(Sl —59) &%+ 2k° |— [ der [ deacigeiycazcayA(ca) ™ xa(c1, C2)

+/dC1/dCQC1$C2xCQyA(C2)1CQyX2(C1,C2):| } (73)

As R, (k,s1) is Gaussian, the noise is completely characterized by Equations (66) and (73).
As it can be seen, the k% term has no relation, a priori, with the shear viscosity, Eq. (62), i.e.
there is a priori no fluctuation-dissipation relation as that assumed in [20]. However, we now
show that, under additional hypothesis (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, x2(cy,c2), is the hydrodynamic
part, i.e. we assume

d+2 d+2

Xa(c1,€2) = Y > agpés(c1)ép (c2). (74)

B=1p8'=1

This assumption was already made in [32] where the coefficients ag g 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 [32]. In this approximation, the first integral in (73) vanishes because
cxcyXm(c) is orthogonal to the hydrodynamic modes. The second term is

d+2 d+2

/dcl /chclz02$02yA(cz)_102y Z Z ag g ép(c1)ép (ca)

po1p=1
= a2w,2w/dclcla:§2w(cl)/dc2c2wc2yA(c2)_1c2y§2w(C2)a (75)

where, for symmetry considerations, the only term that remains is the one associated to 3 =
B’ = 2. If we use now that ag;2; = —1/2 (see the reference [32]), and the formula for the shear
viscosity, Eq. (62), we finally have

2

(R, 51) B (K 2) = —-8(s1 = 2) (& 4 8). (70)

Then, in the hydrodynamic limit and assuming that the two-particle velocity correlation func-
tion, x2(c1, ¢2), has only components in the hydrodynamic subspace, the correlation function of
the noise reduces to the one introduced phenomenologically in [20], not only in the elastic limit,
but for arbitrary inelasticity. Although we have no direct proof of the accuracy of approximation
(74), we note that it is backed up by numerical data, see e.g. [32].
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5 Conclusions and outlook

The primary objective of this work was to derive a Boltzmann-Langevin description for a
heated granular gas, in the spirit of the work of Bixon and Zwanzig [31], who considered
conservative systems. The system considered here is on the other hand dissipative, and is
heated by a stochastic force changing the velocity of the particles between collisions. The loss
of energy in collisions is compensated by the energy given to the particles by the thermostat
and a stationary state is thereby reached. Our study is restricted to this stationary state. The
Boltzmann-Langevin equation has been derived and the properties of the noise appearing in this
equation were identified by imposing consistency with the equation for the correlation function
derived in [32].

The Boltzmann-Langevin equation is the starting point for the derivation of fluctuating
hydrodynamic equations. This can be done by projecting the Boltzmann-Langevin equation into
the hydrodynamic subspace. As our knowledge of the spectrum of the linearized Boltzmann-
Fokker-Planck operator is quite limited, we have focused on the equation for the transverse
velocity field, that is decoupled from the rest of the fluctuating hydrodynamic equations. This
specific case was studied in [14,15] for the free cooling state, where it was shown that the
relevant Langevin noise is not white and that there is no fluctuation-dissipation relation. In
other words, the amplitude of the noise is not related to the shear viscosity. On the other
hand, in the stochastically heated system, the behavior that we have reported is different.
First, the noise of the transverse velocity contains two parts: one coming from the thermostat
(which does not conserve momentum locally) together with the more standard fluctuating
pressure tensor. The correlation function of the noise can then be written as a sum of direct
and cross terms made up from the previous two contributions. Moreover, in contrast to the
free cooling scenario, the noise can be considered as white [36], as the dynamics of the velocity
is as slow as desired in the hydrodynamic (low k) limit. As in the free cooling case, in the
hydrodynamic limit, the amplitude of the noise is a priori not related to the shear viscosity
(such a relation, of fluctuation-dissipation type, had been assumed in the approach of Ref [20]).
However, considering that the two-particle velocity correlation function has only hydrodynamic
modes — which seems a reasonable assumption — somehow restores fluctuation-dissipation and
we obtain the expression assumed in [20], with the actual inelastic shear viscosity. In principle,
this rather surprising result — reminiscent of those reported in Refs [37] — is not limited to small
inelasticity.

For future work, remains the extension of the theory to the other hydrodynamic equations
(beyond the transverse velocity), together with a generalization of the scheme presented here
to a more general class of thermostated systems, such as the ones with multiplicative noise [35].

This research was supported by the Ministerio de Educacién y Ciencia (Spain) through Grant
No. FIS2008-01339 (partially financed by FEDER funds). We acknowledge financial support from Becas
de la Fundacién La Caixa and from Agence Nationale de la Recherche (grant ANR-05-JCJC-44482).

Appendix

A Derivation of the transverse velocity field equation

In this Appendix we derive the equation for the transverse velocity field, w, (k,s), in the
hydrodynamic limit. The starting point is equation (60)

[(,;95 — PA(k, c)] P§F(k,c,s) + P(k-c) / ds'e@M )= O (k . ¢)PSF (K, ¢, s')
0

= PR(k,c,s) — Pi(k - c)/ ds'eQMEGE=OR(K, ¢, 8'). (77)
0

Let us first consider the term PA(k,c)PSF(k,c,s). As A(c)éz  (c) = 0 and fdc(lA(L )k -
c)é21 (c) = 0, we easily have )
PA(k,c)PSF(k,c,s) = 0. (78)
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Let us evaluate the last term of the left hand side of Eq. (77). To second order in k, we have
P(k-c) /0 ) ds'eQA) =) (k- ¢)POF (K, ¢, 8')
~ k265, (c) /0 ) ds'w, (k, ') / de(k - ¢)(ky - ¢)eM@E=k . c&y (c)
— K26 (c) /0 "5 w1 (k, )Gy (5 — ) (79)
where we have introduced
Gay(s) = / de(kL - ¢)(k-c)e™®* (k- c)&u(c) = / decyeye™©%c 8oy (c), (80)

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, 8')Gay(s — ') = fws (k, ), (81)
0

where 7] is the dimensionless shear viscosity

n= / dsGy(s). (82)
0
The noise terms are the last two terms of Eq. (77)

PR(k,c,s) = &1 (c) / de(k, - ) R(k,c,s) = &1 (c)S(K, s), (83)
and

P(ik - c) / ds'e@M =) O R(k, ¢, s')
0

=& (c)ik/dc(lA(L -¢)(k-c) /S ds'eQAEGE= O R(K, ¢, 8)
0
= —& (o)II(k, s), (84)

where we have used the definitions of S(k, s) and the fluctuating pressure tensor, II(k, s), Eqgs.
(64) and (65). Finally, by multiplying Eq. (77) by k, - ¢ and further integrating over velocities,
we obtain the equation of the transverse velocity of the main text.

B 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;1 < sy with s; large. It is convenient to introduce the
following notation for the transverse and parallel components of the vector c

RL'C:CL, k~C:C||. (85)
The autocorrelation function of R, (k, s) reads, in terms of S(k, s) and II(k, s),

= ((S(k, s1) +1I(k, 51))(S(—k, s2) + (=K, 52))) 1
= (S(k,51)S(~k, s2))ir + (S(k, s1)IL(—k, s2))
+(II(k, 51)S(—k, s2)) i + (H(k, s1)I1(—Kk, s2)) fr- (86)

<Rw(ka Sl)Rw(_kv 52)>
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We now calculate each correlation function taking into account the microscopic expressions
of S(k,s) and II(k,s), Eqgs. (64) and (65), and the correlation function of the noise of the
Boltzmann-Langevin equation, Egs. (51) and (52).

The first term is

<S(k,81)S(—k,82)>H /dCl/dCQCU_CQJ_<R(k, C1,81)R(—k,02782)>H

= —6 (s1 — s2 /dcl/d02cuch c1,C2)

V2 _
= W5(81 — 52 /dC1/dC2CuCuT(01,Cz)XH(C1)XH(C2)
V2
= §2W6(81 — 59). (87)

where we have used the relation [ de; [ descerycai T(c1,ca)xm(c1)xm(ce) = €2, that is proved
in [32].
The second correlation function is

<S(k, 81>H(—k, 82)>H

S2 - -
= /dC1Cuik/ dS/dC202|\CzLeQzA(fk’CQ)(srs)<R(k7 c1,51)Q2R(—k,c2,5))n
0

7o)
= ik%/dcl/dczcuc2“cu6Q2A(*k’°2)(52751)Q2F(c1,02). (88)

Here, we have changed the sign of H( k, s) because we are dealing with the —k component

and then k — —k (we do not change k., — -k 1, because this vector comes from the projector
P and it is fixed).
The third term vanishes

(TI(k, s1)S(=k,s2));r = —zk/ ds’ /dclclncu_/dczcﬂ_
xeQAe) (5= (R(k, ¢y, 8 )R(—Kk, 2, 52)) i = 0, (89)

because (R(s')R(s2))m = 0 for ' € (0,s1) with s, < s5.
Finally, we evaluate the last term to second order in k

<H(k 51 k 52

~k2/ dsl/ dsQ/dcl/dczclﬂcu_cgﬂcue (e1)(s1=51)+A(e2)(s2—52)

<R(k C1,Sl) k C2,82

—kQ/ dsl/ dsQ/dcl/chclch_c2‘|cue (e1)(s1—s1)+A(e2)(s2~ 82)F(cl c2)d(s] — s5)
7]@2/dc1/dc201‘|61l02llc2j_/ dsel(e1)(s1—s)+A(e2)(s2— S)F(C]_,CQ)
7]{:2/dc1/dCQC:[HCllczllCQLEA(C1)51+A(C2)S2/ dses[A(e)+A(e2)I T'(cy,c2)
0
VZ
~ Wkg/d01/dczclucuc2||02J_eA(c2)(52751)

[h(e) + Alea] ™ [~Tler,en) + €50 gx(enn(en)|. (90)
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where, in the last step, we have taken into account that s; is large and we have introduced
the term 8%1 . %XH(Cl)XH(CQ). This term does not contribute to the integral, but is writ-

ten for convenience, to make a connection with the global correlation function ¢g(c1,c2) =
J dlhg (1, e1, c2) which fulfills Eq. (70). In doing so, we find that the autocorrelation function

of TI(k, s) reads
772
(TI(k, s1)T(=k, 85)) 1 2 <=k Clay (52 = 51), (91)

where
Cry(s2 —s51) = /dcl/dczclmclychc%e’b(52751)¢H(cl,cz). (92)

As ¢p(cy,cz) is the integral of the correlation function hg(1,¢1,c2), Cyy can be identified as
the correlation function of the global quantity Zfil Ve (t)V, (2).

C Time integral of the correlation function

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

/ " 4s(S(k, 0)TI(—k, 5)) &
0

‘72 eQzA(*l@CQ)S o
=tk— [ d d -_— r
i N/ Cl/ C2C11 Co|C2L |:Q2A(—k,c2):|0 Q2T (e, c2)

V2 1
= —Zkﬁ/dC1/dCQCllczHCQLmQ2F(C1,Cg)

V2 Alk,c1) + A(=k,c
= Zkﬁ d01 /dCQCllCQHCQL QQ[ (ngiz—k, ((:2) 2)] (,Z5H(k, Cq, 02), (93)
where we have introduced the function
or(k,c1,c2) = /dle*ik'lh,{(l, c1,¢2), (94)
that fulfills the Fourier transform of Eq. (23)
= O 0
Ak, e1) + A(=K, c2)lon (k; €1, 02) = —T(e1, €2) + &5 - 5 —xr(e1)xn(c2)o(k). (95)

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

| astste ok )
0
Vsz/dc /dc ! on(k,c1,c2)
= — Cy|C11CoCo | —— ,C1,
N 1 2C1 | C1LCo| QLQQA(_k7C2> H 1,C2
‘72
+W’ik/dcl/dCQCu_CQHCQJ_QﬁH(k,Cl,CQ). (96)

Now, let us consider the hydrodynamic limit of (96). The first term gives

V2 1 V2 >
—k [d d — ou(k f—k2/ dsCyy(s).
N / C1/ C2Cy||C1LC|C2L Q2A<—k, C2)¢H( ,C1, CQ) — N . sC! y(S) (97)
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The second term can be evaluated by using the following expansion in powers of k
[A(c) —ik-c] '~ A(e) ™' + A(e) ! (ik - ¢)A(c) !, (98)

which yields

V2
W'Lk/dcl/dCQCIJ_CZHCM_(bH(ka c1,C2)

- -
— Vﬁlf/ dsChy(s —kQ/dm/dCzCuszCzy/ dse™®2)%cy, dp(c1,c0).  (99)
0

Taking into account (97) and (99), we obtain

/ ds(S(k,0)II(—k, s)) — ——k2/dcl/dcz01$02w02y/ dseA(°2)s(22y¢H(cl,02)
0

‘72
= W}CZ/dC1/dC261$CQ$C2yA(C2)7102y¢H(Cl,C2). (100)

D k> Component of the correlation function of R,

In this Appendix we evaluate the k2 component of the correlation function of R,, in terms of
the one and two-particle distribution functions, x gz and x2

¢u(c1,c2) = xu(c1)d(ciz2) + xa(c1, c2). (101)

The first term is
/000 dsCyy(s) = /000 ds/dC1/dC2C1$C1y02xC2y€SA(°2)¢H(cl,02)
- _/dcl/dc2clxcly32$c2yA(c2)il¢H(cl’02)
= f/dccmcyA(c)flcxchH(c)
f/dcl/chclmclyCQICQyA(CQ)*lxg(c1,cQ). (102)

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

/dC1/dCzcmczazCzyA(Cz)_102y¢H(C1,Cz)
/dcczcy cggchH /dcl/chclxcthyA(cz) CQyXQ(cl,cQ) (103)

It can be seen that the sum of the two terms only depends on the two-particle correlation
function and we obtain the k? part of Eq. (73).
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