72
o)
=
O
0
7
%,
o
e
o
©
Y|
c
o
e
L
c
o
O
o
-

JAY |

Publishing

Which reference state for a granular gas
heated by the stochastic thermostat?

Cite as: AIP Conference Proceedings 1501, 1009 (2012); https://doi.org/10.1063/1.4769652
Published Online: 27 November 2012

P. Maynar, M. I. Garcia de Soria, and E. Trizac

Export Citation

Lock-in Amplifiers IS
up to 600 MHz

AIP Conference Proceedings 1501, 1009 (2012); https://doi.org/10.1063/1.4769652

© 2012 American Institute of Physics.

1501, 1009


https://images.scitation.org/redirect.spark?MID=176720&plid=1085724&setID=379066&channelID=0&CID=358604&banID=519893954&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=a9535e29d1c2cd1e986d12f7504a5dc481499373&location=
https://doi.org/10.1063/1.4769652
https://doi.org/10.1063/1.4769652
https://aip.scitation.org/author/Maynar%2C+P
https://aip.scitation.org/author/Garc%C3%ADa+de+Soria%2C+M+I
https://aip.scitation.org/author/Trizac%2C+E
https://doi.org/10.1063/1.4769652
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4769652

Which Reference State for a Granular Gas Heated by the
Stochastic Thermostat?

P. Maynar*, M. 1. Garcia de Soria* and E. Trizac’

*Fisica Teorica, Universidad de Sevilla, Apartado de Correos 1065, E-41080, Sevilla, Spain
fLaboratoire de Physique Théorique et Modéles Statistiques, UMR CNRS 8626, Université Paris-Sud, 91405
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Abstract. We study the time evolution of the one-particle distribution function of a granular gas heated by the stochastic
thermostat. It is found that, for a wide class of homogeneous initial conditions, memory of the initial conditions is rapidly
erased and the system approaches the stationary state through a hydrodynamic state in which all the time dependence of the
distribution function goes through the temperature. As a consequence, the simple one parameter scaling velocity distributions
reported earlier in this context do not suffice, and a two parameter scaling is required. We find a very good agreement between
the theoretical prediction and DSMC simulation results.
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INTRODUCTION

A granular system may be defined as an ensemble of macroscopic particles which collide inelastically, so that part of
the kinetic energy of the grains is dissipated in a collision. This simple ingredient gives rise to a rich phenomenology,
which is of interest not only for practical reasons but also because of the theoretical challenges thereby brought to
the fore [1, 2, 3]. Statistical mechanics and kinetic theory have proved to be powerful tools to study granular matter
at a microscopic/mesoscopic level of description, while at a macroscopic level hydrodynamic equations have been
widely used [2]. Due to the non conservativity of the interactions, which has shed doubts on the consistency of a
hydrodynamic description [4, 5, 6], the granular temperature, defined as the second velocity moment of the one-particle
distribution function, decays monotonically in time in an isolated granular system [7]. In the fast-flow regime, it has
been shown numerically that for a wide class of initial conditions the system reaches a homogeneous state in which
all the time dependence of the one-particle distribution function goes through the temperature. This is the so-called
homogeneous cooling state (HCS) which has been widely studied in the literature [8, 9]. Actually, in a homogeneous
situation, this state is reached very quickly (some collisions per particle). We have then two time scales: the kinetic
or fast scale in which the scaling regime has not been reached yet and where the “microscopic” excitations evolve,
and the hydrodynamic or slow scale in which the temperature changes [10]. Considering non homogeneous states, this
separation of time scales renders possible a hydrodynamic description of the system in terms of the density, velocity
and temperature field, and the HCS plays the role of the reference state when the Chapman-Enskog method is applied
[11].

In this work we will discuss if this kind of behavior is also present in a driven granular system. As energy is
injected, a stationary state is reached in which the energy supplied by the thermostat is compensated by the energy
lost in collisions. For the hard particle model, one of the most used homogeneous heating is the so-called stochastic
thermostat, which consists in a white noise force acting on each grain [12, 9, 13]. In the low density limit, the
distribution function of the homogeneous state has been characterized [9]. Hydrodynamic equations have been derived
via the Chapman-Enskog expansion [14] and fluctuating hydrodynamics have been successfully applied in order to
understand the large scale structure found in the stationary state [15]. Let us remark that in all the studies concerning
hydrodynamics for a system heated by the stochastic thermostat, the stationary state played the role of “reference”
state as the HCS in the undriven case although, as stressed by Lutsko [16], this is far from being trivial (the zeroth
order in the gradients distribution is not simply related to the stationary state distribution). The objective in this work is
to analyze this point critically at the level of the Boltzmann equation. We will study, for arbitrary homogeneous initial
conditions, the type of state the system reaches in a kinetic scale. We find that a universal state is reached in a kinetic
scale (universal in the sense that it is independent of the initial conditions) but that depends on the quotient between
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the instantaneous temperature and the stationary temperature. Although the majority of the results has been published
elsewhere [17], here a more exhaustive simulation study is provided, and the differences with the special case of the
Gaussian thermostat are discussed in more detail.

The plan of the paper is as follows. In the next section, the model is introduced and the main results considering
the stationary state are summarized. We then argue that the most general homogeneous “hydrodynamic” distribution
may depend on an additional dimensionless parameter. The distribution is calculated in the first Sonine approximation
finding a very good agreement with DSMC simulation results. Finally, we discuss in the last section the possible
implications of the existence of this state, focusing particularly on the hydrodynamic description.

THE MODEL

The system considered is a dilute gas of N smooth inelastic hard particles of mass m and diameter ¢ which collide
inelastically with a coefficient of normal restitution o independent of the relative velocity. If at time ¢ there is a binary
encounter between particles i and j, with velocities V;(¢) and V(¢) respectively, the postcollisional velocities V/(z)
and V/;(¢) are

I+a, . ~
V; = Vi_72 (O"Vl'j)G,
I+a . ~
Ve = V,-+T(G~V,-_,-)G, (D

where V;; = V; — V; is the relative velocity and G is the unit vector pointing from the center of particle j to the center
of particle i at contact. Between collisions, the system is heated uniformly by adding a random velocity to the velocity
of each particle independently with certain frequency and with a given probability distribution. Let us define the jump
distribution, Py,(Av), as the probability density that a particle experiments a jump Av in the time interval Az, that will
be considered symmetric in the velocity space. If the variance of this distribution is small compared to the velocity
scale in which the one-particle distribution, f(r,v,?), varies then the evolution equation for this distribution is the
Boltzmann-Fokker-Planck equation [9, 18]. For a homogeneous system, this equation reads

J d—1 = é& 9’

S rin=o /ﬁw%MNnﬂwwﬂwﬁ+zggﬂww7 @

where d is the dimension, 602 = lima/—0 ﬁ J dxx*Py,(x), and Ty is the binary collision operator

To(V1,V2)=/dag(vu'3')(V12-8')(0572b<?1—1)- 3)

Here we have introduced the operator b5 ! which replaces the velocities vi and v, by the precollisional ones v and v}
given by

« l+o .
A4 = I—W(G'V12)G,
. I+o,. ~
v, = Vz-l-W(G-Vlz)G. 4)

Let us remark that, under the conditions noted above, the evolution equation does not depend on the details of the
distribution Py, but only on its second moment, through the coefficient 502

It is known numerically that for a wide class of initial conditions the system reaches a stationary state. Assuming
that total momentum is zero, i.e. [dvvf(v,0) = 0, the state is characterized by an isotropic stationary distribution,
/s(v). Let us define the scaled distribution function, ys, by

v

A= Ga@). =1 )

Vs

where n is the density, vy = \/27;/m is the thermal velocity and T7; is the stationary temperature, %nTS =
/ dv%mv2 fs(v). As this distribution is very close to a Maxwellian distribution, an expansion in terms of Sonine
polynomials [19] does make sense. In the so-called first Sonine approximation the function reads [9]

xs(e) = () [+ a352(c?)], (6)
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where y)7 is the Maxwellian distribution with unit temperature, S;(c?) = w - dzizc2 + %C4, is the second Sonine
polynomial, and a is the kurtosis of the distribution. Within this approximation, the distribution function can be

calculated, obtaining for the kurtosis [9]

16(1 — ) (1 —202)

a(a) = 7
2% = 3560 2ada— 105a £ 3001 —0) o @
with a stationary temperature
2/3
dr(d/2)&
Iy = o : ®
277 (1—o?)nc?-!

THE REFERENCE STATE

Now, let us consider an initial condition with a temperature that differs appreciably from the stationary temperature
(we also assume that total momentum is zero). The system will reach the stationary state in a hydrodynamic scale.
As said, the question is whether this evolution will take place in two steps: a first quick evolution, whose dynamics
depends on the initial conditions, followed by some isotropic universal state, independent of the initial condition,
through which the final stationary state is reached. A first guess to this universal state could be an isotropic state with
a scaling similar to the one found for the HCS, i.e. f(v,7) = %xs(c), where ¢ = v/vy(2), vo(z) = /2T (¢)/m and

T(¢) is the instantaneous temperature, gnT )=/ a?v%mv2 f(v,t). Let us remark that this scaling property, as will be
seen later, is actually true in the Gaussian thermostat, where the particles between collisions are accelerated by a force
proportional to its own velocity [20]. Moreover, in the stochastic thermostat case there are also some studies where it
was implicitly assumed and where it seems to be valid, at least close to the stationary state, see [15] and references
there in. Nevertheless, when this scaling form is substituted in the Boltzmann equation, Eq. (2), we obtain

& 9? 1 dv(t) 0 . -
) o)+ i ) et = ot [ desfifeneleten). ©

Except in the steady state where vy is time independent, such a form is not consistent (the left hand side depends on
time while the right hand side does not) and we can conclude that such a solution is not possible. Another possibility is
to try with the most general normal solution in which all the time dependence of the distribution function goes through
the instantaneous temperature, 7'(¢). In our case, we can define a quantity with temperature dimensions apart from the
instantaneous temperature. This can be done with the strength of the noise parameter, &, and for concreteness, we
take the stationary temperature given above. Then, by dimensional analysis the distribution function is of the form

n
‘f(V,l) = —Z(C7B)7 (10)

v (1)
where we have introduced the dimensionless parameter = #fr) and we have redefined ¢ = ﬁ(f) The scaled

distribution function, ), is a universal isotropic function of the scaled velocity ¢ and the dimensionless parameter
B. If this state really exists and plays the role of reference state, we expect to have a dynamics divided in a first
quick transient that depends on the initial conditions, and a second regime where the system has forgotten the initial
condition and evolves to the stationary state in such a way that it only feels the “distance” to stationarity through the
parameter f3, i.e.

n

f(V7f|ﬁ))Hvd—(t)X(C7l3)Hfs(V)~ mn

0
Let us remark that a similar two parameter scaling occurs in the uniform shear flow of granular gases [21, 22], where
the role of 8 is played by the dimensionless shear rate a* = W.

To see whether this state actually exists, we have performed DSMC simulations [23] of N = 1000 hard disks
(d = 2) of unit mass and unit diameter that collide inelastically with the collision rule given by Eq. (1), specified
by the coefficient of normal restitution, .. The thermostat is implemented by a distribution which is constant in a
square of length A = 0.1 centered in the origin, and a given Az for each set of parameters. The results have been
averaged over 10° trajectories. For a given value of the inelasticity, the objective is to solve the Boltzmann equation
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FIGURE 1. Coefficients a, and a3 from Monte Carlo simulations, for & = 0.80. The initial conditions are Maxwellian (circles)
and flat (squares) distributions. In both cases, the initial temperatures are 7p/Ty = 7.3,21.8,36.4,51. The dotted lines are the
theoretical predictions for the stationary values (a; from Eq. (7) and a3 from [24])
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FIGURE 2. Same as Fig 1, but for oo = 0.6, Ty/7; = 15.5,38.8,77.7 and two initial conditions, Maxwellian (circles) and
asymmetric (squares) distributions.

for different initial conditions and see if, after some time, all the time dependence of the distribution function goes
through the dimensionless parameter 3. As it is difficult to measure the complete distribution function with the desired
accuracy, we have measured the cumulants of the scaled distribution, x(c,3). In terms of the velocity moments,
Wy = rl, [dvV f(v,t), we have measured the kurtosis

__d
_m<vz>2

a —1, (12)

which is proportional to the fourth cumulant of ¥ (¢, ) and the quantity

B d* W)y 3d (W)
OT T 0) T ar2 ey

(13)

which can be viewed as the reduced sixth cumulant. If the scaling is correct, we expect that, after some transient, the
cumulants collapse for different initial conditions as a function of . In Fig 1 we have plotted a; and a3 as a function
of B for o = 0.80. The initial velocity distributions are Maxwellian distributions with four different temperatures, 7,
significantly above the steady state value, 7§, and a distribution in which all the velocities have the same probability
density in a square centered on v = 0 (referred to as the “flat” case) and the same initial temperatures as in the
Maxwellian case. All the quantities are measured every 250 collisions, so each four consecutive points in the figure
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correspond to a time span of one collision per particle. It can be seen that, after some transient, memory of the initial
condition is forgotten, so that the stationary distribution (8 = 1) is reached following a universal route.

The same behavior can be seen in Fig 2, for & = 0.60 and three different initial temperatures, again Ty > T;. We
have started either with a Maxwellian distribution, as above, or with an asymmetric distribution made up of three
possible velocities with different probabilities

Pt =0) = %5(vx+8D/3)5(vy+8D/3)—l—%5(vx—4D/3)5(vy—4D/3)
+ éé(vx—16D/3)8(vy—16D/3)7 (14)

where the parameter D is chosen to match the initial desired temperature, that are the same as in the Maxwellian initial
condition. Note that although the figures emphasize the initial transient, the initial condition is forgotten very quickly
(3 or 4 collisions per particle maximum). It can also be seen that the sign of the steady state a», a3, significantly affects
the pathway followed in the ap-f plane: while the Maxwellian data in Fig. 1 approach the scaling form from above
(a5 < 0), all data in Fig. 2 approach the scaling form from below (a3 > 0).

In principle, a more than one parameter scaling form is expected to hold for any driving mechanism in which
a stationary state is reached in the long time limit. Nevertheless, we will see now that the Gaussian thermostat is
an exceptional case. We have performed the same kind of simulations but heating the system by accelerating each
particle with a force proportional to its own velocity, F; = mwyV;. The time evolution of the cumulants, a, and a3, in
the B scale is represented in Fig. 3, for a system of N = 1000 and o« = 0.80. It is seen that the curves collapse only
once the stationary value for a; is reached, in agreement with a one-parameter scaling function (no dependence on
B). The results are for a Maxwellian initial distribution (circles) and an asymmetric distribution (squares) and three
initial temperatures (7 /T, = 4.8,9.6,28.9). This is obtained for any value of the parameter wy. In fact, such a behavior
could have been suspected due to the mapping between the HCS-Gaussian thermostat. Since in the former there is no
stationary temperature, there is no room for a two parameter scaling function in both cases (even if one could think that
it is possible in the Gaussian thermostat case). To see this point more clearly, let us see that the Boltzmann equation

for the Gaussian thermostat admits a solution of the form f(v,¢) = vdL(t) %s(c). The homogeneous Boltzmann equation
0
in this case is [26]
d de — d
5 /) =0 /deﬂ)(Vl,Vz)f(VlJ)f(VzJ)—woa—vl'[Vlf(VlJ)}- (15)

Inserting the scaling form into Eq. (15) and taking into account the evolution equation for the temperature, we obtain
the fully consistent equation

- d
nodfl/dczTo(cucz)%v(a)Xs(cz) - %a_cl'[clxs(m)h (16)

that coincides with the equation for the scaled distribution in the HCS, with the proper definition of the dimensionless
cooling rate [9].

Focusing again on the stochastic thermostat problem, and in order to analyze the problem theoretically, we change
variables in the Boltzmann equation, Eq. (2), from {7,v}, to {8, ¢}. In these variables, the scaled distribution function
fulfills

1(B) —p (1)) {a%-[cm(cl,ﬁ)w%x(cl,ﬁ)}

_ 2
= [desTifer.ex)xler Bxten )+ yu (DB o x(er.B). (17
1
where L i B
BB = —5g [der [deslci+ A Tilerex)ler p(es. B (19)

Let us note that in this case, in contrast with Eq. (9), the equation is fully consistent as it appears as a change of
variables where B simply plays the role of time. Of course, it only makes sense if the change of variables is well
defined, i.e. the temperature evolves monotonically in time. Nevertheless, to prove that for any “reasonable” initial
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FIGURE 3. Coefficients ay and a3 for a system with o = 0.80 heated by the Gaussian thermostat. The initial condition is
either Maxwellian (circles) or asymmetric (squares), and the initial temperatures are 7y /7y = 4.8,9.6,28.9. The dotted lines are the
theoretical predictions, and the dashed lines are the simulations values reported in [24] for hard disks under the Gaussian thermostat.

condition, the system forgets the initial condition and reaches a universal state is a formidable task. For this reason we
limit ourselves to the simplified problem of deriving an approximate expression for this universal distribution function.
As in the stationary state, the distribution is always close to a Maxwellian distribution and it makes sense to remain in

the first Sonine approximation
x(c.B) = xu(e)[1 +ax(B)Sa(c?)], (19)

where, the kurtosis a; has been defined in (12) and, by definition, we have

/dcx(c,ﬂ) —1, /dccx(c,ﬁ) —0, /dcc2x(c7[3) _ %’. (20)

If the approximate distribution (19) is substituted in the Boltzmann equation for the scaled distribution, Eq. (17), and
we take the fourth velocity moment, neglecting the nonlinear terms in a;, we obtain the following evolution equation

for a
d

aB° a(B) = (1B~ B*)ax(B) +Bas, €2y

—B( -B)—=

where B is the following function of o

734 8d(7—30) + 15020(1 — o) — 7]
16(1 — o) (3 +2d+202) +a5[85 +d(300.— 62) + 30t (10 (1 — o) —39)]

B— (22)

Eq. (21) is an inhomogeneous linear differential equation that can be integrated. As the equation has three singular

points, B =0, B =1 and B — oo, let us first solve it in the interval (0,1). In this case the general solution of the
associated homogeneous equation is

() - kLB @3)

B

and a particular solution can be calculated by variations of parameters

)= 1+ 5L m (L), e

where ,F] is the hypergeometric function [25]. As B— 1 > 0 for each «, we obtain that each solution of (21) tends to
a;, in the limit 8 — 1, but for K # 0 the solution diverges when 8 — 0. This enables us to identify the universal a ()
as the unique solution that is finite in all the interval (0, 1)

_ B3 _
az(ﬁ)=a§{l+%zﬂ (—%J;%;[ﬁ)}, 0<B<l. (25)
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FIGURE 4. Kurtosis as a function of f3, for systems with o = 0.1, 0.3, and 0.6 (left) and or = 0.80, and 0.95 (right). The points
are simulation results starting from a Maxwellian distribution and the solid lines are the theoretical predictions. For the values of
T/ Ty, see the main text.

Moreover, if the initial condition is such that the first Sonine approximation is a good approximation for all times, we
expect that Eq. (21) accurately describes the time evolution of the kurtosis and the universal solution be reached as

(1—B3)38 /B4E=1)_ An analogous analysis can be done for B > 1. Following similar ideas, we identify the “universal”
solution to be

4Baj
5 (7 4B 10 1>. @6)

a(B) B0 1p)E 2K 3,H— 39308

In order to compare the above theoretical predictions to the simulation data, attention should be paid to the fact that
analytical computation of velocity moments or cumulants is plagued by nonlinear effects that have been discussed in
the literature [26, 27]. This results in some error in the calculation of the steady state value a3, and we can also expect
B to suffer from a similar inaccuracy, that may be of the order of 10 or 20%. To circumvent this drawback, we take a;
appearing in (25) and (26) from the Monte Carlo simulations, and we adjust B to match the measured function a> ().
This has been done for several values of the inelasticity. In Fig. 4 (left) we have plotted the results for o« = 0.1, 0.3,
and 0.6, with initial temperatures 7y /7y = 0.01,104.7, Ty /Ty = 0.01,98.7, and 7/ 7; = 0.008,77.7, respectively, and
in Fig. 4 (right) for o = 0.80 and 0.95, with initial temperatures 7y/7; = 0.11,51 and 7y /T; = 0.11,44 respectively.
The solid lines are the theoretical predictions, for f < 1 and > 1. Two values of the initial temperature are used
to generate separately the 8 < 1 branch (associated to large 7p) and the B > 1 branch (obtained for small 7). Let us
note that the agreement is excellent for the whole range of  considered and all the values of the inelasticity. We have
checked that a5 and B thereby obtained are close enough to our predictions.

DISCUSSION

We have studied the dynamics of a homogeneous system of hard inelastic particles heated homogeneously by the
stochastic thermostat. We have restricted to low densities, for which the time evolution of the one-particle distribution
function is given in terms of the homogeneous Boltzmann equation. We find that for general initial conditions, the
system forgets the initial condition on a kinetic time scale, and then evolves towards the stationary state in such a
way that all the time dependence of the distribution function goes through the temperature. This universal state plays,
for heated systems, a similar role as the homogeneous cooling stage for the free cooling problem. The distribution
function is calculated in the first Sonine approximation finding a good agreement with the DSMC simulation results.
Interesting questions remain open: Is this state reached for other sorts of homogeneous heating? Does it appears at
the two-particle, or even at the N-particle level? What happens for arbitrary densities? Do the hydrodynamic equations
depend on the structure of this state? Of course the complete answers to all these questions require further studies but
we can guess some of the responses with the intuition gained here. In principle the only necessary ingredient to have
this kind of scaling is to reach a homogeneous stationary state, in order to define the dimensionless time, 3. Then,
in principle, the scaling might be extended to other driving mechanisms. In this sense, the Gaussian thermostat is a

1015



particular case where the scaling is simpler (it does not depend on f3) due to the mapping with the free cooling case.
The two-parameter scaling may also be present at higher densities. In fact, molecular dynamics simulation results
indicate this possibility, at least for moderate densities [28]. From the point of view of hydrodynamics, the existence
of this state should definitively be exploited. The key point to derive hydrodynamic equations from the Boltzmann
equation is to have two time scales, in the first transient the system evolves to a local version of the reference state
followed by a hydrodynamic regime. In this respect, the role of the reference state is played by the -state, which is
identified as the universal state reached after a general homogeneous perturbation.
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