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Abstract. The Boltzmann equation for a gas of smooth, inelastic hard spheres is introduced and its homogeneous solution
for an isolated system is discussed. The possibility of hydrodynamic excitations is explored using the linearized Boltzmann
equation for small spatial perturbations of the homogeneous state. It is shown that the spectrum of the generator for this linear
dynamics contains five points at long wavelengths that are the origin of hydrodynamic excitations. With this knowledge,
response functions are introduced that allow the formal derivation of linear hydrodynamic equations and associated Green-
Kubo expressions for the transport coefficients at Navier-Stokes order.

1. INTRODUCTION

One of the most important characteristics of a real granular gas is hard binary inelastic collisions. This feature of
inelasticity alone is responsible for many of the qualitative differences between granular and normal gases. A simple
model to study these differences is therefore a system of N smooth, hard spheres undergoing inelastic collisions. With
the collision rule specified (see below) the trajectories in the N particle phase space are well-defined and the formal
structure of non-equilibrium statistical mechanics can be applied [1, 2, 3]. In particular, the BBGKY hierarchy for
reduced distribution functions can be obtained. At sufficiently low density small parameter expansions developed for
normal gases can be applied for an approximate closure of the hierarchy equations [4, 5]. To leading order in the ratio of
the diameter of the spheres to the mean free path, the Boltzmann equation for the single particle reduced distribution
function is obtained!. The objective here is to explore some of the consequences of inelasticity for solutions to the
Boltzmann equation. Specifically, the existence of hydrodynamic excitations for small spatial perturbations at long
wavelengths is demonstrated [6, 7] and explored to Navier-Stokes order.

The Boltzmann equation is introduced in the next section, parameterized by a single scalar constant - the restitution
coefficient ¢ - differentiating granular gases (o < 1) from normal gases (o = 1). For an isolated system (no external
driving sources) it is noted that there is no stationary solution due to the continual loss of energy in binary collisions.
However, there is a "universal” solution analogous to the Maxwellian whose time dependence occurs entirely through
a second moment of the distribution (the "temperature"). This solution is special in the sense that it appears that
general homogenous states relax after a few mean collisions towards this solution. This is similar to the rapid
velocity relaxation to a Maxwell distribution in normal gases. A great deal is known about this special solution,
the "homogeneous cooling solution" (HCS), from both analytic [8, 9, 10] and Monte Carlo simulation studies [11].

In section 3 small deviations from the HCS due to spatial perturbations are described in terms of the linearized
Boltzmann equation. It is shown that the generator for this linear dynamics has a spectrum containing five points cor-
responding to hydrodynamic excitations at long wavelengths. The eigenfunctions are identified in terms of derivatives
of the HCS. These eigenvalues and eigenfunctions show the existence of hydrodynamic modes for granular gases.
Next, hydrodynamic response functions are defined from the formal solution to the linearized Boltzmann equation.
The hydrodynamic spectrum for these response functions is obtained to Navier-Stokes order [6, 7], and the transport
coefficients identified in the form of Green-Kubo expressions [12, 13, 6].

! Tmportant questions remain about the size of corrections to the Boltzmann limit due to velocity correlations, at any given value of this
small parameter.
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2. BOLTZMANN EQUATION AND HOMOGENEOUS COOLING SOLUTION

Consider a system of N smooth hard particlesin alarge volumeV. The particles move in a straight line until apair is
at contact. The velocities of that pair are then changed instantaneously according to a prescribed inelastic scattering
law. In general thislaw can be quite complex, including both normal and tangential friction, the shape of the particles,
and a velocity dependent normal restitution coefficient representing the distortion of real grains on collision. After the
collision the particles again move on straight lines with the new velocities until another pair is at contact. In this way
a deterministic trgjectory in the N particle phase space is defined. A probability density in this phase space can be
introduced to represent incomplete knowledge of the initia state, and all the elements of a non-equilibrium statistical
mechanics are then available for analysis of this system [1]. In particular, a Liouville equation for the probability
density is obtained and from it follows aBBGKY hierarchy for the s-particle reduced distribution functions. The first
of these equationsis the precursor for the Boltzmann equation for appropriate conditions of low density.

To simplify the discussion all subsequent analysis will be for smooth, inelastic hard spheres of diameter . The
Liouville dynamics for the distribution functionsis the inverse of that for the trgjectories of the particles and involves
"restituting” collisions for the pair i, j given by

1+ o A A l+a
ngvi_W(gij'G)o-: Vi =V +—— 2 9 6)6, 1

where 6 is a unit vector along the direction of the relative position r ij="ri— and g; — V. is the relative
velocity. The restitution coefficient o takesthevalues0 < o < 1, wherea =1 corresponds to elastlc collisions. As
noted above, it is the single parameter differentiating granular gases from normal gases in this representation. The
probability density, f(r,v,,t), for the position and velocity in the single particle phase space obeys the exact first
BBGKY hierarchy equation
(5e+vava) trnn = o [dv, [d50(E-0/@ @ {o21@0r, - ohveD
—f(z)(rl,r1+o,vl,v2,t)}. 2

Here f (2 (rl, r,,Vy,Vs,t) isthe joint probability density in the two particle phase space. It has been shown elsewhere
[4] that a dimensionless form of the BBGKY hierarchy can be expressed in terms of the single parameter A = ¢ /¢,
the ratio of the ”force range” to the mean free path ¢ = 1/(no 2). This parameter is small at low density, suggesting an
expansion for a solution to the entire hierarchy as a power seriesin A. In particular, this gives

f2(ry, 1+ 0,vq,Vo,t) = F(ry,vy,t)f(ry,vy,t) +OA ©)

and the first BBGKY hierarchy equation to this order becomes the Boltzmann equation

d

at” V) f(r,v,t) =3(v| f,f) 4
where the nonlinear Boltzmann collision operator is identified as

I 1.1) =0 [dv, [ d5O(E-0)(E-9) (o0 2F(r, VD F (1, v,t) = Ty, vy D F (1 v5.0) ®)

Thisformal expansion of the hierarchy also gives an equation for the correctionsto the Boltzmann equation. Therefore
conceptual issues regarding the validity and context of the Boltzmann equation for granular gases can be studied
quantitatively [14, 5]. Thistopic will not be explored here.

Animportant difference between normal and granular gasesisthe absenceof energy conservationin thetwo particle
collision. This is reflected in the moments of the collision operator which can be calculated directly from the above

definitions 0
/dv v IO, ) = 0 , (6)
Im(v— u)? —3nT¢
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The two zeros on the right side of (4) correspond to conservation of mass and momentum. The last term results from
non-conservation of energy and & is the fractional rate of decrease in the energy due to the inelasticity. The kinetic
"temperature” T and flow velocity u are defined in the usual way

( %n”uT ) :/dv< %m(VV— u)® ) f(r,vt,). @

The"cooling rate" £[f, f] isapositive functional of f. Thisimpliesthat the energy of an isolated system decreases
monotonically. Consequently, thereis no stationary state such asthe Maxwell-Boltzmann distribution for normal gases.
Instead, there is a homogeneous cooling solution with the scaling form

fres (V1 (1) = o 3(T ()9 (V/V(T(1)) . Vo(T(1) = /2T (t)/m. ©)
An equation for the temperature follows directly from this scaling and the Boltzmann equation without further
assumption
(G +&(T(1))T(t) =0. C)
where )
E(T () = Elfrcss Tl = (1 %) T [ av [ vy [v=val® e (V) fres (W) (10)

The temperature dependence of £ can be made explicit through the scaling form of f ., so (9) can be integrated for
the exact time dependence of the temperature. The function f,  is determined from the Boltzmann equation which
now takes the form

%évV' (thcs) =J (V| fhes: fhcs) : (11)

This equation must be solved self-consistently with the equation for £ to determine the HCS. Although an explicit
solution has not yet been obtained, its form at large and small velocities has been determined by good analytic
approximations[8, 9]. More generally the universality of the HCS as the attractor for awide class of initial conditions,
its functional form, and the scaling property have been verified by Monte Carlo simulation [11]. In all of thefollowing
the HCS will be treated as a known function.

3. LINEAR BOLTZMANN EQUATION AND HYDRODYNAMIC MODES

As noted above, there is evidence that small homogeneous perturbations of the HCS decay on the order of the time for
afew collisions. A description of the response to small spatial perturbations of the HCS is both more interesting and
more complex, and is the object of the remaining discussion here. The simplest case is an initial spatial perturbation
of the HCS (other examples might arise from small external forces or boundery condtions). The distribution function
iswritten as ,

F(r,v,0) = frs (V, V(D) [1+€XTA (K, v, 1)] (12)

and solutions are sought to linear order in A. Since only linear terms are retained, it is sufficient to consider only a
single Fourier mode. For the moment, questions of stability are deferred. The Boltzmann equation then takes a linear
form for A. Dueto the time dependence of the reference state this equation depends explicitly ontime. It is convenient,
therefore, to introduce the dimensionless variables

f(v,) =g 3(T)) F* (v',9), A" (kv 8) =A(K,v,t), k" =kt

[T v S
LT Vegmmr ¢ aro) &

where ¢ = 1/nc? is the mean free path and s is the average number of collisions in the time interval (0,t). The
linearized Boltzmann equation then becomes

(ds+ik* V' + A)A* =0 (14
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where the linear collision operator A is defined by

1.,
AX=LX+ 3¢ fres Vo (VFeeX) (15)
In these dimensionless variables A istime independent. Thefirst term on the right is the linearized Boltzman collision
operator
0
IX=—-—r—— i, froX fr X, f
VO(T(t))fhcs [J(V| hes? “hes )+J(V| hes”™» hcs)]

while the second term describes the effects of cooling explicitly, and arises because the derivative with respect to sis
taken at fixed v* .

The formal solution to the linear Boltzmann equationis
A* (k*,v*,8) = eV HNSA (k* v*,0). (16)

This shows that al linear excitations of the granular gas are determined from the spectrum of ik *-v* + A (the relevant
Hilbert space is defined in the next section)

(K" v* + A) Ya(K") = An(K) yin(K"). (17)

In particular, if a hydrodynamic description is applicable to granular gases the corresponding excitations must occur
in this spectrum. For anormal gas with elastic collisions the hydrodynamic spectrum is defined in terms of thek * =0
spectrum. In that case there are five el genfunctions (the summational invariants) with zero eigenval ue, correspondingto
the conservation of mass, energy, and momentum. The hydrodynamic spectrumfor k * # O isthat which is continuously
connected to the five k* = 0 zero eigenvalues.

A similar analysis applies for granular gases. The hydrodynamic eigenvalues for k* = O can be identified by
differentiating the equation for the HCS with respect to the average density, temperature, and flow velocity (denoted
generically by y,) [6, 7]

J [1
(9_)/)/ [EgvV' (thcs) —J (V| fhess fhcs):| =0. (18)
In this way five eigenfunctions and eigenval ues are obtained
Adn = An(0) ¢n, on = yn(0) (19)
i, 1., 1., 1.,
MO & (038"~ 38"~ 58" -3¢ (20
o< (8+VO, Infie, —3— Vo, Infig, =V, Infi) . (21)

These are the hydrodynamic modes since the eigenvalues are the same as those of the exact macroscopic balance
equations for mass, energy, and momentum, linearized and taken at k* = O. Thisis therefore a direct confirmation of
hydrodynamic excitations for agranular gas, independent of other derivati ons such as the Chapman-Enskog expansion.

Of course there may be other non-hydrodynamicssolutionsfor A (0), but to simplify the notation it will be understood

below that A (0) refers specifically to the set of five values above. For small but finite wavevectors, k* # 0, the
corresponding eigenfunctions and eigenvalues can be calculated from (17) by perturbation theory using (19) - (21)

as the reference state. The results obtained in this way to Navier-Stokes order agree in detail with those from the
Chapman-Enskog expansion [6, 7]. Instead, an alternative approach based on response functions will be explored

here.

4. HYDRODYNAMIC RESPONSE FUNCTIONS

To simplify the notation it is useful to introduce a scalar product

(a,b) = / dv* g (V) @t (V) b(v") 22)
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and a set of functions biorthogonal to the k* = 0 eigenfunctions

~ 1 .., 1 . ~
on & (1, <§\f2+ E) ,V ) , ((Pn,(l)m) = Onm (23)
Now consider an initial perturbation of the HCS in terms of the eigenfunctions ¢ m,
A" (K", v",0) = ¢m (V") 8ym(k,0). (24)

The coefficients Sym(k*,0) can be determined by calculating the average of ¢n,
(90,47 (0)) = 8¥n(k",0). (25)

Since the 5n are linear combinations of the summational invariants, the dyn(k,0) are linear combinations of the inital
deviations for the density, temperature, and flow velocity from their values in the HCS. Thus the initial state is a
hydrodynamic perturbation. Their response at some later time is therefore

8yn(k*,s) = Gnm(kk,s)aym(k*,o). (26)
The response functions Gnm(k*, s) are given by
Gnm(k*,S) = ($n7¢m(k*7s)) = ((Bn(k*,S),d)m) ’ (27)
where the time dependent functions are
Pm(K*,5) = ef(ik*~v*+A)s¢m7 an(k*@ _ e—(fik*~v*+A+)s$n. (28)

The second equality of (27) defines the adjoint operator A *.

Other response functions can be defined for more genera initial conditions and/or for other variables. These
response functions defined here will be called ” hydrodynamic” since the variables being considered are hydrodynamic
fields, and the initial perturbation is such that the responseis entirely hydrodynamicin the long wavelength limit

Gnm(k* = 0,s) = e n(0sg, (29)

The utility of this special feature is demonstrated in the next section. In general, for k* # 0 these ” hydrodynamic”
response functions will have both hydrodynamic and non-hydrodynamic excitations

Grm(k*,s) = Anm(K*)e= (KIS L B (K", 5) (30)

where Bnm(k*,s) denotes the non-hydrodynamic contribution. It is expected that this part of the spectrum corresponds
to faster relaxation than that of the hydrodynamic modes, so that a hydrodynamic description dominates on along time
scale.

4.1. Dispersion relations

Theresponse functions Gnm(k*, s) describe all possible excitationsin responseto theinitial hydrodynamic perturba-
tion. Generally, it has the form of Eq. (30). These excitations are defined by the singularities of the Laplace transform
of Gpm(k*, s) in the complex plane, e.g.,

Grm(K*,S) = % /CdzeZ‘ (2 +A(0) + M(K",2)) L. (31)

Here | isthe unit matrix, A (0) is a diagona matrix whose elements are A ,(0), and M(k*,2) is a matrix representing
the effects of finite wavevector. The integral is defined as a contour enclosing al singularities of the integrand. These
singularities define the spectrum of the response functions, i.e. the solutions z(k*) to the equations

det (z(k*)1 + A(0) + M(K*,z(k*))) = O. (32)

These are the dispersion relations that characterize the physical nature of granular gases on all length and time scales.
The specific case of hydrodynamicscorrespondsto those sol utions which continuously approach the above values A (0)
as k* — 0. The hydrodynamic excitations therefore can be identified by determining the form of the matrix M(k *,z)
asafunction of k* and z. Thisis addressed in the next subsection.
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4.2. Green-Kubo Relations

A formal identification of M(k*,z) is possible using an analysis paralleling that for normal fluids [15]. In that case
the hydrodynamic response functions are constructed from the local conserved quantities (summational invariants),
and the conservation laws are used to express M in terms of response functions for the corresponding fluxes. The
special choice of initial perturbations considered here in terms of ¢, leads to similar ” conservation laws’

(ds+ Am(0)) ¢m(K", ) + iK™ - ym(k™,8) =0, (33)

with the " fluxes’ given by

(iK* v *+A)s

m(k*,s) =€~ Ym, Ym = Vém (34)

Similarly, the adjoint ” conservation laws” are found to be
(9s+ Am(0))9m(K™,5) — iK-Tm(K",9) = 8,V (K", 9), (35)
with the conjugate fluxes
’)7m(k*,S) — e*(*ik*-vﬂerA*)S,)"/’m, 7’7m — Vam- (36)

Also, thereis an energy loss source termin (35)
Vg =e (VDS Y= 1-P)(1-a?) ¢ / dV3 fres(V3,1)g " 37)

where P is the projection operator B
PX = (X, ¢m) ¢m. (38)

These conservation laws lead to corresponding equations for the response functions, and expose some important
leading order dependenceof M(k*,z) onk*. Itisclear from (29) that M (k*,z) vanishesat k* = 0. Assuming analyticity,
the exact forms for the order k* and k*2 = 0 can be determined. These give the Euler and Navier-Stokes forms for the
hydrodynamics, respectively. The method is outlined in the Appendix with the result

M(k,2) = ikM® + KM (2) 4. (39)
MR = (m7h) (40)
M3 (2) = kk; [ dse ™ {(ﬂ,e*“(l —P)Th) + 6 [, “ds (V. A Hye e ;/n)] (41)

ThetermsM @ at linear order in k* arejust the coefficients of thefirst order gradientsin the linearized Euler equations.
The terms of second order contain information about all finite wavevector excitations through its dependenceon z. As
discussed above, the special hydrodynamic excitations are those arising from the eigenvalues of A(0) at k* =0, i.e.
the solutions to

det (zh(k)l 1 2(0) + kM 4 kM@ (zh(O))) (42)

The contributions to these solutions from M (2) (—z,(0)) define the transport coefficients at Navier-Stokes order. From
Eqg. (41) there are termsthat are time integrals of the flux - flux response function. Thisis the generalization of Green-
Kubo expressions for agranular gas[13, 6]. In addition, the second term of (41) gives transport coefficients associated
with the cooling rate that have no anal ogue for normal gases. The results given here agree with those obtained by other
methods, such as the Chapman-Enskog solution to the Boltzmann equation and a perturbation theory calculation of
the eigenvaluesin Eq. (17)
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5. CONCLUSIONS

The primary results here have been the identification of hydrodynamic excitations in the spectrum of the linearized
Boltzmann operator, and usi ng the corresponding ei genfunctionsto construct hydrodynamic responsefunctions. While
hydrodynamics can be obtained for granular gasesin other ways (e.g., the Chapman-Enskog expansion), the approach
via the spectrum is more direct and free of many conceptual stumbling blocks for the Chapman-Enskog method.
The response functions are special in the sense that they involve the functions ¢, which obey "conservation laws'
relating them to the gradients of fluxes. They therefore have a close analogy to the response functions for normal
gases constructed from local conserved densities. As a consequence, a purely a gebraic manipulation of the response
functionsleads to an identification and representation of transport coefficientsin terms of Green-Kubo expressions.
The Green-Kubo representation may be a useful alternative form for direct numerical evaluation of the transport
coefficients [16]. More generally, the analysis given here based on the Boltzmann equation points the direction for a
similar but formally exact derivation of Green-Kubo relations from the Liouville equation. That analysisisin progress.

ACKNOWLEDGMENTS

This research program has been performed in collaboration with J. Javier Brey and M. J. Ruiz-Montero. It was
supported in part by a grant from the U. S. Department of Energy, DE-FGO2ER54677.

REFERENCES

. Brey, J.,, Dufty, J. W,, and Santos, A., J. Sat. Phys., 87, 1051 (1997).

. Dufty, J., J. Phys.: Condens. Matter, 12, A47 (2000).

. van Noije, T., and Ernst, M., “Kinetic Theory of Granular Gases,” in Granular Gases, edited by T. Pdschel and S. Luding,

Springer, Berlin, 2001, vol. 564 of Lectures Notes in Physics, pp. 3-30.

. Dufty, J., Advances in Complex Systems, 4, 397 (2001).

Brey, J., Garciade Soria, M., Maynar, P, and Ruiz-Montero, M., preprint (2004).

Brey, J., Dufty, J., and Ruiz-Montero, M., “Linearized Boltzmann Equation and Hydrodynamics for Granular Gases,” in

Granular Gases, edited by T. Poschel and N. Brilliantov, Springer, Berlin, 2003, vol. 624 of Lectures Notes in Physics, pp.

227-249.

. Dufty, J,, and Brey, J., Phys. Rev. E, 68, 030302 (2003).

. van Noije, T., and Ernst, M., Granular Physics, 1, 57 (1998).

. Goldhirsch, I., Noskowicz, S., and Bar-Lev, O., “The Homogeneous Cooling State Revisited,” in Granular Gases, edited by
T. Poschel and N. Brilliantov, Springer, Berlin, 2003, vol. 624 of Lectures Notesin Physics, pp. 37-63.

10. Ernst, M., and Brito, R., “Asymptotic Solutions of the Nonlinear Boltzmann Equation for Dissipative Systems,” in Granular

Gases, edited by T. Pdschel and N. Brilliantov, Springer, Berlin, 2003, vol. 624 of Lectures Notes in Physics, pp. 3-36.

11. Brey, J,, Ruiz-Montero, M., and Cubero, D., Phys. Rev. E, 54, 3664 (1996).

12. Goldhirsch, I., and van Noije, T., Phys. Rev. E, 61, 3241 (2000).

13. Dufty, J.,, and Brey, J., J. Sat. Phys., 109, 433 (2001).

14. Soto, R., Piasecki, J., and Mareschal, M., Phys. Rev. E, 64, 031306 (2001).

15. McLennan, J., Introduction to Nonequilibrium Satistical Mechanics, Prentice-Hall, New Jersey, 1989.

16. Brey, J., Ruiz-Montero, M., and Moreno, F., unpublished, cond-mat/0312220 (2004).

ol wNR

© 0o~

A. APPENDIX: SPECTRUM OF RESPONSE FUNCTIONS

Using the conservation laws response functions are found to obey the equations

(9s+ Am(0))Grm(k",8) + ik Ghm(k",8) = 0 (43)
(95 + An(0))Grm(K",8) + ik Him(K",9) = 85 (V, ¢m(k ", 8)) (44)
(9s+ An(0)) Ghm(k*,8) +ik;Ghin(K™,8) = 8 (V. 2n(k", 5)) (45)
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where G},,(k*,s), Hi(k*,s), and Gll (k*,s) are response functions involving the fluxes

Ghn(k", 9= (In7h(k".9) = (da(k",9)7h),  Him(k",8) = (Fhudm(k",9),  Glin(k",9)= (Fthn(k",9)).
and the source terms Sym(k*, s) and §,,,(k*,s) are o
Sn(k*,9) = 8 (V,0m(K",9),  Sn(k",9) = 8 (V, (K",9)) - €0
Define the Laplace transform of afunction F (s) by
F(z) = /0 " dse"BF(s). 48)

Then the Laplace transformed equations (43) - (44)are (in an obvious matrix notation where | is the identity matrix
and A (0) isadiagonal matrix with elements 1,(0))

G(k*,2) (z4 A(0)) + ik'G (k*,2) = | (49)
(z+ 1(0)G(K*,2) +ik Al (K*,2) = 1 + k", 2) (50)
(24 2(0))G'(k*,2) +ik Gl (k" 2) = (dn ) + S (K",2) (51)

In this notation the matrix M(k *, z) defining the dispersion relationsis defined by
G(k",2) = [(2 +2(0)) + M(k",2)] .

Equation (49) then gives R N
M(k*,2) = ikG 1(k*,2G (k*,2). (52)

Multiplying by(z+ A (0)) and itsinverse gives

i (24 2(0)6(K".2) (24 A(0) G (k"2

— ik (1-ik A2 +S(k*,z))_1 (kG k.2 + (§.7) +S(k".2)) (53)

M(k*,z)

where Egs. (50) and (51) have been used in the second equality. Thisis the desired form expressing M(k *,z) in terms
of flux response functions and with the dominant k* dependence explicit.

Further simplifications occur for smal k*. If only terms through k*2 are to be retained (Navier-Stokes order) then
only H'(0,2) is require in (53). Furthermore S(k*,Zz) is of order k*2 from symmetry and does not contribute to this
order, and S(0,z) = 0. Therefore

. S . . - p) .
M(k 72) - Iki (q)pa?’lm) +k|k] (GJI(Ovz) - HJ(O,Z) (q)v’))) + 8|k (S(k7z))k0) - (54)
i
Writing explicitly the transforms on the right side as time integrals, and using the identity

Gln(0.9) — Hip(0,9) (Bp.ttn) = (.9 (1= P)7h) 9

gives Egs. (39) - (41) of the text.
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