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The importance of roughness in the modeling of granular gases has been increasingly considered
in recent years. In this paper, a freely evolving homogeneous granular gas of inelastic and rough
hard disks or spheres is studied under the assumptions of the Boltzmann kinetic equation. The
homogeneous cooling state is studied from a theoretical point of view using a Sonine approximation,
in contrast to a previous Maxwellian approach. A general theoretical description is done in terms
of d; translational and d, rotational degrees of freedom, which accounts for the cases of spheres
(d¢ = dr» = 3) and disks (d¢ = 2, d» = 1) within a unified framework. The non-Gaussianities of the
velocity distribution function of this state are determined by means of the first nontrivial cumulants
and by the derivation of non-Maxwellian high-velocity tails. The results are validated by computer
simulations using direct simulation Monte Carlo and event-driven molecular dynamics algorithms.

I. INTRODUCTION

Granular systems are themselves worth studying from
mechanical, physical, and mathematical points of view.
They are very commonly observed in nature, where dif-
ferent geometries can take place. Grains, from a dynami-
cal point of view, move in a three-dimensional space, but
constraints make two-dimensional problems become real
and of special interest [1-10].

We will focus on the description of granular systems at
low-density fluidized states, where the assumptions un-
derlying the Boltzmann equation apply [11-28]. The sim-
plest collisional model for interactions in granular gaseous
flows is the inelastic hard-sphere model, where the gran-
ular gas is assumed to be composed by inelastic and
smooth identical hard disks, spheres, or hyperspheres
in d; translational space dimensions [28-32]. However,
this description might be limiting and can be improved
by considering rotational degrees of freedom, which may
play an important role in the dynamics of granular gases
by means of surface roughness. Here, we will use the
simplest collisional model that implements roughening,
the inelastic and rough hard-sphere model. In the lat-
ter model, the inelasticity is parameterized by a con-
stant coefficient of normal restitution, « (in common with
the inelastic hard-sphere model), and roughness is in-
troduced by means of a coefficient of tangential restitu-
tion, . Although, in general, the effective coefficient
of tangential restitution depends on the impact angle
because of friction [33, 34], here we adopt the simplest
model with constant 3, as frequently done in the litera-
ture [12, 28, 32, 35-44].
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Whereas in the inelastic hard-sphere model, the d;-
dimensional description of an inelastic gas of smooth and
spinless hard (hyper)spheres is straightforward, in the
case of rough spheres, where angular velocities come into
play, rotational degrees of freedom, d,, need to be in-
troduced. A description in terms of d; and d, becomes
highly dependent on the geometry and constraints of the
system as antecedently reported [43-46]. As in Ref. [45],
we will derive the general description to be valid just for
the two relevant cases of hard disks and hard spheres.
For hard disks, angular velocities are constrained to the
direction orthogonal to the plane of motion, so d; = 2
and d, = 1. For hard spheres, on the other hand, angu-
lar and translational velocities are vectors of a Euclidean
three-dimensional vector space, i.e., d; = d, = 3.

It is widely known and studied that the homoge-
neous Boltzmann equation—for both smooth and rough
models—admits a scaling solution, in which the system
cools down continuously and the whole evolution is driven
by the granular temperature. This state is known as the
homogeneous cooling state (HCS), and has been of in-
terest for the granular gas community in the last three
decades [28, 32, 39, 42, 43, 47-56]. It is worth mention-
ing that, very recently, the HCS has been experimentally
observed in microgravity experiments by Yu et al. [57].
In that paper, both Haff’s cooling law and the exponen-
tial high-velocity tail of the velocity distribution function
(VDF) as predicted by kinetic theory together with the
inelastic hard-sphere model are confirmed. In Ref. [57],
while the results were compared with the constant and
velocity-dependent models for the coefficient of normal
restitution, it was concluded that the latter model had a
negligible influence on the results, supporting the approx-
imation of constant coefficients of restitution. In fact,
the system in Ref. [57] is compatible with a constant
a = 0.66, highlighting that the latter approximation is
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not subjected only to quasielastic systems. Moreover, the
authors proposed a possible influence of surface rough-
ness in the collisional rules due to an overestimate of the
relaxation time from the inelastic hard-sphere model as
compared with the experimental outcomes. Thus, they
claimed that the rotational degrees of freedom could be
an answer to these deviations.

Theoretically, some of the early attempts to study the
Gaussian deviations of the HCS VDF of a granular gas of
rough particles were done in Refs. [12, 35] using a Sonine
expansion, that is, an isotropic expansion around a two-
temperature—translational and rotational—Maxwellian
VDEF. However, although velocity correlations were not
originally assumed for hard spheres, they were proved to
be present [36]. More recently, the first nontrivial ve-
locity cumulants were studied for freely evolving hard
spheres [39]. Throughout the present paper, we will ex-
pose the results of those cumulants in a common frame
for both disks and spheres from the collisional-moment
point of view, and we will analyze results for hard disks.

In the case of freely cooling inelastic granular gases,
deviations of the HCS VDF from a Maxwellian derived
from the inelastic hard-sphere model are not only ac-
counted for by the first nontrivial cumulants, but also
an exponential high-velocity tail for this distribution
was predicted by kinetic theory and computer simula-
tions [48, 49, 51, 58, 59| and satisfactorily observed exper-
imentally not only for freely evolving granular gases [57]
as commented above, but also for uniformly heated sys-
tems [60]. Results in Ref. [39] put into manifest a highly
populated tail for the marginal VDF of angular veloc-
ities in the inelastic and rough hard-sphere model, ac-
companied by high values of the fourth angular velocity
cumulant for some values of the pair (a, ). However,
this marginal distribution was interpreted as being con-
sistent with an exponential form [39], similarly to what
occurs in the inelastic hard-sphere model with the total
(translational) VDF [48, 49, 58]. In this paper, we study
the high-velocity tail for the marginal VDF of the trans-
lational and angular velocities, and for their product as
well, where theory indicates algebraic tails for the two
latter marginal distributions.

The study of the non-Gaussianities of the HCS VDF
is also motivated by recent research in nonhomogeneous
states [45, 46, 61] from Chapman—Enskog expansions
around the HCS solution. Linear stability analyses of
the homogeneous state hydrodynamics show that the
Maxwellian approximation of the first-order VDF might
not work for the hard-disk case [46], and for some very
small region of the parameter space for hard spheres,
yielding a wrong prediction of a completely unstable re-
gion in the parameter space. Therefore, it was conjec-
tured that non-Gaussianities might be crucial in the cited
region of parameters, this effect being more important
for disks than for spheres [46]. This hypothesis was sup-
ported by high values of the first relevant cumulants in
hard-sphere systems [39] and by results from the smooth
case, where the homogeneous VDF is generally more dis-

parate from a Maxwellian for disks than for spheres [62].
The present paper is structured as follows. In Sec. II,
the inelastic and rough hard-sphere model and the bi-
nary collisional rules are introduced. Afterwards, the
framework of the homogeneous Boltzmann equation is
described in Sec. III and the hierarchy of evolution equa-
tions, the Sonine expansion of the VDF, and the defini-
tions of cumulants are formally presented. Section IV is
devoted to the Sonine approximation, where the infinite
expansion is truncated beyond the first few nontrivial co-
efficients, the associated collisional moments are explic-
itly written for hard disks, and the HCS cumulants are
obtained. Next, we study the forms of the marginal VDF
from the Maxwellian and Sonine approximations, as well
as their high-velocity tails in Sec. V in the context of the
Boltzmann equation. In Sec. VI, we compare the the-
oretical predictions with direct simulation Monte Carlo
(DSMC) and event-driven molecular dynamics (EDMD)
computer simulations outcomes. Finally, concluding re-
marks and main results are summarized in Sec. VII.

II. INELASTIC AND ROUGH HARD
PARTICLES

A. System

Let us consider a monodisperse dilute granular gas
of hard disks or spheres, which are assumed to be in-
elastic and rough, their dynamics being described by
their translational and angular velocities, v and w, re-
spectively. Whereas for spheres (d; = d, = 3), both
v and w are vectors in an Euclidean three-dimensional
space, this is not the case for disks (d; = 2, d, = 1),
where w is a one-dimensional vector orthogonal to the
two-dimensional vector space spanned by v. In general,
however, all vector relations will be written in a three-
dimensional Euclidean embedding space.
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FIG. 1. Illustration of a binary collision of (a) two hard disks
and (b) two hard spheres. The (green) thick arrows represent
the translational velocity vectors, while the (red) thin arrows
depict the angular velocities complemented by the sense of
rotation portrayed by the curved (blue) arrows. Notice that

in (a) the translational velocities lie on the plane zy, while
the angular velocities are constrained to the z direction.

(b)
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The gas is considered to be formed by a fixed large
number of identical hard d; spheres with mass m, di-
ameter o, reduced moment of inertia x = 4I/mo? (I
being the moment of inertia), and whose inelasticity and



roughness are characterized by a coefficient of normal
restitution, «, and a coeflicient of tangential restitution,
B, respectively, both assumed to be constant, and defined
by

(0 xg1a) = —B( xg12), (2.1)

where o is the intercenter unit vector at contact, g1 =
Vi — %0 X (w1 +ws) is the relative velocity of the contact
points of particles 1 and 2 (with vi3 = v; — v3), and
primed quantities refer to postcollisional values. Note
that, while « is nonnegative, 3 can be either positive or
negative. A negative value means that the postcollisional
tangential component of the relative velocity maintains
the same sign as the precollisional one, implying that the
effect of surface friction is not dramatic. On the other
hand, if the particles are sufficiently rough, the sign of the
tangential component is inverted upon collision. Figure 1
presents a sketch illustrating a collision between (a) two
hard disks and (b) two hard spheres.

(a\"g/12) = —a(0-g12),

B. Direct collisional rules

The direct binary collisional rules are obtained from
the assumption of conservation of linear and angular mo-
menta at the point of contact in each collision. They can
be expressed by [28, 32, 39, 42-46, 63|

! . _
Cio = 312,6C1,2 =c12 F Aq2, (2.2a)

1
W) o= BiasWi2 =Wio — ——0 X Ay,
1,2 0 ; » m
where Bjs 5 is the postcollisional operator acting on a
dynamic quantity and giving the result after a collision,
6 and Aq5 are defined below, and {c, w} are the velocities
reduced by their thermal value, that is,

(2.2b)
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Here, v, (t) = /2T (t)/m, wn(t) = /2T-(t)/I are the

thermal translational and angular velocities, T; and T,
being the translational and rotational granular tempera-
tures, respectively, which are defined by [28, 32, 39, 42—
46, 63|
dy m, 5 d, I
—Ti(t) = — —T.(t) =
2 t( ) 2 <U >7 2
where (--+) = n7! [dv [dw (--+)f(v,w;t) represents
a one-body average value with respect to the VDF
f(v,w;t) normalized as

n= [dv [ dw f(v,w;t
[av [awsvwn,

n being the particle number density. In Eq. (2.2b),
0 = T, /T; is the rotational-to-translational granular tem-
perature ratio. Moreover, the mean granular tempera-
ture is

(2.3)

(2.4)

(2.5)

_diTy(t) + d, T,(t)
o d; + d,

T(t) (2.6)

Finally, the quantity

Alg = 5(012&){7\'+5 Ci12 — (012 . 6’)3’ -2

is the reduced impulse. In Eq. (2.7), Wiz = (w1 + w2)
and

k 14+

=

14+« -
2 B_1+n 2

a =

are effective coefficients of restitution.

Notice that the sets of vectors {c,w} and {v,w} span
the same vector spaces, respectively. Therefore, the use
of reduced quantities will be algebraically equivalent to
the original velocity description.

C. Inverse collisional rules

The inverse collisional rules relating precollisional
velocities {cf,w/,c),wl} to postcollisional velocities
{c1, W1 co, wa} are [28, 32, 39, 4246, 63]

C/1,72 = 81_2175_C172 =C1,2 F A1_27 (29&)
W,1/72 = BE{EWLQ =Wi2 — ﬁé‘ X AI27 (29b)
with
/11 L Ap
Ap=a|~-—— : 212 2.10
12 a(a 5) (c12-0)0 + 3 (2.10)

From now on, throughout this paper, we will adopt the
notation I' = {v,w} and T = {c, w}.

III. BOLTZMANN EQUATION
A. Basics

We will carry out a description of the system under the
assumption of molecular chaos or Stosszahlansatz [64],
basing the analytical treatment on the homogeneous
Boltzmann equation. As said before, we will generally
derive the results keeping a dependence on the number of
degrees of freedom, d; and d,.. The homogeneous Boltz-
mann equation reads

8f(r,t) :a_dtfll'l_‘[f f]

o (3.1)

where

I, [f, f] :/drz/ do (vi2-0) (f;f f1f2> (3.2)
+

is the collision operator. Here, f12 = f(I'12), f{’Q =
J(T'Y ), the subscript + designates the constraint vis -



o > 0, and J is the Jacobian due to the collisional change
of velocities [43], i.e.,

a(vllvvéawllawé) 8(V17V27w17w2)

J:

0(v1, Ve, wi,ws) oY, v, wi, wl)
(3.3)

Since the temporal change of the VDF is subjected only
to collisions, it is convenient to change from laboratory

time, t, to collisional time, s, as given by

s(t) = %/0 dt’ v(t),

where v(t) is the (nominal) collision frequency, defined
by

(3.4)
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This variable s(¢) quantifies the accumulated average
number of collisions per particle up to time ¢. Further-

more, the treatment based on the reduced velocities, f‘,
allows us to define the reduced one-body VDF:

v(t) = Kno® tog(t), K

(3.5)

$(Tss) = n~ "o (Hwiy () f (L5 ). (3.6)

The homogeneous Boltzmann equation for the reduced
VDF then reads

K % 9 & o

500+ 20 (e0) + P S (wo) = Tglo, 6], (37)
where

u) == [ dF e w) Telo. o

T'1)6(T2)

wa)']
(3.9)

:77/dI‘1/dI‘2/dU ci2 - )o(T

(6123—1)[ w C1 Wl) +ngg(C2

are (reduced) collisional moments. Note that, in the par-
ticular case of disks on a plane, the index r is mean-
ingless due to the orthogonality between the vector
spaces spanned by translational and angular velocities
[see Fig. 1(a)]. However, from a general point of view,
the three-dimensional vector forms will be maintained.

Upon derivation of Eq. (3.7), use has been made of the
evolution equations for the translational and rotational
temperatures,

K 2 (0 K
0T, = _Eug0>Tt, 50T =~ 2,07 (3.9)
which imply
K Mo _ poo
Z9,Inp=2|H20  Hoz 1
5 0s1n6 l 4, 4| (3.10a)

— Oé‘ﬁleT/dt.

Roa=—cr,

2

where (* = 2(#20) +u(0)0)/(dt+drt9) is the (reduced) cool-

ing rate, and thus Eq. (3.10b) represents Haff’s cooling
law [65] for the inelastic and rough hard-sphere model.

From Eq. (3.7), one can directly derive the hierar-

chy equations for the evolution of the velocity moments

MY = (Pwi(c - w)T):

(3.10D)

KomMy  (p+nps)  (a+nuy _ nbhd
3 o5 d, d, 7k
(3.11)

B. Collisional moments

The collisional change of a certain velocity function
can be obtained by application of the operator 08125 =
Bi2.s — 1 on the function. For instance,

=2a(a — 1)(c1z - 7)* + 26(B —1)

(O’ X W12)

5812’3. (C% + C%)
X (6’ X C12) + 85

— 45(2ﬁ — 1)\/§C12 (0’ X W12),
(3.12a)

—2 -
0B12,5 (w% + w%) :% (o x C12) g (i — 1)

)

(3.12b)

X (6- X ng) +4
X W12 . (5’ X C12).

The results for 0Bi25 (c‘l1 + c%),
0Bi25 (w‘l1 + w%), 0B12.5 (clwl + Cng) and
6Bi2,z [(c1-w1)? + (c2 - WQ)Z:I can be found in the
Supplemental Material [66].

Inserting the collisional changes into Eq. (3.8), the col-
(r)

lisional moments jpy can be formally expressed in terms
of two-body averages of the form

) :/dfl/de $(T1,T2)p(T1)p(Ts).  (3.13)

In particular,

) =2 et - + A 150 - ) et

2
- 257 (B - (i o Wiz))] .

(3.14a)
Bs B[ Bdi—1 B
oz = zsi{_g 3 <<c%2>>+2<1_§)

x [3(c1aWia)) — (i (c12 - Wi2)?)] }» (3.14b)




f o dy—1 dt+3 f
where the factor B3 = 772 #5-) comes from an an-

gular integral. The formally exact expressions of the col-

lisional moments ,ui%), ,u04), and u( ) in terms of two-body

averages are given in the Supplemental Material [66],
where also some related tests for the simulation data are
included.

C. Sonine expansion

Assuming isotropy, (b(f‘;s) must depend on velocity

only through three scalars: ¢?, w?, and (c-w)2. This can
be made explicit by the polynomial expansion
HY S auE, e
§=0 k=0 £=0
where
pn(T) = (detdr)/2—c—w? (3.16)

is the (two-temperature) Maxwellian distribution, a(?

are Sonine coefficients, and the functions

)(w2)(62w2

wl) = [P ) Par(u)

(3.17)
form a complete set of orthogonal polynomials [39]. Here,
Ly)(m) are associated Laguerre polynomials, v = (c -
w)/cw is the cosine of the angle formed by the vectors
c and w, and P;(u) are Legendre polynomials [67]. The
orthogonality condition is

(WD) = N80k deer (3.18a)

o T(20+%+5)T(20+ % +k)

ST (@) w0 O

where the inner product of two arbitrary real functions
®(T') and ®5(T) is defined as

(®1]®5) = / dF gy (D)2, (D)0o(F).  (3.19)

Note that (®) = (®|¢/ém). Using Eq. (3.18a) in
Eq. (3.15), one can express the Sonine coefficients as

\II(,Z)>
o = 2k 3.20)
. = O ( :
Ny
In particular, a(()%) =1, (0) = (()(P = 0, while
© _ b 0 _ 4wt
=——-1 =———-1, (321
N dt(dt +2) ’ Qo2 dr(dr +2) ’ ( a‘)
0 4<02U}2> 1 8 1
A = =ga b aw = g5 (e W) - g
(3.21b)

5

are fourth-order cumulants. Notice that ag})) is only
meaningful in the hard-sphere case and thus it is not
expressed in terms of the number of degrees of freedom.

The evolution equations for the cumulants defined by
Egs. (3.21) can be easily obtained from the moment hi-
erarchy, Eq. (3.11), as

K Ha0
2o, n(1 - |(dy +2) a0 — ,
5 n (14 az) dy(ds 1 2) [( =+ 2) 20 1+a20}
(3.22a)
K 4 o4
2o (1 = \d+2)pos — :
5 0s 0 (14 ao2) do(d, +2) {( +2)nor = aOJ
(3.22b)
K 4 d, dy 22
29,1 - ar 9 o —
285 n(1+a) drdt[2M20+2MO2 1+a11}
(3.22¢)

5 411 1
5‘ In [1+a11—|— 2@(()1)} =3 l2u20+2u02

2
_ ﬂ(()o)
1 + a1 + (L( )
(3.22d)

where henceforth we simplify the notation as ag.(,)c) — aj

ond 12 s

D. Homogeneous cooling state

The scaling method in the description of the kinetic
equation suggests that a stationary solution, ¢ = ¢!,
of Eq. (3.7) applies for long times (hydrodynamic limit).
This is the HCS, in which the temperature ratio, 89, is
constant and the whole time dependence of the unscaled
VDF fH(T;t) takes place through the mean temperature
T(t) only. On the other hand, this stationary solution
¢ = ¢ is not exactly known.

From Egs. (3.10a) and (3.22), it follows that, in the
HCS,

#20*@#0% (di + )N20*1+a12{0, (3.23a)
H N%){4 H N§2
d, + 2 = , d = , 3.23b
(dr + 2) 1102 T+ alh riao = T+a ( )
M(Z)H
H 00
Moy = ——————————= (3.23¢)
1+ a11 + 5a&))H

Notice that, as expected, Eq. (3.23¢) is only meaningful
for spheres (d; = d, = 3).

IV. APPROXIMATE SCHEMES

All the equations presented in Sec. III are formally
exact within the framework of the Boltzmann equation.



TABLE I. Relevant collisional moments from the Sonine approximation in the hard-disk case.

(p,q) Npq/\/% —
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However, no explicit results can be obtained unless one
makes use of approximations.

A. Maxwellian approximation

The simplest approximation is the Maxwellian one, i.e.,
d(T') = oMm(T). In that case [45],

K ,  2d.k(1+B)
K20 _>2{]. « +m 1 9+

()]}

N02*>KM |:11+15<1+1>:|7

k(1 = B)
2

(4.1a)

di(1+ k)? 0 2 0 &
(4.1b)
. K o dr1—p°
¢ —>dt+dT9 {1— —&—dtl_’_ﬁ(f-@—l—O)]. (4.1¢)

In this Maxwellian approximation, Egs. (3.9) and (3.10)
can be solved to get the evolution of the partial and
mean temperatures, as well as the HCS value of the
temperature ratio 1. However, by construction, the
Maxwellian approximation is unable to account for the
non-Gaussianities of the VDF, either in the transient evo-
lution to the HCS or in the HCS itself.

B. Sonine approximation

The basic quantities measuring non-Gaussianities are
the cumulants defined in Egs. (3.21). Therefore, as
the simplest scheme to capture those cumulants, we in-
troduce the Grad—Sonine methodology [28, 39, 68] and
truncate the infinite Sonine expansion, Eq. (3.15), after

j+k+20>3 e,

¢ — ¢s =dm [1 + azo\l’( ) 4 aoz‘l’( ) 4+ au‘IJ(O)

1 1
+agg vig)] (4.2)

where the term aéé)\lléé) is not present in the hard-disk
case. With the replacement given by Eq. (4.2), the two-
body averages appearing in the collisional moments [see,
for instance, Egs. (3.14)] can be explicitly calculated as
linear and quadratic functions of the cumulants. Next,
our Sonine approximation is constructed by neglecting
quadratic terms, so only linear terms are retained.

By particularizing to the hard-sphere case (d; = d, =
3), previous results are recovered [39]. Moreover, we ob-
tain novel expressions for hard disks (d; = 2, d, = 1),
which are displayed in Table I. Further details about
some of the computations are available in the Supple-
mental Material [66].

For consistency with the truncation and linearization
steps carried out in the Sonine approximation, the evo-
lution equations in the hard-disk case are obtained by



inserting the expressions in Table I into Egs. (3.10a)
and (3.22a)—(3.22c), and linearizing the bracketed quan-
tities. This gives a closed set of four differential equa-
tions, which are linear in the cumulants and nonlinear
in the temperature ratio. Likewise, the HCS values are
obtained by linearizing Egs. (3.23a) and (3.23b) with re-
spect to the cumulants. The linear stability of the HCS
versus uniform and isotropic perturbations is proved in
Appendix A.
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FIG. 2. Theoretical values of (a) 8%, (b) abh, (c) afs, and (d)
al} as functions of the coefficients of restitution, « and g, for

uniform disks (k = ) in the Sonine approximation.

Figures 2 and 3 show the HCS quantities %, af}, af},
and a}l, obtained from the Sonine approximation for uni-
1 2

form disks (x = 5) and spheres (k = £), respectively, as

functions of the coefficients of restitution o and S. In the
hard-sphere case, the cumulant a(()B)H is also included. It
can be observed that, typically, hard-disk systems depart
from the Maxwellian state more than hard-sphere sys-
tems. Interestingly, both hard-disk and hard-sphere sys-
tems present relatively large values of af}, and al}, thus
signaling a possible quantitative breakdown of the So-
nine approximation, which implicitly assumes small de-
viations from the Maxwellian VDF.

V. MARGINAL DISTRIBUTION FUNCTIONS
AND HIGH-VELOCITY TAILS IN THE
HOMOGENEOUS COOLING STATE

A. DMarginal distribution functions

As said before, the reduced VDF ¢>(1~") in isotropic
states depend on the three scalars ¢?, w?, and c?w? |plus
(c - w)? only for spheres|. To disentangle those depen-
dencies, it is convenient to define the following marginal

I 0.20

0.10
0.05

0.00

I 0.30
0.20

0.10

0.00

FIG. 3. Theoretical values of (a) 8™, (b) aly, (c) ate, (d) ail,
and (e) a(%)H as functions of the coefficients of restitution, a
and S, for uniform spheres (k = %) in the Sonine approxima-
tion.

distributions [39, 41]:

e(0) = [ dw (D). (5.1a)
o (W) = / de o(T), (5.1b)
Gow(T) = / AP 6(2u? — 2)o(0),  (5.1¢)

where x represents the product c?w?. Note that, by
isotropy, ¢c(c) and ¢w(w) depend only on the moduli
c and w, respectively. Moreover, the marginal distribu-
tions in Eqgs. (5.1) are directly related to the cumulants

a(Q%), aé%), and a(l(i) defined by Egs. (3.21), namely

/ de cloo(c) :w [1 +a§%)] . (5.2a)
/ Aw w oy (W) :W [1 + agg>] . (5.2b)
> dyd,
/0 dz ¢ e () =1 [1 + ag(i)] . (5.2¢)



The Maxwellian expressions for these functions are

bonn(c) =r~ 4/ 2= (5.3a)
b (W) =m0 20" (5.3b)
1 Lt T t T
bew (@) :§th9d7n—¥x#—lmrd7. (2v/7),
2
(5.3¢)

where Q4 = 27%/2 /T (g) is the d-dimensional solid angle
and K, (z) is the modified Bessel function of the second
kind. In the Sonine approximation defined by Eq. (4.2),
one has

des(€) . - 4ct — 4(dy +2)P + di(di + 2)
(bc,M(C) 8 ’
(5.4a)
Sws(W) 4 . 4w — 4(d, + 2)w® + d,(dr +2)
Pwn(w) 8 ’
(5.4b)
Gew s(l‘) ag0 + 2a11 + age dy (dt + 2)
5 =1
oot (@) > T a0y
did, dr(dy +2
+ tTall + aoz%
_ IKFLE‘”' (2V) Tas + aoz
Ka,—a, (2\/‘%) 2
2
di +d,
+ ! 4 (a20 + 2a11 + aog):| . (540)

While Egs. (5.4) may reproduce the correct behavior of
the HCS in the thermal domain, it is known from the
smooth case [48, 49, 58| and from hard-sphere results [39]
that they are unable to account for the high-velocity tail.

B. High-velocity tails

Let us now study the high-velocity tail for the marginal
VDF in the HCS, in analogy to previous works for the
smooth case [48, 58].

To carry out this asymptotic analysis, we start from
the homogeneous Boltzmann equation, Eq. (3.7), and
split the collisional operator into a loss and a gain term,
that is [48, 58],

Ixlo, 6] = IS, 0] — TE[o, ¢, (5.5)
where the loss term can be written as
Iz [¢.9] = Bl¢(f1)/df2 c126(T2), (5.6)

dt

with By =«
all the particles that after a collision have velocities I'y.
In contrast, the loss term takes into account the amount
of particles with T'y that, after a collision, are not con-
tributing any more to these velocities.

= JT (4+L). The gain term accounts for

Intuitively, one would expect that escaping from the
rapid regime is easier than entering the high-velocity
limit, given the low likelihood of encountering rapid par-
ticles compared to thermal ones. Thus, the main as-
sumption we will use is that, for high velocities of the
HCS, the loss term prevails over the gain term. From
Eq. (3.2), and following the case of smooth particles [48],
the assumption above can be expressed as

H /4 Hpr
T VAT RN

r (5.7)
C€1—00 Or W1—>00 ¢H(F1)¢H(F2)

1. Tail of $&(c)

Integrating over w on both sides of the stationary ver-
sion of Eq. (3.7), neglecting the gain term, replacing
c12 — ¢ in Eq. (5.6), and taking the limit ¢ > 1, we
get the linear differential equation

H
5o O
o ge%e (€~ —Bio(c), (58)
whose solution is
e d:B
(e m A, o= gL, (5.9)
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where A, is an integration constant. This is equivalent to
the result in the smooth case [48, 58], except that now plh
takes into account the influence of surface roughness. The
exponential decay of ¢ff(c) implies that all the cumulants

of the form aﬁ) are finite.

2. Tail of ¢5(w)

Now we integrate over ¢ on both sides of Eq. (3.7) and
neglect again the gain term. This yields
H H poy 9 q H H
Ho2Pw (W) + df“’@‘l&(“’) ~ =Btz (W)oy (W),
(5.10)
where

@(wl):/dcl/df2 Cr2¢eiw(C1|W1)(T2).  (5.11)

Here, ¢cjw(c|w) is a conditional probability distribution
function defined as

¢c|w(c|w)¢w(w) = (b(C, W)

The quantity ¢iz(w) represents the average relative
translational velocity of those particles with an angular
velocity w. It is a functional of the whole VDF ¢(T'),
so Eq. (5.10) is not a closed equation for the marginal
distribution ¢t (w).

The positive values observed in Figs. 2 and 3 for
the cumulant al} imply that high angular velocities are

(5.12)



positively correlated to high translational velocities, so
@12 (w) is expected to increase with w. However, to
estimate the tail of ¢!l(w), we further assume that the
dependence of ci3'(w) on w is weak enough as to take
12l (w) = {{c12)). With this adiabaticlike approxima-
tion, Eq. (5.10) becomes a closed linear equation whose
solution is

Yw = dr + 70<<012>>H5 (513)

where A, is the associated integration constant. In the
expression of v,,, we have made use of the HCS condition
ptl /d, = pk/d; [see Egs. (3.23a)].

While, in principle, Egs. (5.13) are approximate be-
cause of the ansatz c12' (W) & ((c12))!, it accounts for an
algebraic decay of ¢ll(w) explaining the relatively high
values attained by afl,. In fact, Eqgs. (5.13) imply that
the coefficients of the form af}, diverge if 2k > ~,, — 1.

o (W) = Ayw™ 7,

3. Tail Of ¢cw (x)

Whereas the derivation of the high-velocity tail for ¢,
is clean, and the one for ¢, although approximate, is
reasonable, in the case of the distribution ¢, the rea-
soning is somewhat more speculative. Let us start by in-
troducing the marginal probability distribution function
of the variable w?, ¢, (w?) = (Qq, /2)w 2w (W). Ac-
cording to Egs. (5.13), the high-velocity tail of ¢!, (w?)
is

Qq,
2

As can be inferred from Egs. (5.9) and (5.13), the tail
of angular velocities is much more populated than that
of translational velocities. Therefore, it is reasonable to
expect that the main contribution to ¢e,(c*w?) comes
essentially from particles with thermal translational ve-
locities (¢ ~ 1) and high angular velocities (w > 1).
Thus, in view of Eq. (5.14), we conjecture that

M (w?) & Ay (w?) 2L (5.14)

H (@)~ Aewz 7", Yo = 1+ %”Td? (5.15)
This algebraic decay would be responsible for the rela-
tively large values of al} and implies the divergence of
the coefficients of the form a?j if 7 > Yew — 1. An al-
ternative justification of Egs. (5.15) is provided in the
Supplemental Material [66].

While, according to Eq. (5.9), the asymptotic decay of
be(c) is governed by a velocity scale ¢ ~ v, 1, Egs. (5.13)
and (5.15) show that the decays of ¢ (W) and ¢, (x) are
scale-free. It can be checked that the exponents 7., Vi,
and 7., are generally smaller for disks than for spheres,
meaning that the high-velocity tails are fatter in the for-
mer case than in the latter. Apart from that, they ex-
hibit a similar qualitative dependence on the coefficients
of restitution.

The consistency of Eq. (5.7) with the tails obtained
here is discussed in Appendix B.

VI. SIMULATION RESULTS

To test the theoretical results, we have run two types of
computer simulation algorithms for a dilute and homo-
geneous granular gas of inelastic and rough hard disks
(dy = 2, d, = 1) with different values of the coefficients
of restitution o and 3. In all cases, the disks are assumed
to have a uniform mass distribution, so the reduced mo-
ment of inertia is kK = %

First, we used DSMC, as proposed by Bird [69, 70]
and conveniently adapted to the granular case [39, 51],
to simulate a homogenenous and dilute granular gas of
inelastic and rough hard disks, using N = 10% repre-
sentative particles. Additionally, we carried out EDMD
computer simulations with N = 1600 disks in a square
box of side length L/o = 565.7, which correspond to a
number density no? = 0.005, thus avoiding spatial in-
stabilities [46]. Whereas the EDMD system has nonzero
density, the solid fraction ¢ = Fno? ~ 3.9 x 1072 is
small enough to expect good agreement with the di-
luteness assumption. We ran 100 and 50 replicas for
DSMC and EDMD, respectively, for each pair («, ),
not observing instabilities in the EDMD simulations.
In addition to averaging over replicas, the stationary
HCS values were measured by averaging over instanta-
neous values at s = Sipi, Sini + 95, Sini + 205, . .., San With
(Sinis Sfin, 05) = (500, 1500, 5) and (150,200, 1) for DSMC
and EDMD, except in the case « = 0.9, § = —0.8, where
we took (450,500,1) in the EDMD simulations. In the
construction of histograms for the marginal distributions,
we considered 28 bins in the associated velocity variable.

In the Supplemental Material [66], we present a com-
parison between the Sonine-approximation results [see
Egs. (3.10a) and (3.22)] and simulation data for the tem-
poral evolution toward the HCS of the temperature ra-
tio and the cumulants, starting from an equipartioned
Maxwellian state. A generally good agreement is ob-
served, except for agy near the HCS if a& reaches rela-
tively high values. Now we present results for the relevant
quantities in the HCS.

A. Temperature ratio and cumulants

Figure 4 shows the HCS values of 0%, all all, and al}
versus [ for some representative values of a. Figure 5
presents the same quantities versus a for some illustra-
tive values of 3. We observe that the Maxwellian ap-
proximation provides a good description of #¥, although
it tends to overestimate it if @ < 0.7 [see Figs. 5(a)-5(c)].
Those deviations are satisfactorily corrected by the So-
nine approximation.

In the case of the cumulants, their qualitative shape
as functions of both a and 8 are well accounted for by
the Sonine approximation. The quantitative agreement
is good as long as the magnitude of the cumulants is
small, thus validating the Sonine approximation in those
cases. On the other hand, whenever the Sonine approxi-
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FIG. 4. Plots of (a)-(c) the temperature ratio 6%, (d)—(f) the cumulant a%}, (g)—(i) the cumulant af}, and (j)—(1) the cumulant
aly, for uniform disks (k = 1), as functions of the coefficient of tangential restitution 8. The left [(a), (d), (g), (j)], middle
[(b), (e), (h), (k)], and right [(c), (f), (i), (1)] panels correspond to oo = 0.9, 0.7, and 0.2, respectively. Symbols represent DSMC
(o) and EDMD (x) results, while the solid lines are theoretical predictions from the Sonine approximation (SA). Additionally,
the dashed lines in (a)—(c) represent the Maxwellian approximation (MA) for the temperature ratio. Note that a vertical

logarithmic scale is used in (a)—(c).

mation predicts values ag = O(1), the approximation is
itself signaling its breakdown. This situation, which is
similar to that already reported in the case of HS [39]. is
especially noteworthy in the cases of afl, and, to a lesser
extent, all], and is clearly indicative of the high-velocity
tails discussed in Sec. VB and confirmed below.

B. High-velocity tails

To further observe the non-Gaussianities of the HCS
state, Fig. 6 displays the histograms from simulation data
of ¢fl, ¢t and ¢l | for nine combinations of coefficients

of restitution (o« = 0.9, 0.7, 0.2, and g = 0.5, 0, —0.5).
Except in the case of ¢L! for a = 0.9 (where al}) is small),
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FIG. 5. Same as in Fig. 4, except that the quantities are plotted versus the coefficient of normal restitution o and now the left
[(a), (d), (&), (j)], middle [(b), (e), (h), (k)], and right [(c), (f), (i), (1)] panels correspond to 8 = 0.5, 0, and —0.5, respectively.

the deviations from the Maxwellian tail are quite appar-
ent. In fact, the high-velocity tails observed in Fig. 6 are
consistent with an exponential tail for ¢! and power-law
tails for ¢l and ¢l , in agreement with the analysis in
Sec. VB.

A more quantitative test is presented in Fig. 7, where
the three cases with a = 0.7 have been selected and the
straight lines representing the asymptotic tails are in-
cluded. The theoretical predictions for the exponents de-
rived in Sec. VB (with additional Maxwellian estimates
for pl and {{c12)!) agree reasonably well with the fit-

ted values, except for § = —0.5, in which case the actual
decays are slower than predicted.

Figure 8 shows the exponents 7., Yw, and 7., as func-
tions of 8 (for a = 0.9, 0.7, 0.2) and « (for 8 = 0.5,
0, —0.5). There exists very good agreement between the
theoretical estimates and the fitting simulation values in
the case of the exponent ~y,,, which seems to worsen as
decreases. However, in the case of . and 7., the agree-
ment is mainly qualitative. This might be due to the
fact that the tails of ¢! and ¢!l are much less populated
than that of ¢l (see Figs. 6 and 7) and, therefore, it is
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The left [(a), (d), (g)], middle [(b), (e), (h)], and right [(c), (f), (i)] panels correspond to 5 = 0.5, 0, and —0.5, respectively.
In each panel, three values of « are considered: 0.9 (DSMC: o; EDMD: x), 0.7 (DSMC: O; EDMD: %), and 0.2 (DSMC: A;
EDMD: +). The solid lines represent the marginal distributions in the Maxwellian approximation [see Egs. (5.3a)]. Note that

a log-linear scale is used in (a)—(c) and a log-log scale in (d)—(i).

much more difficult to reach values of ¢ and c?w? high
enough to accurately measure the exponents v. and 7,
in the simulations. If that were the case, then the values
of 7. and 7., empirically determined would character-
ize an intermediate velocity regime previous to the true
asymptotic behavior. Of course, one cannot discard that
our analysis becomes more limited as  decreases.
Before closing this section, it is worth remarking the
excellent mutual agreement between DSMC and EDMD
results. There are, however, some small deviations for
low values of a, which might be a consequence of the
smaller number of disks in the EDMD simulations and
also a reflection of possible violations of the molecular
chaos ansatz in those highly dissipative systems [71].

VII. CONCLUSIONS

In this paper, we have studied low-density, monodis-
perse, and homogeneous granular gases of hard disks and
hard spheres from a kinetic-theory point of view, using
a general framework to express the results in terms of

the number of translational and rotational degrees of
freedom, d; and d,, respectively. Special attention has
been paid to the non-Gaussian features of the HCS, as
measured by the fourth-order cumulants and the high-
velocity tails of the marginal distributions. The theory
has been complemented by DSMC and EDMD computer
simulations.

The theoretical approach is based on the Boltzmann
equation. First, we have expressed the collisional mo-
ments as formally exact functions of the parameters of
the system (a, 8, and k) and two-body averages. Next,
we have employed a Grad—Sonine expansion of the com-
plete one-body VDF, Eq. (3.15). Then, in analogy to
Ref. [39], we have defined the Sonine approximation
from the truncation of the Sonine expansion beyond the
first nontrivial cumulants defined in Eq. (3.21). This
contrasts with the Maxwellian approximation, which is
based on approximating the VDF by a two-temperature
Maxwellian distribution, i.e., ¢ ~ ¢n-

Within the Sonine approximation, and neglecting
quadratic terms, the relevant collisional moments have
been evaluated, thus recovering previous results for hard



(®)

13

0 0
10 — o « ¢, (MADSMC.EDMD) 10
v ===, (Theory,DSMC)

S a=07.8=05

a=078=-05

i 3 3 i 5

Ow

a=073=-05

107 107

(f)rw

a=07,8=05 o

100 10! 107 10° 10
2,,2
cTw

107 107

CZUJZ

107 10° 101

FIG. 7. Same as in Fig. 6, except that only the cases with o = 0.7 are shown. The dashed lines represent the exponents .,
Yw, and e Obtained by a fit of the DSMC data. The dotted lines represent the theoretical exponents, as given by Egs. (5.9),

(5.13), and (5.15), with the approximations p5y ~ ubo v [see Eq. (4.1a)] and (c12)™ ~ (c12))m = /7/2.

spheres (d; = d; = 3) [39], and obtaining results for hard
disks (d; = 2, d, = 1), as presented in Table I. Cumulant-
linearization in Eqgs. (3.10a) and (3.22) allows us to deal
with a closed set of differential equation for the evolu-
tion of the rotational-to-translational temperature ratio
(9) and the fourth-order cumulants. Analogously, the
stationary HCS values in the Sonine approximation have
been obtained by linearization in Egs. (3.23). As a con-
sistency test, we have checked in Appendix A that the
HCS is linearly stable with respect to homogeneous and
isotropic perturbations. The HCS quantities have been
shown in Figs. 2 and 3 for uniform disks (x = 1) and uni-
form spheres (k = %), respectively. At a qualitative level,
their dependence on « and 3 is very similar for disks and
spheres, but the values are generally more extreme in the
former system than in the latter. In both cases, the kur-
tosis for the angular velocity, al},, reaches values of O(1)
in a lobular region of the parameter space with a vertex
at («, 8) = (1,—1), thus announcing a breakdown of the
Sonine approximation in that region.

Moreover, the non-Gaussianities of the HCS have been
studied not only in the context of the first nontrivial cu-
mulants, but also analyzing the tails of the marginal VDF

#(c), ¢t (w), and ¢t (c?w?) defined by Egs. (5.1). Us-
ing previous methods developed for the smooth case [48,
49, 58], which are based on the prevalence of the colli-
sional loss term with respect to the gain term, we have
obtained the expected exponential tail ¢ll(c) ~ e=7e¢,
with formally the same expression for the exponent co-
efficient 7, as in the smooth case [see Eq. (5.9)]. On the
other hand, we have found much slower scale-free decays
AL (w) ~ w7 and ¢l (Pw?) ~ (Fw?) Ve, with expo-
nents given by Egs. (5.13) and (5.15), respectively. These
algebraic tails of ¢l (w) and ¢t (c?w?) explain the rela-
tively large values attained by the cumulants af}, and all,
especially in the hard-disk case, and predict divergences
in higher-order cumulants which recall the ones already
observed in the case of the three-dimensional inelastic
and rough Maxwell model [72].

To test the theoretical predictions, we have run DSMC
and EDMD computer simulations for hard disks (with
K= %), as described in Sec. VI. First, the quantities 9,
afy, afl,, and @il have been studied for different values of
« and [, as depicted in Figs. 4 and 5. The agreement be-
tween the Sonine approximation and simulation is rather
good, except when the values of the cumulants are not
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= 5). The exponents are plotted versus
B in the left [(a), (c), (e)] panels and versus « in the right
[(b), (d), (f)] panels. Symbols correspond to DSMC (o, O
A) and EDMD (x, %, +) fitting values, while lines represent
the theoretical exponents, as given by Egs. (5.9), (5.13), and
(5.15), with the approximations uby & ub \ [see Eq. (4.1a)]

and <<612>>H ~ <<C12>>M = 7T/2.

small. Even in those cases, it is remarkable that the
Sonine approximation reproduces qualitatively well the
shape of the curves. Second, we have extended the com-
parison to the three marginal distributions in Figs. 6 and
7, finding that the predicted exponential tail of ¢ff(c) and
algebraic tails of ¢il (w) and ¢t (c?w?) are supported by
simulation data. The theoretical and fitting exponents
have been compared in Fig. 8, where a good agreement
for 7, has been observed, while the agreement is more
qualitative for v, and 7.y,. This might be due to a lack of
statistically reliable simulation data in the high-velocity
regime.

To sum up, the HCS VDF of a monodisperse gran-
ular gas of inelastic and rough hard particles is, in
general, strongly non-Maxwellian. Moreover, the non-
Gaussianities exposed in this paper might solve some in-
consistencies reported in the stability analysis of Navier—
Stokes hydrodynamics from a Maxwellian approximation
in hard-disk systems [46] and improve the predictions of
the inelastic hard-sphere model for real experimental sys-
tems, such as the one of Ref. [57]. As a follow-up of the
study presented in this paper, we plan to extend it to
driven hard-disk systems (in analogy to a previous study
for hard spheres [41]), whose dynamics has very inter-
esting implications [73, 74]. Finally, we hope this paper
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could stimulate further research in all these issues, not
only from theoretical and simulation points of view, but
also from experimental setups.

The data that support the findings of this study are
openly available in Ref. [75].
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Appendix A: Linear stability analysis of the
homogeneous cooling state

In this Appendix we show that, within the Sonine ap-
proximation, the HCS for hard disks is linearly stable
under uniform and isotropic perturbations. Let us define
the time-dependent set of perturbed quantities:

0(s) — 9H
§Y (s) = azo(s) — a20

aOZ(S) - %2
aii(s) — a11

(A1)

Insertion into the Sonine approximation versions of
Egs. (3.10a) and (3.22a)—(3.22c), and linearization
around the HCS values, yield

050Y (s) = —L-0Y(s), (A2)
where L is a constant matrix, its four eigenvalues, {¢;;i =
1,2,3,4}, determining the evolution of §Y(s) from an
arbitrary initial perturbation Y (0).

The dependence of the four eigenvalues on the coef-
ficients of restitution is displayed in Fig. 9 for uniform
disks (k = 1). As can be seen, the real parts are al-
ways positive, thus signaling the linear stability and at-
tractor character of the HCS under uniform perturba-
tions, as expected on physical grounds. In turn, since
the cumulant-linearization scheme within the Sonine ap-
proximation is not univocally defined [51, 55], the fact
that we get Re(¢;) > 0 reinforces the reliability of the
linearization criterion applied to the right-hand sides of
Egs. (3.22) and (3.23).

The imaginary parts plotted in Fig. 9(e) show the re-
gions of the parameter space where the decay toward the
HCS is oscillatory. In this respect, the plane (a, §) turns
out to be split into three disjoint regions: a region where
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FIG. 9. Plot of the four eigenvalues of the matrix L as func-
tions of a and 3 for uniform disks (x = 1). (a)—(d) show
Re(4;) for ¢1—L4, respectively. The imaginary parts, Im(¢;),
are plotted in (e), where all the eigenvalues are real-valued
inside the blank region.

(41, £2) make a pair of complex conjugates but (¢3,¢4) are
real, a region where ({3, ¢,) make a pair of complex con-
jugates but ({1, f2) are real, and, finally, the blank region
in Fig. 9(e), where the four eigenvalues are real.

Appendix B: Consistency of the high-velocity tails

In Sec. V B, the high-velocity tails of the HCS marginal
distributions ¢fl(c), ¢il(w), and ¢ (c2w?) were ob-
tained by assuming Eq. (5.7). Here, we test the self-
consistency of that assumption.

1. ¢d(c)

Let us insert Egs. (5.9) into the ratio resulting from
the replacement ¢(T') — ¢I(c) in Eq. (5.7):

de (c])or (ch)
P (c1)pl(c2)

Assuming ¢; > {1, ¢o, w1, ws} in the inverse binary colli-
sional rules, Eq. (2.9a), and after some algebra, one gets

~exp [ (] +cy —ec1 —e2)].  (Bl)

15

— —2
¢ ~e; \/1 + g (g — 2) cos2 9. + %sm de,  (B2a)
) 52
cy ~ey % cos2 9, + %sm Ve, (B2b)

where 9, = cos™![¢; - &|. Therefore, the exponent in
Eq. (B1) is strictly negative, except for smooth par-
ticles (8 = —1) and grazing collisions (cosd, = 0).
Thus, apart from those cases with zero Lebesgue mea-
sure, limg, oo @11 (e} )R () /61 (e1)6t (c2) = 0.

2. du(w)

In the rotational case, from Egs. (5.13) we have

P (W) (W3) (wi'wé'>%’ (B3)
P (W1)py, (W2) Wi wW2 ’
Let us take wy > {1, wa,c1,c2}. Then,
8 ( B ) .
w] ~w 1+— £ —2)sin? ¥, B4a
wy & sind,, |, (B4b)
f
where ¥, = cos~!|wy - Therefore,
lirnw1—)<><> ¢£(Wlll)¢g(wg)/¢g(wl)¢£{v (W2) = 0, ex

cept if sinv,, = 0, which has zero Lebesgue measure in
its continuous domain.

3. ol (x)
From Egs. (5.15), one has

Ic{w(wl) o w(T5) - (3511’53/2/>%w

o (1) Pk i L(z2) ~ \ 122

If both ¢; and wy are much larger than {1, ¢y, wa}, it is
possible to obtain

afa 2 B (B .2
1+a<a—2>COS ’1904-5(3—2)8111 190

50 B (B 0
+E—Sl 2’[9 —25 (E—l) \/;C()Sﬁcw‘|

(B5)

x| ~xy

—92 — —
1+ ﬁgmﬂ sin? 9, — 53/'6_ <£ - 1) cos 0.y
+ % (% - 2) sin? 194 , (B6a)



—2
0
xy 18 (sin2 9o + —sin® 9, — 2
K K

ﬁ szl

0
+ 6— sin? 9, + —sin® ¥y, — 24/ = co8 Vo ,
B2 K

(B6b)

2
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where Y., = cos~l[¢;-(a x W) Thus,

Climwl—ﬂw ¢£{w(x/ll) ?w(ﬂ?g)/(b?w(xl) ?w(xQ) = 07 X~

cept if sind, = sind,, = cosJ., = 0, which again have
zero Lebesgue measure.
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In this Supplementary Material we give some helpful expressions and integrals used to compute
the collisional moments, both as functions of two-body averages, and from the Sonine approximation.
We also expose a comparison between the time evolution toward the HCS of the quantities 6, azo, ao2
and a11, as predicted by the Sonine approximation, and simulation results, as well as for ply, piS,
and (<012>)H. Finally, some details about the theoretical derivations and fitting of the high-velocity
tails are developed.

I. EVALUATION OF THE COLLISIONAL MOMENTS AS FUNCTIONS OF d; AND d.
A. Angular integrals

Some angular integrals are used in the computation of collisional moments. Here, we generalize the results for a
d-dimensional Euclidean vector space,

dy—1
R R 5T (M)
/ da(c . O')Z = BeCZ, By = W (1.1&)
+ 2
d&(c . 6’)231- = Bg_;,_lceilci, (llb)
+
~ o ~ _ B, — B
/ d&(c - 7)'6:5; = Buyac 2cic; + %cl@#, (1.1c)
N _
e afa A~ i—3 Boy1—Beys oo o1
do(c-0)°0,0,0x = Brysc “cicjer + 3Tc (051 (1.1d)
N _
=N VA _ Byio — By _ Byyigs —2Bpio+ By
Lda(c . a)zaiajakam = Bg+4cé 4cicjckcm + 6%& 2c(icj5kLm) 4 32t p 7—{2 céééjéklm), (1.1e)

where 61# = 0;; — ¢;¢; and the notation with indices enclosed by parentheses means that one is totally symmetrizing
the tensors over such indices, i.e.,

1

ey =3 (Cidf + €505 + ¢;035) (1.2a)
1

c(icjé,fm) =5 (cicidpm + cickéﬁn + cicméjlk + Cjcrdi, + cjemdin + ckcméfj) ; (1.2b)
1

8tisOem) =73 (830km + GG + Oimii) - (1.2¢)

B. Levi-Civita summations for disks and spheres

As introduced in the main text, whereas we worked in a generalized framework, in which expressions are given in
terms of the numbers of translational and rotational degrees of freedom of the problem, d; and d,., respectively, we
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took into account only two- and three-dimensional setups. In the case of hard disks, translational velocities are vectors
of a two-dimensional Euclidean space €, whereas the space of the angular velocities is a one-dimensional Euclidean
space 20 orthogonal to the previous one, that is, 20 = ¢, such that the total space, > = € @2J. On the other
hand, trivially for hard spheres, € = 20 = &3. Then, we wrote all relations using general vector notation for elements
in the three-dimensional Euclidean space €3.

Some vector cross products appear in the computation of the collisional moments, involving both translational and
angular velocity variables. Then, it is convenient to express formally those vector products in terms of the three-
dimensional Levi-Civita tensor in &3, €ijk. For example, we face terms of the kind (¢ x w); = €;;pcjwy, where we are
using Einstein’s convention of summation over repeated indices.

Let us denote by Sij the metric of our translational Euclidean space € of dimension d; = 2 and 3 for disks and
spheres, respectively. Therefore, if ;; is the metric of the total embedding space €3, then 6;;8;5 = di.

During some computations we faced expressions of the kind &;;1€;m. Thus, using the identity
€ijkEtmn = 0it(0jmOkn — 0jnOkm) — dimdji, (1.3)
if the indices ¢ and [ are contracted by the metric in €, then
Sit€ijh€imn = dt(8jmOkn — Gindkm) = (0jmOkn — 0jndkm) — (3jmOkn — OjnOkm), (1.4)

where we have used that §;; = d;.

Let us use this methodology in an example of an angular integral involving translational and rotational variables,

/ 46 (c-6) [c- (& x W) —cicy / & (c.a)pa,-am] kD Wit
+ L+
[ B,— B -
=C;C| Bp+20p_20jcm + ”Cpéjm] €ijk€lmnWkWn
: B,~ B L
=c;( Bp+20p*2cjcm + pdti—zlﬂcp (5j — cjcm)} EijhElmnWEWn
_ B, - B
=Byac e (¢ x w)J? + 2 o [y (Gudn — Dindi)
L
—(8i10kn — Gindr1) — (8it6kn — 0indit)] cicrwrw, — ~[c - (c x W)]Q}
B0 = B2 014, (5,480 — Gun 8i1Okn — Oind, 8i10kn — Oind
—ﬂc [ t( 1lO0kn — Oin k:l) _( 1lO%kn — Oin kl) _( 1l0kn — Oin k:l)] CiClWEWn
B,— B
:pdiiw [PT2w? — (4 — dy)cP(c- w)?]. (1.5)
L
For disks (d; = 2, d, = 1), we have ¢ L w, so that the second term vanishes. Then, one can simply replace

(4 —dy)cP(c-w)? by %c”(c -w)?2, which holds both for hard disks and hard spheres. Following the same reasoning,
one gets, for instance,

~ ~ ~ B,-B
/ 17 (c123)" [Crz+ (& x Wio))" = (Bp+2 - W) &5[Crz - (€12 X Wip)]?
+ L
B,— B dp—1
pdti_fﬁ [szcfzwfz = =5 cla(Cra - Wi2)?| (1.6)

where we have called C1o = %(cl +co).



C. Computations of collisional moments
1. Collisional impulse

In Sec. II B of the main paper we expressed the postcollisional velocities in terms of the (reduced) impulse Aqo. It
is then possible to derive the following results:

~ —2 - 0, . 0 ~
A%Q 252(C12 . 0')2 + B [C%Z — (012 . 0')2 + 4E(O' X W12)2 — 4\/;C12 . (0' X ng)], (1.7&)
o- Alg = (C12 ) (17b)
~ —4 ~ ~
A}, =at(c12-0)' + {Cilz +(c12-0)* = 2¢}5(c12- )% + 16 [le (G- Wip)! = 2W, (6 - Wis)?]

0 ~ 0 . ~ 46
+16E [012 . (0’ X ng)}z — 8\/; [Clg . (0’ X ng)] |:C%2 — (012 . 0')2 + — (0’ X W12)

+8Z[W122 ~ (W2 6)?][c}, — (c12 - ) ]} +22%3 {612(012 )"~ (ciz- )"
A0V - @ Wial(ern -6,

AL(G - Ap)? =a'(ciz-5)* +62&2{0%2(‘312 -5)% = (c12-7)" + 4% (Wi, — (6 - Wi2)?] (c12 - 5)
— 4\/E(C12 . 6') [Clg . (6’ X ng)] }, (17C)
o X Ap :ﬁ{(& X c12) + 2\/Z[W12 —(o- le)&]} ) (1.7d)

_ =R 0 .
Ciz2-Ajp = (C12 )2 + 3 0%2 — (C12 '0')2 — 2\/2012 . (0‘ X W12)‘| s (178)

PR— . . 0 .
Ci2- Ay =a(ci2-0)(Ci2-0)+f |ci12-Ciz — (c12-0)(Ci2 - 7) — 2\/2012 (0 % W12)1 ) (1.7f)

where use has been made the following vector relations,

x(GxA)=(@ExA)F—A, (6xA)-(GxB)=A-B-(5-A)G B). (1.8)

2. Collisional changes

As seen in the main text, the (reduced) collisional moments can be written as
1 T T ~ ~ T T ) (T ) (T ) (T r
) = =5 [AFs [dBs [ 46 (e300 06(Ea) Bra ~1) [0 (B + 0 (B)] . () = utlew)'. (19)
+

Using Eqgs. (1.7a), we have obtained the collisional changes associated with the second- and fourth-order collisional
moments. They are displayed in Table I.

3. Collisional moments in terms of two-body averages

Once the collisional changes displayed in Table I are inserted into Eq. (1.9) and the angular integrals are performed

(see Sec. T A), the collisional moments can be expressed in terms of two-body averages. The results are listed in Table

II, where, as in the main text, we have simplified the notation as u,()q) — lpg- We do not include u( ) because it is

meamngful only for hard bpheres and is already known.[1]



TABLE I. Collisional changes of the quantities w(r)( T) with p+¢q+2r =2 and 4.

(Biza = 1) [0 (F1) + iy (F2)]

4,0,0 ct
(0,4,0) w*
(2,2,0) w?

(0,0,2) (c-w)?

2[A%; — (c12- Ar)]
i [A$2 — (- A12)2] - \/%Wm (o x A12)
207, +2 [(012 . A12)2 +4(Ci2 - A12)2} + A%2(C§2 + 4C122) - 4A%2(012 - A12) — 8(Ci2 - A12)(c12 - Ci2)
—(cfa +4CTs)(c12 - Ar2)
2
2202

x [Afz — (o A12)2} } —

2

[A4112 + (@A) —2A%L(G - A12)2] + T

4[W12 . (6— X A12)]2 + [le . (6— X A12)}2 + <2W12 + %)

4
VKo
AiQ - (& . A12)2] le . (5 X Alg)

KQWH + 22 ) Wiz (6 X A12) + (Wi - wiz) wiz - (68 X Alg)]
N
(8% @ anp {{ck + ) + 2k - en- Aw] |+ 2 2810 - e i+ 3 x Aw)

1 N 1
) [40122 + C?z + 4(A?2 —Ci12 A12)] [W12 (o % Al?)] } + 2 (4W122 + w%Q) [A?Q —(er2- A12)]
—4(Wiz2-wi2) (Ciz - Ai2)

1 2 ,\ 1 ~
2(Wiz - A12)2 + §(W12 . A12)2 + ) {[012 - (o % A12)}2 + 1 [ci2 - (6 % A12)}2} —2(Ci2-wiz2 + Wiz - ci2)
1 2 —~
X (Wiz - A12) —2 (Cm -Wio + 12 W12> (W12 - Aq2) + ﬁ{ (Wiz- A1) [ciz - (6 X A12)] + (W12 - A1)
K

X [C12 . (3 X Alz)] — |:2(012 'W12) + %(Cm 'W12):| Cia - (6' X A12) - % [(C12 . W12) + (W12 'C12)] Ci2 - (5' X Alz)}

Upon derivation of the results of Table II, we have needed to take into account the following relations:

(Aly)
2B,

—% ( +64d +a2f e~ ) () + 5 [15((c12Wih) — 2dy {(cr5 Wis(c12 - Wi2)?)

~ (i (erz- Wia) )] + % B (s +1) =@ [5(chaWh) — 3lera(erz - Wia)?)] (1.108)

(AT (4CT + 1)) di + 3{ <a2 N Bz d; —

) (et + 40 + 25 [3(enalicy + 1)

2Bs 8
(e e WPy + 1CB))] |, (1.10b)
Ci2 - A12 2 —2d? — _5at — =2 t :
% 7; < +8 d aﬂd 2 1) (cla) + 8 Qd +3 [(3WE) — (cra(ci2 - Wi2)?)],  (1.10c)

((Crz- A12)(4CT +¢15))  di +3 (a —dy —

1 2 2
25 =3 +4 ) {(c12(c12 - C12)(4CT, + c19))

- 5\/22«(40122 +¢5)Ciz - (12 X Wi2))), (1.10d)

(Afy(c12-A)) 1

2B,

di — 1/ — _ d2 —1—
== {af" + = (a8 +a%) + tsﬁg} (3a)

+528 {[pa+ (M + @+ 9) B et - s+ (424 @+ 9)
x((cra(ci2- Wi2)?) }, (1.10e)
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ﬁ?ﬁﬁg X B1D) - S1o(TIm - T12) (ST - B10) FTohg + (BT X BID) - ETm (BT - E10)))
{(TTAN X TID) - ETD(TTI AN - CTM))F) Mw + {(e1m x TIo) - mHOmMonanBv W

— (F1a x 10) - IO (FLML - B (g + PP K{@ — (T - T (10 - B10)0))

4 v N 4 4 ¥
T + du— 3 — AAAANH\(V NHOVANH?? . NHOvNHva Amx_v@v + AAANHO . NHBXNH\(V. NHUvNHva AQ T + dv + AAANHB . NHUXNH\(/ . NHOXNHO . NHUVHNIHUVV _Hm e —_0— Py _
{(BT M - TIm) (2T - €12)CTD)) FS + #pg) — G — ig TA (BT M - Sovﬁbﬂ Huvv AANNH\SNNHONSVVL 14

[4
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(e - T12)7hm Fo) )~ o ( (T - T M ) T — (1 0) (T - T10) (L - T T (18— 1) — (T aié%g gt
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£+ (o woyeo) { | Cog - o (g - oige| w + [¢ - (e + )] S & -mme )+ (G0t {[(1- g+ (o E kg e
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«((:122'—3?12)» :é(a — B)*((c},Ch) + é <3042 i 2_ 35 ) {(c12(c1a - C12)?) + 652 & + 3
x [((c12 [Crz - (€12 X W12)]?) + (c12CF, W) — (€12(Cra - Wiz)? 2B4 \/75
[(1 —~ g—i + B2£th 1_ 1> B-2a (1 + BZth 1_ ﬂ {((c12 - C12)Cia - (c12 x W12)Y), (1.10f)
i 40122322(:12 el :dt ;_ 2 <a+ Bdt; 1) (<<C?2>> + 4«0‘;’20122») ) (1.10g)
{(Cyz - Al;;iC12 Ci2)) _dy ; 3 <a+5dt2_ 1) (cra(crs - C1a)?) — 2 /6<<(C12 - C12)Cha - (c12 X Wia)),

(1.10)

WO x 20 + D)) g0t 3 L4ty O + () + £ 12 WhCR) + (el

28, 1
—4{(Chyery (c12 - Wi2)?) = ((crz(c1a - Wi2)?)] }, (L.11a)
o [Afy = (c12- Ay 3 t — 5
e Rl 8 = o Rl T Jatm - 0| el + £ (et — 3erslers Wia)))|

+56- 1) (L (e + 2R v

# 38 - 2N [(WE) - (anlern WiaP)] + B 24w

+22 (15 — 20 Wler - Wia)) — (i era - Wia) )|}
(1.11b)

((Ciz - c12)[wiz - (6 x Aq2)]) 5\/26& +3 [3«612((:12 C1a) (Wi - wia))) — <<612 (c12 - Cra)(12 - Wia)(Cro .W12)>>] 7

2Bs5 8
(1.11c)
{(Cyz - A12)[;v;25~ (6 x Aw)]) ,é 5{ 5 f‘i) (c35C12 - (c12 X Wi2)) + 2\/2{2«012((312 - c12)(Wia - wia))
- i(«cfg (Ciz - €12)(Wiz - c12)(Wiz - €12))) + (c12(Ciz - wi2) (W2 - €12)))
+ {(c12(c12 - wi2)(Wia - Clz)»)] } %B {B?(ldtfi) {(c15[Crz - (e12 x wi2)]))

n \/z [th;- 1 {c12(C12 - €12)(W1a - wi2)) + %«Clz(cm - Wig)(c12 - Wia))

_dtZ 1 ({ciz (12 - Crz)(e12 - Wiz) (€12 - wi2)) + (c12(Ciz - wi2)(Wiz - €12))))
B %%Q {4<<(W12 -wiz)[e12 - (Cia x Wia)]) — (<<(c12 - Wig)[wiz - (Ci2 x Waz)]))
5 K

+2((c15 (c12 - Wig) (€12 - Wiz)[er2 - (Cra X le)]»ﬂ }, (1.11d)



((4CE + 1) Wia - (6 x Ar)) 6\/7dt+3

2B, 612012W12>> <<Cf2W122>>) - 4<<C1_210122(Cl2 'W12)2>>

+{{c12(c12 - W12)?)] (1.11e)

<<(A12 — C12 A122‘)B‘57Vl2 . (a\' X A12)>> zi\/z {Oé(Oé _ 1) [5<<CL;>2W122>> _ 3«012(012 . W12)2>>] +B(B _ 1)3dt2_ 1 <<C§2W122>>

#3822 (W) - (enntern- W) |

3/2
37 (2) (15lenWh) e Whern - Win®) - (eiflen - Wia)*)].
(1.11f)

(AW +why) (AT, —c1n- App))  di+3 dy

= S a@-n 456y

+ Q%BQ (BcraWihwiy)) + 12((c12Wiy)) — 4(ery Win(cro - Wha)?)

| el + ateta W) +

(et ublen W) }, (111g)
(W12 -W12233(5012 - A12))) :adtl—g 3«012(\;\712 ~wi2)(c12 - Ci2))) + g W«Cu(wm -wi2)(c12 - Cra))
- 2% ! — (W12 - wi2)Ci2 - (€12 X W12)>>]7 (1.11h)
5
it >;BA512) ) =B dtlg ! {(ci2)) + %34 [15(c12Wis) — 2d (g Wis(c12 - Wi2)?) — (ei5 (c12 - Wiz)*))]
+ I I (et — 3(enn(er Wia))] (1.120)

~ —2
(2 @ X Buall) B LD (03— feralers - Waal)] + o [15(esalVi) — 24, (e Witera W)

2Bsy 8
(e en Wi . (1.12b)
<<[W12 . (Z\'BZ A12)] >> :% { (dt ;r 3) [«C‘fzw%z» _ <<612(C12 -W12)2>>] + g %«Cu(wu . W12)2>>
*(7 - dt)<<C12(W12 : le)(cu : W12)(012 : W12)>> %«Cl_zg(le : W12)2(012 : W12)2>>
+dt2— 2 (<<C1_21w%2(cl2 . W12)2>> + <<01_21W122(C12 ~W12)2>> + <<612w%2W122>>)] } , (1.12¢)

(4w, + wig éa X Az)%) g2l + 3 { (de — 1) [4(c3,WE) + (Ghw?)] + 4% [12((c12Wih) + 3(c12w, W)

—4{(ery Wis(crz - Wi2)?) — (e wiy(crz - Wi2)?)] }7 (1.12d)



z w? 12 (0 X Aqa - t -1
s s b (Woa (0> Al) g 03 iy, 43 enmdaE) — 406 Wh(ens- W)

— (e wix(cra - Wi2)?)] (1.12e)

<<(W12 -W12)[W12 . (?r X A12)]>> :ﬂ\/Zdt +3 [3«012(“’12 -W12)2>> _ <<C;21 (W12 . WIZ)(C12 -le)(clg W12)>>] ,

2Bs 8
(1.12f)
<<(a' X A12) [\;Véi . (Fr X A12)]>> :BS % {3dt4_ 1 <<C:1)’2W122>> . dt 4— 3 <<612(C12 -W12)2>>
d ; ’ [(c W) — (cr2(c12 - Wi2)?))]
+% [15(c1oWih) — 2dy (i Wiy (c12 - Wi2)2) — (e (crz -W12)4>>]} . (1.12g)

Equations (1.10), (1.11), and (1.12) are related to the evaluation of p40, 1122, and g4, respectively.

D. Useful integrals and changes of variable for two-body averages in the Sonine approximation

In this subsection we summarize the most common integral expressions appearing in the two-body averages of the
collisional moments appearing in Table II, in the SA.

1.  Mazxwellian-type integrals I, Ji, and J2
Let us start by introducing the integrals|2]
I(e,p,d) = /dxl/de xfze_eﬁ_””g, €>0, (1.13)

d being the dimension of the vector space where x resides. It is convenient to transform our general variables x; and
xo (in analogy to c¢; or wy, and ¢y or wo, respectively) into relative and center-of-mass-like variables of the form

1
X12 = X1 — X2, X12 = §(€X1 + Xg). (114)
Therefore,
X12 + 2X12 2X12 — €x12
_ — =L 1.15
X1 1+e *2 1+¢€ ( )

with associated Jacobian of the transformation

9(x1,%2) d —d
DR 9d(] 4 ), 1.16
’5(X12,X12) ( ) ( )
Note that the original center-of-mass variable is obtained by setting ¢ = 1. Using this change and d-spherical
coordinates, Eq. (1.13) reads
a2 [~ dtp—1 ——a2 [ d—1 — X7
I(e,p,d) = (1+¢€)~ Qd/ dzip (37 e 1+5112/ dXio XT3 T T2 (1.17)
0 0

d+p
L4y T (%2)
— pde—d/2 ( + 5) 2

<) oTm

where Qq = 27%/2/T (£).



Analogously, one can obtain

1
/dx1 /dxz sze_“ﬁ_’”% = 2—p[(e,p, d). (1.18)
Since Eq. (1.17) applies to any € > 0, we can derive with respect to € and then take e =1 to get
2 a7 d
/dxl/de ab a2le i = (—1)1 [8(6,1},)} , (1.19a)
Oed 1
2q —x2—22 1 aql(eap7 d)
/dxl /dXQ X;f21'1q€ 1 2 = (_1)q ﬁ |:3Eq - . (1.19b)

Similar steps lead to

o (42) (42)

2
Hlpn ) E/ dxl/ s af Xfpe ™17 = 2 : (1.20a)
[T (5)]
JQ(p7Q7r7 d) E/Xm/dXQ x€2Xf2(X12 ~X12)reiz§7:€§
14 (C1)7 T (4) T (4
- + (1) (2) ( 2 )J1(p+7",q-|—r,d). (1.20b)

A ()

Note that Ja(p, q,0,d) = Ji(p, q,d) and Ja(p,q,r,d) =0 if r = odd.
Let us suppose that the vectors x1,xs € ¢4 and y1,¥2 € %2 are all embedded in the same d-Euclidean space, ¢<.
Then, the following identity holds,

’ ’ ’ 2 2 2 2
/dxl/dXQ/dY1/dY2 2y X (%19 - Xya) "yl Vih (V12 - Yi2)" (X12 - Yio)Fe #1772 741702

et
T A (E

unless €% 1 @2 in which case the integral with k& > 0 vanishes because x15 - Y15 = 0.

)J2(p+kanrvdl)JQ(p/7q/+kvrl7d2)? (121)

2. Sonine integral Is

The Sonine approximation of the VDF implies the action of the Sonine polynomials into the integrals involved in
the two-body averages. The Sonine polynomial of degree r of a scalar variable x in a d-dimensional problem is given
by

Sp(x) = XT: T (DT (5 +7) z*. (1.22)

The first three Sonine polynomials are

So(x) = 13:2 _dr 23: + d(d + 2). (1.23)

d
= 1 = — —
So($) s Sl (.T) T+ B 9 3

2’

Let us define the following integral where Sonine polynomials are involved,
IS(pa q,7, d) E/dxl /dx2 I€2x?q6*15*13 Sr(x%)

. ev T (4+47) AR [ (e, p)
- ;;F(%+k2) (r — k)lk! [ deatk L—l’ (1.24)

where in the second step we have used Eq. (1.19a).



10
8. Two-body averages in the Sonine approrimation
Within the Sonine approximation described in the main text, we can obtain
(R —— / dT, / ATy e @A [1 4 90508 (c2) + 2a0pSa(wd) + 201151 () (w?)

+2ag) Pa(@r - W)
=1~ [I(1,p,d;) + 2a20I5(p,0,2,d;)], (1.25)

where p = even and in the second step we have taken into account the orthogonality relations of the Sonine polynomials.
Analogously,

—d¢—d, ~ ~
<<012W122>>S —7T /dl"1 /drg 612W1226_(C§+cg+wf+wg) [1 + 2&2052(0%) + 2a0252(w%) + 2(11151 (C%)Sl (w%)]
—d¢—dr
_T 1 [T(1,1,d:)I(1,2,d,) + 2a9015(1,0,2,d)I(1,2,d,) + 2a021(1,1,d;)I5(2,0,2,d,)
+2a1115(1,0,1,d:)Is(2,0,1,d,)] (1.26a)

Ki(p,q,r,s,ds,d;) <<C]1JQC12(012 Ci2)" Wis)s
—dy—d,

= 9s {IS(S 0 O d ) |:J2(p7Q7r7dt) + a20 (JQ(p7q+47radt) + JQ(p7Qar+2adt)

di + 2

1 1
+ T6J2(p+ 43Q7T‘7 dt) + §J2(p+ 2,!] + 2,7‘, dt) - (4J2(paq + 2,7‘, dt) + JQ(p+ 23Q7r7 dt))

di(dy + 2
+ %Jg(p,q,r, dt)>:| +2a02J2(p, q, T, dt)Is(S,O,Q,dT) —&—anls(s,O,l,d,.) dth(p,q,’/‘, dt)
1

= 2J2(p, g+ 2,1,d¢) — §J2(p+ 2,q,m, dt):| } ; (1.26b)

dp —1|(1+(— )T
(haClers - Cra) Wi(era - Wia)' s = 22| ¢ (d L) 4 tgurs + todndy) (1260)

e
+2alg) F(p,q,7, 5,1, dy. d, ] (1.264)

In Eq. (1.26¢),

F(p,q,r,s,t,dy,d,) =r~ % /df1 /df'2 &y ChLWy(c1a - Cra) (C1a - Wia)le 12" W2 Py (@) - W)

—di—d, 1+ (-1)* t
25 (1183 +1)

Jo(p+t+2,q,1,3)I(1,s+t+2,3), (1.27)

where we have taken into account that the function F' is meaningful only for HS.
Furthermore, we have also faced vector products in the averages, for instance,

{(c12 [Crz - (e12 X W12)]?) =(c12CT W) — (CTaciy (€12 - Wi2)?) — (€12(Cra - W12)?) — (15 Wis(crz - Ci2)?)
+ 2((c15 (12 - C12)(Cia - Wia)(c12 - Wia)), (1.28)

where we have used the identity [a- (b x ¢)]? = a?b?c®> — a?(b-¢)? —b?*(c-a)? — c*(a-b)? +2(a-b)(b-c)(c-a). From
parity arguments, one can prove that

(15 (€12 - C12)(Crz - Wiz)(c12- Wi2))) = (15 (€12 - C12)*(c12 - Wi2)?), (1.29a)

{(c12(Cra - Wi2)?)) = (Chyery (c12 - Wi2)?)), (1.29Db)



11

{((c12 - C12)Cra - (C12 X Wia))) = ((4CT; + ¢1)Ciz - (€12 X Wiz))) = 0. (1.29¢)

Some of these quantities are similar to those found in the smooth case [3], but here they are more complex due to the
introduction of the angular velocities.
In the computation of p9s from the Sonine approximation, one needs to deal with the generalized quantity

K2 (p7 q,7,S, t7 u, dt7 dT) E«C€2Ci]2 (012 : C12)7"wf2W1t2 (W12 ' W12)U>>S

:ﬂ-_dt_dr{JZ(‘&tu u7d’r> |:J2(p7Qa’ra dt) + aso (JZ(pu q + 4a T, dt) + JQ(p7Q7T + 27 dt)

1 1 di + 2
+EJQ(p+47Q7T7dt)+§J2(p+27q+27r7dt)_ : (4J2(p7Q+27r7dt)+J2(p+27q7r7dt))

de(dy + 2
+ %J2(pa%ra dt)):| +a02J2(p,q,7", dt)<J2(Svt+4auadT) + J2(57t7u+27d7“)

1 1 dy +2
+EJ2(5+4at7uadT)+§J2(5+27t+27u7dr)7 4 (4J2(53t+2au7d7’)+J2(5+27tauadr))

dy(dy 42 L
+%J2(S7ta uvd’!’)> + 20'11 |:(J2(p7q + 2,7“, dt) + ZJQ(p + 2a q,T, dt)

d 1 d,
_éJZ(pa(L’n dt)) (JQ(S?t + Q,U/, d’r’) + ZJ2<S + 27t7u7d’r) - 2J2(87t7u7d7‘)>

+J2(p,an+1vdt)J2(37t,u+1adr):|}' (130)

In particular,
{(c12(C12 - €12) (W12 - wi2)))s = K2(1,0,1,0,0,1,ds,d,.). (1.31)
Moreover,

(c12(C12 - Wi2)(c12 - Wi2)))s =((c12(Cr2 - Wiz)(c12 - Wia)))s

dp—1
=S [2a11+5ag}}} J2(3,2,0,3)J5(2,2,0,3), (1.32a)
— . dr_l —
(3 (e12- Cra)(erz - Wio)(erzwio))s = “o=n " [any +afy)| /2(3,2,0,3).5(2,2,0,8),  (L.32D)
171 2 ] oy _ dr—1 1 (1)7"_6
ers whylers - Wiz))s = “o— | 2K (1,0,0,2,2,0,3,3) + aff) = J2(3,0,0,3)5(2,4,0,3)| (1.32¢)

From symmetry arguments, the averages involving a power of ¢+ (C12 X W1a), Wiz (Ci2 X W13), Cia - (c12 X W),
or ng . (012 X ng) vanish.

II. KULLBACK-LEIBLER DIVERGENCE-LIKE FUNCTIONAL

In order to characterize the departure of the Sonine approximation for the VDF from the Maxwellian, let us
introduce the Kullback—Leibler divergence (or relative entropy) [4], i.e.,

where in the second step we have expanded ¢ around ¢y, neglected terms beyond second order, and take into

, (2.1)

account that [ dr [gb(f‘) — ¢M(f‘)} = 0. Inserting the Sonine expansion and using the normalization relation [see
Egs. (3.15)—(3.18) of the main text|, one gets

©|?

1
D, (]lén) ~ 5 S NG el (2.2)

GHk+20>2
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FIG. 1. Plots of (a—c) the temperature ratio 6(s), (d-f) the cumulant a2o(s), (g-i) the cumulant ag2(s), and (j)—(1) the cumulant
a11(s), for uniform disks (k = %), as functions of the number of collisions per particle s. The left (a, d, g, j), middle (b, e, h,
k), and right (c, f, i, 1) panels correspond to 8 = 0.5, 0, and —0.5, respectively. In each panel, three values of « are considered:
0.9 (DSMC: o; EDMD: x), 0.7 (DSMC: O; EDMD: %), and 0.2 (DSMC: A; EDMD: +). The lines are theoretical predictions

from the SA.

This gives Dk, (¢]|¢m) as a sum of the squares of the Sonine coefficients, weighted with the normalization constants
N J(f;) . We now divide by the sum of the weights to define a (normalized) average as

2
0| ()
Z'+k 20>2 Nk |

k2622 7k [Tk | (2.3)

(0)
Zj+k+2€22 Ny

D(¢ll¢m) =

In the Sonine approximation, D (¢||¢n) becomes

did,

1 [di(de +2) d,(dy +2)

45 2
D (@llom) = 7= | g lanl + T anf + |au|2+<dr—1>32\aé?]], (2.42)
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dy + d, 15
z%zt; (Ao + de +2) + (d; — 1) 5.

The Sonine approximation values of (¢H||¢M) as functions of o and f are plotted in Fig. 2(a) for uniform disks
and in Fig. 2(b) for uniform spheres. Comparison with Figs. 2(c) and 3(c) of the main text shows that the general
shape of ® (¢H||¢M) is dominated by that of af},. We observe that the largest deviations of ¢! from the Maxwellian
distribution occur, paradoxically, in lobes emerging from a vertex at («,8) = (1, —1). This is the region where the
Sonine approximation is expected to be less reliable, at least at a quantitative level.

(2.4b)

(b)

0.4 1.0 : 04

0.3 0‘8 0.3
0.6

0.2 3 ’ 0.2
0.4

0.1 0'2 0.1

000070 205 00 05 10 00

8

FIG. 2. Quantity ©(¢"||¢m) in the Sonine approximation as a function of a and 3 for (a) uniform disks and (b) uniform
spheres.

III. HIGH-VELOCITY TAIL OF THE MARGINAL DISTRIBUTION ¢.,,(c*w?)

In this section we present an alternative justification for the high-velocity tail of ¢.., (c>w?) given in the main text.
Assuming ¢ > 1 and w > 1 in the stationary version of the BE for the reduced VDF ¢(T'), we get

o 4 Ww—— & =yt (3.1)
w

Here, we have (i) neglected the collisional gain term versus the loss term, (ii) taken c¢12 — ¢, (iii) ignored the
dependence on the angle cos™!(¢ - w) (which only exists for hard spheres), (iv) neglected ¢ versus co'l, and (v)
taken into account that pll/d; = ull/d, and v. = d;B1/pb. The general solution of this linear first-order partial
differential equation can be obtained from the method of characteristics as
¢M(T) ~ e G (E) : (3.2)
c

where G(y) is an unknown function. Now we take the liberty of assuming that the tails of the marginal distributions
dw(w) and @22 () can be obtained from Eq. (3.2), i.e.,

Pw(W) = th/ decht=tem e (E) , (3.3a)
0 C
24,0 , o0
Gew () = %z%f / dect=dr=lemrecqy (g) . (3.3b)
0

Consistency of Eq. (3.3a) with the high-velocity tail ¢y (W) ~ w™ 7 implies that G(y) ~ y~ 7 for large y. Insertion
of this asymptotic form of G(y) into Eq. (3.3b) finally yields

—d
¢)H (x)Nx—ch7 ’YCw:1+M

cw 2 ?

(3.4)

in agreement with the result in the main text.
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FIG. 3. Two-body average {(ci2))" from Maxwellian and Sonine approximations (lines) and DSMC simulation outcomes

(symbols) for uniform disks (k = 3) as a function of (a) the coefficient of tangential restitution 8 (at o = 0.9, 0.7, and 0.2),

(b) the coefficient of normal restitution « (at = 0.5, 0, and —0.5).

IV. TRANSIENT STATES

In the main text, we focused on the comparison between the theoretical predictions and the simulation data for the
HCS. As a complement, here we provide a comparison for the temporal evolution toward the HCS.

Figure 1 shows the evolution of 8(s), az0(s), ap2(s), and a11(s), starting from a Maxwellian and equipartioned initial
state, so that 6(0) = 1 and a20(0) = ap2(0) = a11(0) = 0. We observe that the Sonine-approximation theoretical
predictions agree very well with simulations, except close to the HCS values for the cases in which al),, al} ~ O(1).

V. COMPUTATION OF (ci2)", u5y, AND u, FROM DSMC. COMPARISON WITH THE
MAXWELLIAN AND SONINE APPROXIMATIONS

An important point of our work is the exact expression—in the framework of the BE—of the relevant collisional
moments in terms of two-body averages, as displayed in Table II. It is then interesting to compute the HCS colli-
sional moments b and yuf, from DSMC and compare the results with predictions from the Maxwellian and Sonine
approximations.

Before starting with the collisional moments, let us first consider the simple two-body average {(ci2)). It can be
computed in simulations as

N
{(c12)) = % Zcija (5.1)

with, in principle, N’ = N(N — 1)/2 being the total number of pairs. Since we had N = 10* particles, this would
imply N’ ~ 5 x 107 pairs. Instead, in order to accelerate the computation, we took a random sample of N’ = 10°
pairs, which represent a 2% of the total number of pairs. The results for ((c12))!! are displayed in Fig. 3. While the
Maxwellian-approximation value, ((c12))m = /7/2 ~ 1.253, is independent of o and 3, the dependence of ((c12)) on

both coefficients of restitution is well predicted by the Sonine approximation, at least semi-quantitatively.

Now we turn to the collisional moments 29 and pg2, whose expressions as linear combinations of the three two-body
averages ((c3,), (c12W3,), and (¢ (c12- W12)?2) are displayed in Table IT. Those two-body averages are evaluated by
the DSMC method by sums over pairs analogous to Eq. (5.1), again with N’ = 10°. From Figs. 4(a-d), we infer that
both Maxwellian and, especially, Sonine approximation provide good estimates of the two first collisional moments
pih and pll. Moreover, as Figs. 4(e, f) show, the HCS condition uil/2ufl, = 1 is very accurately fulfilled by the
DSMC data.
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FIC. 4. Plots of (a, b) the collisional moment sy, (c, d) the collisional moment s, and (e, f) the ratio ph/2ut, for uniform
disks (k = 1). The quantities are plotted versus (a, c, €) the coefficient of tangential restitution 8 (at o = 0.9, 0.7, and 0.2) and
(b, d, ) the coefficient of normal restitution « (at 8 = 0.5, 0, and —0.5). Symbols represent DSMC values and lines in panels
(a—d) correspond to the Sonine-approximation predictions. The thick black lines in panels (e, f) represent the HCS condition

H§0/2H5{2 =1L

VI. SOME TECHNICAL DETAILS ABOUT THE HIGH-VELOCITY FITTING
A. Fitting of the exponents ., Yw, and Yew

To get the high-velocity tail exponents v., Vi, and e, from simulations (see Fig. 9 of the main text), we fitted the

data according to some conditions. First of all, we defined threshold values for the velocity variables x = ¢, w, c2w?,
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beyond which the velocities were considered high enough as to observe the asymptotic behavior. Those thresholds
are defined as Zinres = max{Z, M}, where the values of 7 are

~ 5/2 PN S -
c= __ 52 w= SrlBl ccw? = Fuw. (6.1)

> =2 23’
a

7_|_’37

202 232

This ensures that ¢j > 1 and wY > 1 in Egs. (B2) and (B4) of the main text. In what concerns to the values of M,
they were determined under the condition of fulfilling a continuous and differentiable match between the Maxwellian
approximation VDF and the high-velocity tail behavior, as derived in Section VIB.

For each histogram, we firstly chose the range of points comprised between Tipres and Tmax, where Tyax represents
the maximum value of = in our dataset for a given system. If Z;ax < Zthres, Wwe concluded that there were not enough
data to get a trusted fitting. On the other hand, if . > Tinres, We proceeded to choose the proper subrange of
data to be fitted from a minimization of |x?/d.o.f — 1],[5] where x? is the chi-square statistic (computed assuming
diagonal covariance) and d.o.f is the number of degrees of freedom of the fit. If the number of points in the subrange
were larger than 5, we fitted them to the desirable form, getting the slope, as well as the standard deviation of the
chosen points in the dataset with respect to the fitting parameters. Finally, we computed Pearson’s coefficient of
determination, R?, concluding that the fit was trustable if RZ > 0.9, discarding the results otherwise.

B. Matching points z!

In previous works for the smooth case [6], a merged HCS VDF was built from a match of the thermal part (as
described by the Sonine approximation) and the asymptotic tail, the matching point ¢, being determined by imposing
continuity of the VDF and of its first derivative. In our work, we used this same method to compute the matching
points z, for the marginal distributions @1, ¢1, and ¢!, .

Although we present below the derivation of x, from the Sonine approximation, we actually considered in the fitting
the matching points 2™ provided by the MA. This is due to the appearance of bimodal thermal regions of the VDF
(especially for ¢l) in the Sonine approximation, not observed in simulations, and even unphysical negative values in
a small range of values, as previously reported for HS.[1] We exclusively show below the results for hard disks (d; = 2,
d.=1).

1. Matching of ¢5(c): M
We construct a merged distribution ¢(c), such that it coincides with that of the Sonine approximation for ¢ < ¢,
and with its asymptotic high-velocity tail for ¢ > ¢y, i.e.,
2
o (c) =Athee 1+ QIZ_I()SQ(CQ):I O(cx —¢) + Ace™7°O(c — c4). (6.2)

Imposing the continuity of ¢fl(c) and its first derivative at the matching point ¢, yields the following 5th-degree
polynomial equation:

H _
Cy = Je _ w' (6.3)
2 1+agS(c)

As said above, however, we take the Maxwellian approximation for the thermal part (c < c,), i.e., M = 7./2.

2. Matching of ¢ (w): w

In this case, we have
PN (w) :.Afjle_wz [1+ afyS2(w?)] O(ws — w) + Ayw " O(w — w,). (6.4)
Again, we assume continuity of the function and its first derivative at w*, which gives a cubic equation for w?2,

w2 Yo athw? (3 — QwE) (6.5)
2 1+ afhSo(w?) - '

Thus, wM = /7, /2.
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3. Matching of ¢'5 2 (x): x

The merged function is now

16aly, + 4ai} + 6agh 5a%y + 6atl + 5agh aby + 2alh + afh

S -V 1 +x 5 ) O(z, — 1)
+ Az 7w O(z — ), (6.6)

o1 () = A g2V (1 n

where we have used K 1 (2/x) = \/me~2V® /221/%, From the continuity conditions one gets the cubic equation
3/2
22/? (a5 + 201] + af) — 2. [(ah + afh) (3 + ew) + 0l (24 7eu)]
5 at!
+x¥2P+a%<4+ §w>+aﬁu+3mwy%g2@+5%w]

1 3
— (2Yew — 1) {1 + 2ay, + §a11{1 + 4@5{2] =0. (6.7)
1 3
(27w — 1) (1 + 2ap + 5“{{1 + 46%12) =2}/ (ago + 2a] + aon) - Ty [(aIQ{O + afy) (3 + Yew) + ayy (2+ Yew)]
1/2 H Yew H agz
+ Tk 2+a20 4+ 9 +G,11 (1+370w)+7(3+570w) . (68)

In the Maxwellian approximation, we simply get zM = (’ch - %)2
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