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Introduction



Granular Materials are a new frontier in Statistical Mechanics.

Being inspired to a long history of problems in engineer and industrial application, with roots in
the 19th century, a large and heterogeneous family of experiments has demonstrated the richness of
granular phenomenology. Moreover, the fundamental properties of granular media (mainly inelasticity
of collisions and macroscopicity of grains) have motivated the born of an entire new branch of theoretical
physics with its zoo of minimal models, the so-called granular gases, displaying an intriguing behavior
in spite of their simplicity. The speculative spirit of this branch of theoretical granular physics must
not be underestimated: often granular gases are very abstract models that can be observed only in
the silicon cage of a computer simulation, but their importance for a substantial criticism of the basic
assumptions (and limits) of Kinetic Theory, Hydrodynamics and general non-equilibrium Statistical
Mechanics, is widely recognized. This thesis focuses on the particular subject of Kinetic Theory of
Granular Gases and is devoted to two main tasks:

e a tentative review of recognized fundamental problems (experiments and theories);

e a study, by means of numerical and analytical tools, of some basic models.

In this introduction we give a brief presentation of granular materials and anticipate the content of
the five chapters of this thesis.

What are granular materials?

A granular material is a substance made of grains, i.e. macroscopic particles with a spatial extension
(average diameter) that ranges from the microns to the centimeters. In line of principle the size of
grains is not limited as far as their behavior can be described by classical mechanics. For example, the
physics of planetary rings (made of objects with a diameter far larger than centimeters) is sometimes
approached using models of granular media. More often the term “granular” applies to industrial
powders: in chemical or pharmaceutical industries the problem of mixing or separating different kinds
of powders is well known; the problem of the transport of pills, seeds, concretes, etc. is also widely
studied by engineers; the prevention of avalanches or the study of formation and motion of desert
dunes are the subject of important studies all around the world, often involving granular theories; silos
containing granular food sometimes undergo to dramatic breakages, or more often their content become
irreversibly stuck in the inside, because of huge internal force chains; the problem of diffusion of fluids
through densely packed granular materials (earths) is vital for the industry of natural combustibles; the
study of ripples formations in the sand under shallow sea waters can solve important emergencies on
many coasts of the world. Rough estimates of the losses suffered in the U.S. economy due to “granular
problems” amount to ... billions of dollars a year.

The physicists usually have reduced the complexity of real situations, performing experiments to
probe the fundamental behavior of granular media. The models proposed by theoretical physicists are
even more idealized, in order to catch the essential ingredients of single phenomena. Therefore, in an
experiment the grains are often all smooth spheres with the same size, same restitution coefficient,
perfectly dry, in the void, and so on. In a numerical simulation the grains can become rods moving
on a segment or disks without rotational freedom. However some ingredients are common in all the
approaches to granular systems and, in some sense, can be considered the very definition (from the
point of view of Physics) of the granular state of matter.

What are the basic properties of granular materials?
In the study of granular physics the properties that are usually shared by different models are the
following:

e the grains are macroscopic: they are described by rules of classical mechanics and, moreover,
the volume occupied by a grain is excluded by the volume available for the motion of all the other
grains; the last property seems trivial but has many non-trivial consequences: mainly geometrical
frustration, strong spatial correlations, relevance of collisional transport versus streaming trans-
port, enhancement of re-collisions in the kinetic equations (breakdown of molecular chaos), in a
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few words: a failure of mean field approximations; of course these consequences are observables
when the excluded volume is a relevant percentage of the total volume, otherwise they can be
neglected;

e as a consequence of macroscopicity, the grains interact (with each other as well as with the
boundaries) by means of dissipative interactions: this means that static and dynamic friction
is always at work and that collisions are inelastic; the energy lost is transferred to internal degrees
of freedom, i.e. heat, and subsequently dispersed to the environment;

e the environmental thermal temperature plays no role in the dynamics of the grains, i.e. they are
almost always considered at 7' = 0; this is due again to the macroscopic nature of grains and in
particular to their masses, which are usually of the order of an Avogadro number of molecular
masses: the kinetic or potential energy of a grain is therefore many orders of magnitude larger
than the thermal energy conserved in the internal degrees of freedom; in the kinetic theory of
granular gases the role of “microscopic degrees” is played by the grains themselves, so that a
granular temperature can be introduced in terms of the random motion of grains.

What are the open problems in the physics of granular materials?

It is useful to stress here the existence of a main division between two different “states” in which
the granular materials can be, depending upon the external conditions (available volume, intensity of
the driving, degree of inelasticity of the collisions, presence of fluids, and so on):

e Stable or metastable granular systems: this family of problems comprehends the study of the
distribution and the analysis of correlations in the internal forces in a pile or silo of grains, the
characterization of the propagation of mechanical perturbations (sound) inside densely packed
arrays of grains, the very slow compaction dynamics observed when a box full of grains is vibrated
(the grains can rest in a metastable state, in the absence of vibration, which is far from the
minimum packing fraction attainable), the study of time and size distributions of avalanches in
a pile which has reached its critical slope.

e Flowing granular systems: this set of problems is instead composed of all the situations where
an uninterrupted flow is present. Typically granular flows are divided in slow dense flows and
rapid dilute flows. When the stationary velocity of the flow increases (due to an increase of
external driving forces) the shear work induced by internal friction generates granular temperature
and granular pressure, which in exchange produces a decrease of volume fraction occupied by
grains [52]. This ensures that, almost always, a rapid flow is also dilute and that theoretical
methods belonging to kinetic theory, as well as a hydrodynamic description, can be tried and
are sometimes successful. Every kind of typical fluid experiment has been performed on granular
systems: from Couette cells to inclined channels to rotating drums, finding non-linear constitutive
relations. High amplitude vibrations can generate interesting convection phenomena in a box
containing grains, always associated to size and density segregation (apparently violating entropic
principles). Patterns (two dimensional standing waves) can form on the free surface of a vibrated
granular layer. The study of simulated models have arisen new questions on the constitutive
behavior in rapid flows, and recently new experiments have focused on this subject, measuring
the velocity probability distribution functions and finding that in a wide set of situations this
distribution is not Gaussian. The study of internal stress fluctuations and of velocity structure
factors has given further elements to the investigation of kinetics of granular flows. A strong
debate is still alive, on the limits of application of hydrodynamic formalism (and on the possibility
of its derivation through kinetic theory).

What are granular gases?
In a word, they are “ideal” inelastic gases. The paradigm of inelastic gases is the gas of smooth
hard spheres with restitution coefficient » < 1. They are often considered in two and even in one
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dimension. It could be said that a simple change in a parameter (r, from r = 1 to r < 1) has awakened
again the interest in hard spheres gases, which were deeply investigated in their elastic form in the
60’'s and 70's. The interest on granular gases is born from the necessity of probing granular kinetics
theories elaborated in the 80's (for a review see [52]): this program was begun by means of simple
simulations (the first simulation of granular materials are described in [52]). As long as new phenomena
were observed (clustering [96], inelastic collapse [157], breakdown of equipartition [77], and so on) the
interest increased and a better and better formalization of the theory was achieved.

The attention has been initially directed toward cooling granular gases, that is inelastic gases
without external energy sources. A cooling granular gas starts from an initial state which is usually
homogeneous in density and has some kind of distribution of velocities (for example Gaussian). After
a number of collisions of the order of the size (number of particles) of the system, the effects of
inelasticity begin to appear: the total kinetic energy (that, if calculated in the center of mass frame, is
equivalent to the global granular temperature) decreases as an inverse power of the time E(t) ~ t=2
and the distribution of velocities, even if scaled with its variance, is no more the initial distribution.
After some time, if the system is large enough, velocity correlations start to appear: in fact two particles
exit from an inelastic collision with a reduction of their relative velocity in the direction perpendicular
to their distance, i.e. they travel more parallel than before the collision. This velocity correlations
appear, for example, as vortices. When this happens the decay of the energy with time changes, in
particular the energy decays more slowly, because collisions among such correlated particles dissipate
less energy. Furtherly, some time later, correlations in the density emerge, the particles clusterize and
the energy decay changes again. A numerical study of these late stages of the cooling gas evolution
usually requires good resources and optimization of the algorithms (these instabilities appear at large
scale and at late times, furtherly the aging of the system prevents from accumulating statistics over
time), but also special regularizations for the collision rules: in a cluster of particles, in fact, the
time between collisions may reduce to zero (numerical zero), that is the collision rate may diverge.
This situation is known as inelastic collapse and usually prevents the simulation from going on. A
restitution coefficient that depends on the relative velocity of the colliding particles is commonly used
to circumvent the problem.

After the seminal paper of Du, Li, and Kadanoff [77], part of the effort has been devoted to
understand the problem of driven granular gases. Different models have been proposed, in order
to reproduce realistic situations. The driving can be in-homogeneous, for example a vibrating wall,
leading to an in-homogeneous stationary state, or otherwise homogeneous, for example a vibrating
plate under the layer of grains. A good success has been obtained by a class of idealized driven
models, usually referred to as homogeneously heated granular gases: the velocities of the particles are
periodically “kicked” by a random amount. A debate exists on the necessity of introducing also a
systematic friction proportional to the velocities of the particle. If the friction is considered, the model
can be modeled in terms of a Langevin equation for the velocity of each particle with the addition of
inelastic collisions. The friction term regularizes the evolution of the system, which otherwise would
present undesirable phenomena (very large fluctuations of the total momentum and, depending on
the dimensionality, also an increase of total kinetic energy). The numerical and analytical study of
homogeneously heated granular gases have demonstrated that the stationary granular state is usually
very different from that of an ideal gas, with non-Gaussian distribution of velocities and stationary
spatial correlations. These features have been recently confirmed by experiments which are reasonable
realizations of the model (for example spheres traveling on the surface of a rapidly vibrating plate,
considering only horizontal velocities).

What is the content of this thesis?

This thesis consists of a review of existing experiments and theories (Chapter 1, Chapter 2 and first
section of Chapter 5), and of a presentation of results obtained by the author with his coworkers.

We anticipate that we have devoted a part of the review work (Chapter 2) to a very concise summary
of kinetic theory, with the ambition of offering a survey of the logical path from the Newton laws of
mechanics to the Navier-Stokes-like hydrodynamic theories, giving in parallel the “granular” (inelastic)
version of the theory. This give us the possibility to stress the assumptions underlying the theories
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of ordinary fluids, in order to better evaluate the limits of existing granular kinetic and hydrodynamic
models.
This thesis is organized as follows:

e The First Chapter concerns recent experiments on granular matter. It focuses on the dif-
ference between granular statics (or quasi-statics) and granular dynamics. In particular many
experimental results on the rapid flow of dilute granular systems are reviewed.

e The Second Chapter, as already stated, contains a review of kinetic theory of standard fluids
and a comparison with the kinetic theory of granular fluids. It begins with a discussion of
different binary interactions (central potentials, hard spheres, Maxwell molecules, inelasticity) and
statistical tools (mean free path or time and differential cross section). The standard derivation of
kinetic Boltzmann equation from Liouville equation follows, with a discussion of the H-theorem, of
ring kinetics theories (for dense systems), Enskog corrections and of granular kinetic “Boltzmann”
or “Boltzmann-Enskog” equations. The hydrodynamic limit is taken in the third section of the
chapter, reviewing the Chapman-Enskog expansion and the Grad method of moments, obtaining
general equations for the time evolution of conserved quantities (density, moment and energy)
and showing the approximations needed to come to the well-known Navier-Stokes equations. A
presentation of granular hydrodynamic theories (from the 80's first theories to the most recent
ones) comes after, followed, in the last section, by a discussion of the main criticisms to these
theories and their basic assumptions.

e The Third Chapter is devoted to the study of the Randomly Driven Granular Gas (or Ho-
mogeneously Heated Granular Gas) with friction, a model that we have introduced [183] and
investigated. We have collected results from simulations and analysis of toy models [184]. The
model has two parameters (the restitution coefficient and the ratio between collision time and
heating time). In some particular limits the model reproduces the properties of an ideal gases,
but in general it shows a more complex behavior: the velocity distributions are non-Gaussian and
the particle clusterize in fractal stationary structures.

e The Fourth Chapter discusses non-homogeneous driving in the presence of gravity. Two
model have been proposed [15] in order to reproduce typical experimental situations: the grains
rolling on an inclined plane with a vibrating bottom side, and the grains rolling down an inclined
channel with rough bottom. The profiles of coarse-grained fields (density, velocity, temperature)
agree with the experiments, as well as the distribution of velocities and the density correlations.
A solvable hydrodynamic theory is presented and the problems related to the boundary conditions
are discussed.

e The Fifth Chapter is devoted to the study of cooling granular gases and in particular focuses on
the velocity distributions and on the emergence of velocity correlations. This chapter takes into
account three different models: a very simplified mean field kinetic model (an inelastic version
of the Maxwell molecules) called pseudo-Maxwell model, the 1D gas of inelastic hard spheres,
and finally a 1D and 2D lattice gas model wit inelastic interactions among sites. The study of
the pseudo-Maxwell model has led to the discovery of an exact stationary solution of the kinetic
equation in 1D, which in turn appears to be very different from the velocity distribution observed
in the simulations of inelastic hard spheres. The study of the lattice gas model instead is capable
of reproduce some of the main features of the inelastic hard spheres, in the homogeneous as well
as in the velocity-correlated regimes.

e The Appendix A concerns the Direct Simulation Monte Carlo algorithm (due to Bird [30])
which is used in many simulations in Chapter 3 and Chapter 4. The Appendix B contains the
numerical coefficients needed in the granular hydrodynamics as formulated by Brey et al. [39].
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Chapter 1

Experiments on granular materials




2 CHAPTER 1. EXPERIMENTS ON GRANULAR MATERIALS

Even if the initial motivation for the study of granular materials was the large number of problems
encountered in industrial processes, the experimental approach to the granular state has not been
reduced to a mere reproduction of applicative situations: the strong theoretical questions arisen in the
last two decades have guided the experiments toward more refined and often simpler, more essential,
set-ups which could shed light on new fundamental mechanisms. Numerical work has been invaluable
as a source of new problems and interesting questions (for example molecular dynamics simulations
of diluted granulars systems have stimulated the measurement of velocity distributions, predicting a
non-Maxwellian behavior), while at the same time some phenomena observed in experiments have led
to the birth of new theoretical paradigms (e.g. sand-pile avalanches have inspired the debate on self
organized criticality).

For a long time the term granular materials has designed anything similar to sand, so that in all
workshops and conferences this subject was treated as a coherent field of study with its coherent
scientific community and its coherent set of questions and possible answers. This was not true and it is
now recognized: there is nothing like a Universal Granular Behavior, there is probably nothing similar to
a Granular Equation of State and, above all, the mechanisms that must be taken into account in order
to explain some typical granular phenomena are often useless in the study of other typical granular
phenomena. This means that the study and the modeling of internal stress propagation in grain silos
is of little help for the investigation of surface waves or for the pattern formation in rotating drums,
as well as the hydrodynamic description of dilute and quasi-elastic granular flows cannot work in more
dense and inelastic situations (this fact can be less obvious). As a consequence of this, it has grown
the necessity of more specialized workshops and of a better definition of granular sub-topics. One
important example has been the large increase of interest in the physics of Granular Gases [182],
i.e. assemblies of grains in dilute packing, characterized by the high ratio between the number of binary
interactions (inelastic collisions) and that of non-binary interactions (frequent in more dense situations).
Many new phenomena in this context (cluster and shear instabilities, non-Maxwellian velocities, and
much more) have made their first appearance in computer simulations and then have been observed in
real experiments. It must be finally underlined that also a too specialistic approach can be dangerous.
An essential feature of granular systems is the strong enhancement of fluctuations and therefore their
non-equilibrium character: this means for example that, even in a dilute experimental set-up, regions
with very high density can appear, leading to a dramatic failure of the assumption of “gas-like” behavior.

In the first section we review a number of real and numerical experiments performed on granulars
that come to rest in a metastable equilibrium, e.g. studies on the Janssen effect and on the distri-
bution of internal stresses, measures of the slow compaction under vibration and finally observation
of avalanches in sand piles. The second section focuses on experiments concerning the fundamental
physics of granular flows, taking into account systems subject to different kinds of external driving:
shear (by means of Couette rheometers, inclined channel and so on), vibration and air fluidizing are
the most common setups used to study granular dynamics.
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1.1 Metastable granular materials

In this section we briefly review some of the experiments performed with granular materials which come
to rest (in a metastable equilibrium) for a variable fraction of the whole experimental time. The study
of internal stresses in grain silos requires that the material is always at rest. The study of compaction
requires some form of periodic excitation (i.e. tapping from the bottom) and subsequent rest. The
study of sandpiles, finally, can be performed in almost continuously driven granular materials, but the
definition of avalanche requires a (possibly very brief) interruption of the flow.

1.1.1 Janssen effect and the distribution of internal stresses

In 1895 H. A. Janssen [118] discovered that in a vertical cylinder the pressure measured at the bottom
does not depend upon the height of the filling, i.e. it does not follow the Stevin law which is valid for
Newtonian fluids at rest [137]:

pu(h) = pgh (1.1)

where p, is the vertical pressure, p the density of the fluid, g the gravity acceleration and h the
height of the column of fluid above the level of measurement. The pressure in the granular material
follows instead a different law, which accounts for saturation:

po(h) = Apg — (Apg — pu(0)) exp(—h/A) (1.2)

where A is of the order of the radius R of the cylinder. This guarantees the flow rate in a hourglass
to be constant. Moreover, this law is very important in the framework of silos building, as the difference
between ordinary hydrostatic and granular hydrostatic is mainly due to the presence of anomalous side
pressure, i.e. force exerted against the walls of the cylinder. It happens that the use of a fluid-like
estimate of the horizontal and vertical pressure leads to an underestimating of the side pressure and,
consequently, to unexpected (and dramatic) explosions of silos [128].

The first interpretation of the law has been given by Janssen in his paper, in terms of a simplified
model with the following assumptions:

1. The vertical pressure p, is constant in the horizontal plane.

2. The horizontal pressure py, is proportional to the vertical pressure p, where K = py, /p, is constant
in space.

3. The wall friction f = upp, (where p is the static friction coefficient) sustains the vertical load at
contact with the wall.

4. The density p of the material is constant over all depths.

In particular the first assumption is not true (the pressure depends also upon the distance from the
central axis of the cylinder) but is not essential in this model (as it is formulated as a one-dimensional
problem), while the second assumption should be obtained by means of constitutive relations, i.e. it
requires a microscopic justification.

Imposing the mechanical equilibrium of a disk of granular material of height dh and radius R (the
radius of the container) the following equation is obtained:

dpy
dh

7R?>=2dh + 2r RuKp,dh = nR>pgdh (1.3)

which becomes:

dp’U p’U — (1‘4)

where A = £ This equation is exactly solved by the function (1.2).
2uK
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Figure 1.1: Force chains generated after a localized (on top) perturbation

The particular behavior of the vertical pressure in granular materials is mainly due to the anomalies
in the stress propagation. The configuration of the grains in the container is random and the weight
can be sustained in many different ways: every grain discharges its load to other grains underlying
it or at its sides, creating big arches and therefore propagating the stress in unexpected directions.
Moreover, arching is not only a source of randomness, but also of strong fluctuations, i.e. disorder: in
a granular assembly some force chains can be very long and span the size of the entire system, posing
doubts on the validity of (local) mean field modeling.

Further interesting phenomena have been experimentally observed in the statics of granular mate-
rials:

e the fluctuations of the pressure at the bottom of a silo are large, they can change of more
than 20% in repeated pouring of grains in the same container [48], and in a single pouring the
distribution of stresses, measured deep inside or at the bottom of the silo, show an exponential
tail [141, 168, 46].

e the vertical pressure below conical sandpiles does not follow the height of the material, but rather
has a minimum underneath the apex of the pile [217]

Different models have been proposed and debated in the last years, in order to understand the
problem of the distribution of forces in a silo or in a granular heap.

The g-model has been introduced in 1995 (remarkably a century after the work of Janssen) by Liu
et al. [141, 66] in order to reproduce the stress probability distribution observed in experiments. The
model consists of a regular lattice of sites each with a particle of mass unity. Each site ¢ in layer D is
connected to exactly N sites j in layer D + 1. Only the vertical components of the forces w = o, are
considered explicitly: a random fraction ¢;; (D) of the total weight supported by particle ¢ in layer D
is transmitted to particle j in layer D + 1. Thus the weight supported by the particle in layer D at the
i-th site, w(D, 1), satisfies a stochastic equation:

w(D+1,5) =1+ 3 g5 (D)w(D, ) (1.5)
The random variables g;;(D) are taken independent except for the constraint

Z gij =1 (1.6)

which enforces the condition of force balance on each particle. Given a distribution of ¢'s, it can
be obtained the probability distribution @) p(w) of finding a site that bears a weight w on layer D. By
means of mean field calculations, exact calculations and numerical solutions, the authors conclude that
(apart of some limiting cases) a generic continuous distributions of ¢'s lead to a distribution of weights
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that, normalized to the mean, is independent of depth at large D and which decays exponentially at
large weights. They find also a good agreement with molecular dynamics simulations of the packing
of hard spheres. The g-model has many limits:

e it is a scalar model, i.e. it takes into account only one component of the internal stress (this was
solved by P. G. de Gennes [72] who introduced a vectorial version of the g-model, obtaining a
more realistic propagation of forces)

e it does not reproduce the minimum (the “dip") of the pressure measured under central axis at
the bottom of a sand heap

e it does not reproduce the Janssen law [154]; this problem appears as a consequence of the
diffusive nature of the g-model solution: the saturation depth D, where the stress distribution
becomes independent of depth scales with the silo width R as D, ~ R?, at odds with the Janssen
observation that predicts D, = A ~ R.

A more refined version of the Janssen model has been introduced by Bouchaud et al. [36]: the
authors have considered a local version of the Janssen assumption on the proportionality between
horizontal and vertical stresses:

Oze = ko, (1.7a)
Oyy = ko, (1.7b)
Oy =0 (1.7¢)
which lead to the linear equation:
0%, 0? 0?
_ —— =)oz = 1.
022 k(6$2 +8y2>0 2=0 (18)

This equation for the vertical stress is hyperbolic and therefore differs from the equivalent equation
for an elastic medium, which is elliptic [136], and from the g-model equation that is parabolic (as a
diffusion equation): it is equivalent to the equation for the wave propagation with z as the “time”
variable and k as the inverse of the propagation velocity. This model well reproduces the dip in
the measure of the pressure under the bottom of the conical heap [217]. A cellular automaton was
introduced by Hemmingsson [106] which was capable of reproduce the dip under the heap as well as
the correct Janssen law (with the linear scaling).
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Figure 1.2: Propagation of sound

In the framework of the study of force networks in the bulk of a static arrangement of grains a
key role was played by the experiments on the propagation of sound. The inhomogeneities present



6 CHAPTER 1. EXPERIMENTS ON GRANULAR MATERIALS

inside a granular medium can drastically change the propagation of mechanical perturbations. Liu and
Nagel [139, 140, 138] have addressed this issue in several experiments. They have discovered [139]
that the in the bulk of a granular medium perturbed by a harmonic force (4 Hz) the fluctuations could
be very large, measuring power-law spectra of the kind 1/f* with o = 2.2 £ 0.05. Then they have
seen [140] that the sound group velocity can reach 5 times the phase velocity and that a change in
the amplitude of vibration can result in a hysteretic behavior (due to a rearrangement of force chains).
They have also measured [138] a 25% variation of the sound transmission as a consequence of a very
small (compared to the size of the grains) thermal expansion of a little carbon resistor substituted to
a grain of the granular medium. This sensitivity to perturbation is another signature of the strong
disorder (arching and chain forces) in the bulk of the medium.

1.1.2 Vibration induced compaction and glassy granular systems

Another frontier of the experimental granular physics is the problem of vibration induced compaction:
the granular material poured in a container (for example a simple box) quickly reaches the equilibrium,
i.e. the balance of all internal and external forces. At that point one can measure the volume fraction,
or packing fraction, i.e. the ratio:

Vi
== 1.
o=F (1.9)

where the V; are the volumes of the grains and V4, is the volume of the container measured up to
the maximum (or average) height reached by the material. The packing fraction measured [174] at the
end of the filling, for spheres, has been estimated to be bounded by the limiting values ¢,,,;, = 0.55
and @0, = 0.64. After the initial filling, some external force, i.e. a vibration, can change the
arrangement of grains and therefore its volume fraction, usually increasing it. S. F. Edwards and A.
Mehta [160, 64] have proposed a new formalism that resembles thermodynamics and that describes the
evolution of a granular system subject to slow vibration: in this formalism the energy is the occupied
volume V' and the Hamiltonian is a functional W that gives the occupied volume if applied to a certain
configuration (spatial positions) of the grains. The granular system is assumed to evolve through states
of equilibrium (in this new thermodynamics). The entropy S is defined as the logarithm of the number
of possible configurations with the same occupied volume V, while the temperature is substituted by
the “compactivity” X which is defined as

v
X=oc (1.10)

With this formalism, Barker and Mehta [17] have shown that the relaxation of the volume fraction in
response to a continuous sequence of vibrations is fast exponential with two relaxation times associated
with collective and individual modes. Another mechanism has been proposed to describe the vibration-
induced compaction: in this theory the motion of the voids filling the space between the particles is
effectively diffusive and as a result a power-law relaxation is predicted [55, 111].

The careful experiment of Knight et al. [126] demonstrated that the vibration-induced compaction
(in a tube subject to tapping followed by long pauses) is governed by a logarithmically slow relaxation
(see Fig. 1.3 on the facing page):

80 = b1 — T
1+ Bln(1+t/7)
where the parameters ¢, A¢oo, B and 7 depend only on the acceleration parameter I' that is the
ratio between the peak acceleration of a tap and the gravity acceleration g. The discover of this inverse
logarithmic behavior (very slow with respect to previous predictions) has motivated the introduction
of new models and has also attracted the interest of specialists of other fields: in particular the slow
relaxation is a typical phenomenon observed in glassy states of matter, e.g. the aging in amorphous
solids like glasses.
E. Ben-Naim et al. [23] have explained the slow relaxation law (1.11) in terms of a simple stochastic
adsorption-desorption process: the desorption process is unrestricted and happens with a well defined

(1.11)
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Figure 1.4: An example configuration of the Tetris-model
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rate, while the adsorption process is restricted by the occupied volume, i.e. new particles cannot be
adsorbed on top of previously adsorbed particles. This model has been also called car parking model,
as it reproduces the increasing difficulty of parking a car in a parking lot as the number of parked cars
get larger and larger. The inverse logarithmic law has been recovered solving this model.

Another way, perhaps more realistic, of recovering the inverse logarithmic relaxation, is described
by Caglioti et al. [50, 49] by means of a “Tetris-like” model (displayed in Fig. 1.4 on the page before).
In this model the grains are represented by objects disposed on a regular lattice: the different shapes
of the objects induce geometrical frustration, i.e. some kinds of grains cannot stay near some other
kinds of grains and therefore the equilibrium configuration of a filled box is disordered and present a
random packing fraction: a computer simulation of the vibration dynamics (short periods of tapping
followed by long periods of undriven rearrangement until the new equilibrium is reached) shows that
this model reproduces the inverse logarithmic relaxation. The study of this model has shed light on
many features of the dynamics of dense granular media, such as vibration-induced segregation, bubbling
and avalanches. Moreover, the possibility of mapping the dynamics of the Tetris model onto that of
a Ising-like spin system with vacancies has introduced a new bridge between the physics of granular
media and that of disordered systems (like spin glasses and structural glasses). In particular the interest
of researchers has focused on the following remarkable fact: spin glass models [164, 28] (such as the
Sherrington- Kirkpatrick [200] model or the Edwards-Anderson model [78]) always contain a quenched
(frozen) disorder, usually given by the set of J's that weight the interactions among spins. A dense
granular media evolve without any frozen disorder, nevertheless its dynamics presents many “glassy”
features (such as history dependence of the dynamics, hysteresis, frustration, metastable equilibria and
so on) [170, 18]. This consideration is at the base of all the recent studies on spin lattice models
without quenched disorder. It must be said that many of these models have little in common with the
real granular materials and are often more useful tools in the study of the behavior of spin or structural
glasses.

1.1.3 Sandpiles

When sand is added on the top of a sand heap (also known as sandpile problem) two phenomena are
observed:

e the slope of the pile grows (with little flowing of sand on it) until a critical angle is reached; after
that (if sand is still poured on the top) the slope stays almost constant and the sand flows along
it;

e at the critical angle the flowing of sand is made of “avalanches” of different sizes and durations;

Starting from this qualitative observation, P. Bak et al. [9, 10] have introduced a cellular automaton
model (see Fig. 1.5 on the facing page) where each site (for example in two dimensions (i, 5)) of the
lattice has associated a slope z(i, j). If the slope exceeds a critical value z. a rearrangement of the
neighboring sites is performed, e.g. 4 is subtracted to the exceeded value and 1 is added to its 4
neighboring sites. The automaton may be executed in two different ways:

1. the field at time 0 has an average slope greater than 2., and the system evolves freely;

2. the field at time 0 is everywhere equal to zero and at every step a randomly chosen site is
incremented;

In both cases the systems reaches a stable configuration corresponding to the critical slope: every
successive perturbation (i.e. increasing the field on some site) generates an avalanche that involves
the rearrangement of a certain number of sites of the lattice. The authors show that the distribution
of the extension of the avalanche follows a power law:

D(s) ~s7" (1.12)

with 7 =~ 0.98 for three or four logarithmic decades. In another work [206] the same authors define
and study a set of critical exponents similar to those used in statistical mechanics of phase transitions.
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Figure 1.5: Possible configurations of a sandpile

The novelty of the work of Bak and coworkers is represented by the fact that a model was found
that showed a critical behavior (i.e. power law relaxations, correlations at all sizes) without any fine
tuning of the external parameter, whereas usual critical phase transitions need a precise tuning of the
temperature to the critical temperature T,.. This self-organized critical behavior was intriguing as it
seemed to be a key concept to understand the ubiquity of power laws in nature (e.g. 1/f noise, self-
similar structures like fractals, turbulence and so on). The sandpile model is still studied, with all its
variants (for a review see for example [101])), but it has been recognized to be not a good paradigm for
the self-organized criticality: it was seen in fact [201, 216] that the driving rate (i.e. the rate of falling
of grains on the top of the pile) acts exactly as a control parameter that has to be fine tuned to zero
in order to observe criticality. However many important issues are still open: the interplay between the
self-organization into a stationary state and the dynamical developing of correlations, the (numerical)
measure of critical exponents, universality classes, upper critical dimensions and so on.
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Figure 1.6: The experiment of Nagel and coworkers to measure avalanches in sandpiles

More remarkably, it has been pointed out that the sandpile model has little to do with sand (and
granular matter) in general. In 1992 Nagel has published [169] the results of a series of experiments
on sand in order to verify the predictions of Bak and coworkers. He has initially shown the difficulty of
performing an exactly constant rate in the pouring of grains from above the top of a pile. Therefore
he has introduced a different kind of experiment (see Fig. 1.6), where the sand fills partially a rotating
drum: the constant angular velocity of the drum guarantees the constant driving needed to reach
the critical slope and the avalanche regime. The statistical analysis of the avalanches has clearly
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demonstrated that sand does not reproduce the critical behavior expected in self-organized criticality.
The sandpile has two critical slopes: ©,. is the rest angle (when the slope is less than ©,. the pile is
stable), ©,, is maximum angle (when the slope is larger than ©,, avalanches form and reduce the
slope to an angle less than ©,.). If the slope is comprised in between ©, and ©,, there is bistability,
i.e. the sand can rest or can produce avalanches, based on its previous history. The avalanches have a
typical duration and the hysteretic cycle between the two angles has a well defined average frequency.
No power laws have been observed.
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1.2 Granular flows

In this section we review the typical experimental setups used in the investigation of the properties of
flowing granular materials. We have chosen a subjective classification, whereas some setup could fall
in a class as well as in another. Moreover, some phenomena (such as segregation or clustering) may
be observed in more than one kind of setup.

1.2.1 Slow vs. rapid granular flows

If the motion of granular material occurs slowly, particles will stay in contact and interact frictionally
with their neighbors over long periods of time. This is the “quasi-static” regime of granular flow and
has been classically studied using modified plasticity models [21, 20, 34] based on a Coulomb friction
criterion [68, 69].

At the other extreme is the rapid-flow regime which corresponds to high-speed flows [193, 52].
Instead of moving in many-particle blocks, each particle moves freely and “independently”. In the
rapid-flow regime, the velocity of each particle may be decomposed into a sum of the mean velocity of
the bulk material and an apparently random component to describe the motion of the particle relative
to the mean. The analogy between the random motion of the granular particles and the thermal motion
of molecules in the kinetic-theory picture of gases is so strong that the mean-square value of the random
velocities is commonly referred to as the “granular temperature” - a term first used by Ogawa [171]. As
pointed out in the introduction, however, granular temperature has nothing to do with environmental
thermal temperature, which usually plays no role in the dynamics of granular flows. Nevertheless,
using this kinetic analogy, granular temperature generates pressure and governs the internal transport
rates of mass, momentum and energy. Thus, while the term temperature sometimes leads to some
semantical confusion for the uninitiated, the physical analogy between the two temperatures is so apt
that its use has become standard throughout the field.

1.2.2 Couette cylinders

The first tentatives of studying granular media under the point of view of rheology, i.e. transport
properties (discussed in more detail in section 2.4) have been performed using typical shear experiments
used to probe ordinary fluids. In particular the Couette geometry has been largely used and is still now
an important tool of investigation.

Figure 1.7: The experiment of Mueth and coworkers on a Couette cylinder: the paths of the
internal forces are evidenced by means of non-invasive X-ray imaging
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Even if there were earlier important experimental studies on the flow properties of granular materials
(mainly initiated by Hagen [104] and Reynolds [187]), the modern pioneering work on the constitutive
behavior of rapid granular flows was Bagnold's experimental study [8] of wax spheres, suspended in a
glycerin-water-alcohol mixture and sheared in a coaxial cylinder rheometer (Couette experiment). His
main finding was a constitutive relation between internal stresses and shear rate:

Tij = ppo°7°Gij(n) (1.13)

with p, the particle density, o the particle radius, -y the shear rate and G;; a tensor-valued function
of the solid fraction ¢. This relation has been confirmed in shear-cell experiments with both wet
or dry mixtures by Craig et al. [70], Hanes et al. [105], Savage et al. [195], and in many computer
simulations [53, 54, 221].

Bagnold measured not only shear stresses (i.e. transversal components, say i # j in T;;), but
also normal stress (i = j), that is the analogous of pressure in gas kinetics: he referred to them as
“dispersive stresses” as they tend to cause dilation of the material.

More recent experiments have focused on different phenomena observed in the Couette rheometer:

e Fluctuations of stresses: already in the experiments of Savage and Sayed [195] large fluctua-
tions of internal (normal) stresses were observed; more recently Howell and Behringer [113] have
seen that in a 2D Couette experiment the mean internal stress follows a continuous transition
when the packing fraction of the granular material changes and passes through a critical value
¢. = 0.776: when the packing fraction is above the critical threshold the material shows strong
fluctuations of internal stress, while under the threshold the stresses are averagely zero and the
system is highly compressible.

e 3d experiments: Mueth et al. [167] have studied the formation of microstructures in the dense
shearing regime in a 3D Couette rheometer, using non-invasive imaging by X-Ray microtomogra-
phy (see Fig. 1.7 on the preceding page); they have found that the velocity parallel to the shear
direction decays more rapidly than linear (from exponential to Gaussian-like decay, depending
upon the regularity of the grains). A similar strong decay of the flow with the distance from the
moving wall was observed in many experiments, for example recently by Losert et al. [145]

e Diluted (air-fluidized) shear: Losert et al. [143] have performed a Couette experiment
with a flow of air coming from the bottom of the cylinder, in order to fluidize the material and
obtaining smoother profiles. They have put in relation the RMS fluctuations of velocity and the
shear forces, observing that T"/2(y) ~ ~v(y)* with @ =~ 0.4, and suggesting a phenomenological
model that explains the shear velocity profiles.

e Size segregation: Khosropour et al. [123] have observed convection patterns and size segre-
gation in a Couette flow with spherical glass beads; they also checked the effect of interstitial
fluids finding it irrelevant.

e Planetary rings: planetary rings (those of Saturn for example) have been sometime studied
in the framework of granular rheology, whereas the “geometry” of the planetary experiment is
similar to a Couette cell (grains are circularly sheared because the angular velocity depends upon
the distance from the planet). A review of these study can be found in the work of Brahic [37].

1.2.3 Flow under gravity acceleration

Another way to probe hydrodynamic descriptions of rapid granular dynamics is the study of flows along
inclined channels. In this kind of experiments the whole material is accelerated by gravity, but the
friction with the plane induce shearing, so that measurements similar to the ones performed in Couette
cells can be performed. The first experiments in this configuration were performed by Ridgway and
Rupp [188], and reviews can be found in the works of Savage [192] and Drake [76]. Interest has focused
on constitutive relations, as before, but also on the profiles of the hydrodynamic fields, mainly flow
velocity and solid fraction: computer simulations (see for example Campbell and Brennen [53] and for an
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exhaustive review the classical work of Campbell [52]) have allowed the measurement of the temperature
field: this has confirmed the picture of a gas-like behavior, explaining the reduction of density (solid
fraction) near the bottom by means of an increase of granular temperature, due to the shear work.
In this framework the scheme representing the “mechanical energy path” sketched by Campbell in
his review on rapid granular flow [52] is enlightening. The external driving force (i.e. gravity) induces
mean motion (kinetic energy) which consequently generates friction with boundaries, that is shear work
(granular temperature). The randomization represented by the granular temperature induces collisions
among the grains, which are dissipative and therefore produce heat. Moreover, granular temperature
generates internal (transversal as well as normal) stresses.

e

Figure 1.8: The draining from the bottom of a silo: it is clear the separation between a region
where grain move downward and a region where grain do not move at all

Another configuration of granular flow under the force of gravity is the simple hopper geometry (a
hopper is a funnel-shaped container in which materials, such as grain or coal, are stored in readiness for
dispensation). The bottom of hopper is opened and the grains start to pour out. As already discussed
the pressure (and therefore the flow rate) does not depend upon the height of the column of material.
However the flux of grains leaving the container produces complex flow regions inside the container.
Brown and Hawksley [47] identified four regions of density and velocity, most notably a tongue of dense
motion just above the aperture and an area of no grain motion below a cone extending upwards from
the opening (a similar can be observed in a silo, see Fig. 1.8). Baxter et al. [19] have showed that for
large opening angles, density waves propagate upward from above the aperture against the direction
of particle flow, but downwards for small angles. The flow can even stop due to “clogging”, i.e. the
grains can form big arches above the aperture and sustain the entire weight of the column.

More recent experiments have been performed on granular flows along inclined planes or chutes,
evidencing other interesting phenomena:

e Validations of kinetic theory Azanza et al. [7] have recently repeated the experiment of
grain flow along an inclined channel, studying the stationary profiles of velocity, solid fraction
and granular temperature. They have verified that there is a limited range of inclinations of the
channel that allow for a stationary flow. Moreover they have probed the validity of the kinetic
theories developed in the previous years [194, 121, 152, 120, 150], based on the assumption
of slight perturbation to the Maxwellian equilibrium. The profiles of hydrodynamic fields show
two different regions: a collisional region (higher density) where the transport is mainly due to
collisions, and a ballistic region (on the upper free surface) where the grains fly almost ballistically.

e Clustering: Kudrolli and Gollub [131, 133] have studied the formation of clusters measuring
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the density distribution in an experiment consisting of steel balls rolling on a smooth surface
which could or could not be inclined with a vibrating side. The experiment takes into account a
monolayer (not completely covered) of grains, in order to study a true 2d setup. In both cases
(inclined or horizontal), at high enough global densities, the distribution of density (going from
Poissonian to exponential) indicates strong clustering.

e Non-Gaussian velocity distributions: Kudrolli and Henry [132] have studied the distribu-
tions of velocities in the same setup of the previous experiment, with varying angles of inclination,
obtaining non-Gaussian statistics with enhanced high energy tails; moreover they have seen that
increasing the angle of inclination the distributions tends toward the Maxwellian (see Fig. 1.9).
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Figure 1.9: The experiment of Kudrolli and Henry [132]: distributions of horizontal velocities of
grains rolling on an inclined plane, with the inferior wall vibrating.

e Velocity correlations: A very recent experiment of Blair and Kudrolli [71] with the same
experimental setup of the previous ones has revealed strong correlations between velocity particles.

e Size segregation in silo filling or emptying: Samadani et al. [191] have recently studied
the phenomena of size segregation in a quasi-two dimensional silo emptying out of an orifice.
They [190] have also studied the effects of interstitial fluids.

e Size segregation in rotating drums: another typical experiment, inspired to many industrial
situations, is the tumbling mixer, or rotating drum, i.e. a container with some shape that rotate
around a fixed axis, usually used to mix different kind of granular materials (typically powders,
in the pharmaceutical, chemical, ceramic, metallurgical and construction industry). Depending
on the geometry of the mixer, the shapes of the grains, the parameters of the dynamics and so
on, the grains can mix as well as separate. A very large literature exists on this phenomena (see
a recent review of Ottino and Khakhar [177]). Usually segregation is strictly tied to convection:
there is a shallow flowing layer on the surface of the material inside the rotating drum, the grains
at the end of it are transported into the bulk and follow a convective path so that they emerge
again in another point of the surface. Segregation happens in many different ways: segregated
bands appear and slowly enlarge (like in a coarsening model), segregation can emerge in different
directions, e.g. parallel to the rotation axis as well as transversal to it.

1.2.4 Vibrated grains

Many interesting observations can be done when the granular medium is subject to periodic vibration.
As already discussed (see paragraph 1.1.2) the effect of slow vibration under of the bottom of a container
filled of grains induces a very slow compaction of the material. When the amplitude of vibration is
strong enough, i.e. when
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(where @pq; is the maximum acceleration of the vibrating plate, e.g. ama: = Aw? if the plate

is harmonically vibrating with A amplitude and w frequency), then the granular shows several new
phenomena.

>1 (1.14)

e Convection and segregation: A large literature [87] exists on the convection and segregation
phenomena observed in granular media contained in a box shaken from the bottom (or from the
sides). Faraday [88] was perhaps the first to observe such a phenomenon. The geometry of
the container can change dramatically the quality of the convection (e.g. in a cylinder may
happen that the grains near the walls move downwards and the ones in the bulk move upwards,
while inside an inverted cone the convection occurs in the opposite direction). Usually the larger
grains (independent of their density) tend to move upwards (see Fig. 1.10), so that the material
segregate (see for example [127, 79, 135, 125, 124]).

Figure 1.10: Segregation and convection in a vibrated mixture of grains of different sizes

e Pattern formation in surface waves: another problem that has been extensively studied in
recent years is the formation of patterns on the surface of vibrated layers of grains. Depending
on the whole set of parameters (amplitude and frequency of the vibration, shapes and sizes of the
grains, size of the container, depth of the bed and so on) different qualities of standing waves can
be observed, leading to unexpected and fascinating textures [161, 162, 209, 163] (see Fig. 1.11
on the following page and Fig. 1.12 on the next page).

e Validations of kinetic theory: a part of the experimental effort [147, 224, 223, 222] has
also devoted to the study of hydrodynamic and kinetics fields (i.e. packing fraction profiles,
granular temperature profiles, self-diffusion, velocity statistics) in vertically vibrated boxes (or
vertical slices, that is 2d setups). The interest has also focused on the difficulties of imposing
boundary conditions to the existing kinetics model, due to the existence of non-hydrodynamic
boundary layers. This has also led to the formulation of hypothesis of scaling for the granular
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Figure 1.11: Different surface patterns obtained by vertical vibration of granular layers

Figure 1.12: The oscillon: a two-dimensional solitary standing wave on the surface of a granular
monolayer
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temperature as a function of the amplitude of vibration [134, 204]. For more recent experiments
see [225].

Clustering: the formation of high density clusters has also been studied in the same previous
simple setup, i.e. in a vibrated cylindrical piston [84, 86, 85]. A transition has been observed with
the increasing number of particles in the cylinder, from a gas-like behavior to a collective solid-like
behavior. Such a transition has been also observed in the framework of fluidized beds [172], i.e.
vertically shaken granular monolayers: the authors have observed a transition (with reducing the
vibration amplitude) from a gas-like motion to a coexistence between a crystallized state (a pack
of particles arranged in an ordered way) surrounded by gas.

Velocity distributions: after the recent progresses in the numerical study of granular rapid
dynamics, almost in the investigation of the limits of existing granular kinetic theories [42, 39,
211], the question of the true form of the velocity distributions has arisen and has induced
many new experiments in order to give a realistic answer to it. The experiment of Olafsen
and Urbach [172, 173] with a horizontal granular monolayer subject to a vertical vibration (and
measuring horizontal velocities) has proven that, in the presence of clustering, the distributions are
non-Gaussian, showing nearly exponential tails. The experiment of Losert et al. [144] on a similar
monolayer with vertical vibration verify that both the predictions of van Noije and Ernst [211] on
the high energy tails for cooling and driven granular gases are correct, measuring exponential tails
for the former and exp(—v®/2) for the latter. Very recently Rouyer and Menon [189] have again
measured the velocity fluctuations in a vertically vibrated vertical monolayer of grains, obtaining
again a velocity distribution with exp(—v3/2) tails.
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Chapter 2

Transport equations for elastic
and inelastic gases
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Granular systems are almost always out of thermodynamic equilibrium: they are open systems that
need an external source to be kept in a steady state. This means that even in a homogeneous granular
gas a flow of heat is present, from the environment into the bulk, to keep the gas in a stationary
regime; more often the gas is unstable toward the formation of macroscopic flows, e.g. self-induced
shear and vortices. In this chapter we review the basics of transport theory for elastic fluids in order to
recall all the assumptions needed to follow its derivation. The general transport theory is the arrival
point of a path that begins at the microscopic (we will say “molecular dynamics”, MD) level and goes
along through the definition of a space-time scale which separates equilibrium from non-equilibrium
together with many other hypothesis. This chapter is a review of the many delicate passages which
demand strong requirements usually not fulfilled by inelastic gases.

The main distinction between granular gases and the other “states” of granular matter comes
from the fact that collisions are always considered binary. The so-called inelastic collapse observed
in simulations is the signature of a departure from the gas behavior toward a solid-vapor coexistence
(ordered clusters surrounded by the gas phase). This transition is usually avoided by means of a
physical regularization (e.g. by assuming a velocity dependent restitution coefficient), or restricting the
simulations to a limited region of the parameter space such that this instability cannot arise. We have
observed that the presence of a randomizing source is sufficient to prevent the inelastic collapse.

In the first section a brief description of the elastic and inelastic binary collision event is given. Many
widely known statistical concepts as mean free time, mean free path and collisional cross section will
be defined in the case of elastic collisions. The derivation of the Boltzmann equation from the Liouville
equation is sketched in the second section, going through the BBGKY hierarchy. We will put the
accent on the assumption of molecular chaos which concerns correlations of pre-collisional velocities.
Absence of pre-collisional correlations is a delicate assumption even for elastic systems. Molecular
chaos, however, gives important simplification in numerical work, allowing the use of Monte Carlo
methods which can be useful to catch qualitative pictures of granular physics. From the Boltzmann
equation one can derive, by means of the Chapman-Enskog or the Grad methods the equations of
transport for the out of equilibrium behavior of the gas. This derivation will be summarized in the
third section. In the fourth section we review the existing closure theories for granular hydrodynamics
(i.e. hydrodynamics of inelastic hard spheres). This program was begun in the early 80s and many
exact results have been obtained in recent years: the renewal of interest is motivated by the speed up
of computer simulations and by the consequent ease of testing the predictions of the theory. In section
five, finally, we will present the criticism that has been put forward by different authors concerning
the difficulties of an rigorous foundation of granular hydrodynamics: the path from microscopic to
mesoscopic description is full of assumptions that could restrict the limits of validity of the existing
kinetic theories. All of the concepts reviewed in the first three sections of this chapter will be of aid in
order to establish the deep differences between elastic and inelastic gases.
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2.1 The binary collision

We review the elementary theory of elastic binary collisions and the statistical concepts that can be
derived from it (a very simple introduction to this concepts can be found on [98]). The case of inelastic
binary collisions is finally considered, obtaining different reduced formulas for different modelizations of
the collision event. In the rest of this work we use the simplest of them, the one for the instantaneous
collision with a fixed restitution coefficient and no rotational degrees of freedom, that is Eq. (2.41).

2.1.1 Kinematics of the elastic collision

Let us consider two point-like particles with masses m; and ms, coordinates r; and r, and velocities
vi1 and vy. One can introduce the center of mass vector r:

p, = M1+ mer; (2.1)
my + ma

and the relative position vector:
r=r; —rs. (2.2)
Their time derivatives are: the velocity of the center of mass:

mi1vi + maVva
Ve=—mm—
m1 + ma

and the relative velocity:

V12 = V] — Va. (24)

The forces between these two particles depends only on their relative position and are of equal
magnitude and pointing in opposite directions:

Fu(r) = —F21 (I') (25)

This is equivalent to say that the center of mass does not accelerate, i.e.:

d’r,
= 2.6
i (2.6)
while the relative position obeys to the following equation of motion:
Ld’r
m W = F12(I') (27)
where
11\ !
m* = (— + —) (2.8)
mia mo

is the reduced mass of the system of two particles. If the collision is elastic an interaction potential
can be introduced so that:

dUu(r)
dr

where t is the unit vector along the direction of the relative position of the two particles. The
force vector lies in the same plane where the relative position vector and relative velocity vector lie.
The evolution of the relative position r is the evolution of the position of a particle of mass m* in a
central potential U(r). The angular momentum of the relative motion L = r X m*V 5 is conserved.
This means that the particle trajectory, during the collision, will be confined to this plane. In Fig. 2.1

Fio=—

P (2.9)
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Figure 2.1: The binary elastic scattering event in the center of mass frame, with a repulsive
potential of interaction

is sketched the typical binary scattering event when the interacting force is repulsive (monotonically
decreasing potential), in the center of mass frame.

In the center of mass frame the elastic scattering has a very simple picture: the velocities of the
particles are vy, = Viam*/m; and vy, = —Viam™*/my. The elastic collision conserves the modulus
of the relative velocity V12 and therefore also the moduli of the velocities of the particles in the center of
mass frame. If one consider the collision event as a black box and observes the velocities of the particles
“before” and “after” the interaction (i.e. asymptotically, when the interaction is negligible), then the
velocity vectors are simply rotated of an angle x called angle of deflection, which also represents the
angle between asymptotic initial and final directions of the relative velocity. During the collision the
total momentum is conserved (this happens also for inelastic collisions) but is redistributed between the
two particles, i.e. the variation of the momentum of the particle 1 is §(m1vy) = m*(V], —V1i2) where
the prime indicates the post-collisional relative velocity. Obviously §(m;vi) = —d(mavs). Finally, one
can calculate the components of the momentum transfer parallel and perpendicular to the relative
velocity:

d(myvy)) = —m*Via(1 — cos x) (2.10a)
d(myv1)L = m*Viasiny. (2.10b)

To calculate the angle of deflection x one needs the exact form of the interaction potential, the
asymptotic initial relative velocity V)% (i.e. at a distance such that the interaction is negligible) and
the impact parameter b that is the minimal distance between the trajectories of the particles if there
were no interaction between them:

> b 2r2U (r
X=7T—2/ dr— r2—b2—7((])2
T r m*(Vm)
where r,, is the closest distance effectively reached by the two particles. From Eq. (2.11) it is
evident that the angle of deflection decreases as the initial relative velocity increases.
The case of an inverse power potential is of physical interest:

—1/2
(2.11)

m

F12 = &f' (2123,)
/’«U/
Ulr) = Lo_p—(a-) (2.12b)
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with @ > 1 and K, positive or negative in order to have respectively repulsive or attractive forces.
In this case Eq. (2.11) can be explicitly calculated for some specific values of the power a. For example
the gravitational or electrostatic interactions (in 3D) correspond to the case a = 2 for which

= 2 arcsin 2.13
X

1
V1433

where o = b(m*(V,%)?/K>). The case a = 3 is even simpler leading to the formula

T3
SRV Tl (2.14)
Vb5 + b?
with by = (K3/m*(V,%)?)'/2. The case a = 5 (in 3D) is of particular interest because for this
special interaction the kinetic equation (Boltzmann equation, see section 2.2.3) is very simple. Particles

interacting with this potential are called Maxwell molecules, discussed in more detail in paragraph 2.2.5.
The deflection angle for this case is quite complicated:

23/2g, T4 + 2 — 2

X—W/Oldu\/( : (2.15)

$3+2)—{m3+u2[ $3—|—2—$(2)]}

with 2o = b(m*(V,%)?/K5)'/*. For small values of 2o (i.e. for small impact parameters or small
initial relative velocities) the deflection angle approaches 7 linearly, i.e.:

lim x = m — 3.118x,. (2.16)

zo—)O

2.1.2 Statistics of the elastic collision

The concept of mean free path was introduced in 1858 by Rudolf Clausius [65] and paved the road to
the development of the kinetic theory of gas. For the sake of simplicity (and coherently with the rest of
this work, as well as with the literature on granular gases) we consider a single species gas composed
of hard spheres, all having the same diameter o and mass m (see [62] or [98]).

The mean free time is the average time between two successive collisions of a single particle. We
define vdt the probability that a given particle suffers a collision between time ¢ and ¢ + dt (v is called
collision frequency) and assume that v is independent of the past collisional history of the particle. The
probability fiimedt of having a free time between two successive collisions larger than ¢ and shorter
than t + dt is equal to the product of the probability that no collision occurs in the time interval [0, ¢]
and the probability that a collision occurs in the interval [t,t + dt]:

ftime (t)dt = Pyim(t)vdt (2.17)

where Py (t) is the survival probability, that is the probability that no collisions happen between
0 and ¢, and can be calculated observing that Py (t + dt) = Prime(t) Piime (dt) = Prime (t)(1 — vdt)
so that dPtime/dt = —VPiime, 1.6. Piime (t) = e Vt,

Finally one can calculate the average of the free time using the probability density fim.(t):

T=/ dtt frime () =/ dttve™t = 1 (2.18)
0 0

v

With the same sort of calculations an expression for the mean free path, that is the average distance
traveled by a particle between two successive collisions, can be calculated. One again assumes that
there is a well defined quantity (independent of the collisional history of the particle) adl which is the
probability of a collision during the travel between distances ! and ! + dl. The survival probability in
terms of space traveled is P,.n(l) = e @' and the probability density of having a free distance [ is
fratn(l) = e *'a so that the mean free path is given by:
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1

A=— (2.19)
The other important statistical quantity in the study of binary collisions is the so-called differential
scattering cross section s which is defined in this way: in a unit time a particle suffers a number of
collisions which can be seen as the incidence of fluxes of particles coming with different approaching
velocities V15 and scattered to new different departure velocities Vi,. Given a certain approaching
velocity V5 the incident particles arrive with slightly different impact parameters (due to the extension
of the particles), and therefore are scattered in a solid angle dQ2'. If Iy denotes the intensity of the
beam of particles that come with an average approaching speed V15, which is the number of particles
intersecting in unit time a unit area perpendicular to the beam (I = nVi5 with n the number density

of the particles), then the rate of scattering dR into the small solid angle element d)' is given by

dR
g = 0s(Vi2, Vi) (2.20)

where s is a factor of proportionality with the dimensions of an area (in 3D) which is called
differential cross section and depends on the relative velocity vectors before and after the collisions.

The total rate of particles scattered in all directions, R is the integral of the last equation:

R = Io/ dQ’S(Vlg, V112) = SI() (221)
4w

and defines the total scattering cross section S.

In the case of a spherically symmetric central field of force the differential cross section is a function
only of the modulus of the initial relative velocity V12, the angle of deflection y, and the impact
parameter b which in turn, once fixed the potential U(r), is a function only of x and Vi2, that is
s = 8(Vi2,x)- In particular it can be easily demonstrated that

b(Vi2,x) db
s(V; = - 2.22
(Vi2, x) siny dy ( )

The case of inverse power interaction potential is of interest also for the study of cross sections:
a very famous result in this framework is the Rutherford formula that concerns the differential cross
section for the case a = 2 (scattering of an electron by an atomic nucleus):

K2 1
(2Vi5m*)? sin*(x/2)
where Ky = e?/4me, (for the electron charge e and the vacuum permittivity €g).

In addition to the differential and total scattering cross sections, in non-equilibrium transport theory
several other cross sections are defined:

s(Via,x) = (2.23)

27 ™
Sk (Vi2) = / de/ dx sin x(1 — cos*x)s(Viz, x) (2.24)
0 0

where k is a positive integer (n=1,2,....). For instance, the transfer of the parallel component of
the particle momentum is proportional to 1 — cos x (see Eq. (2.10)) and therefore S; is related to the
transport of momentum and plays an important role in the study of diffusion. Moreover, viscosity and
heat conductivity depend on S,.

To conclude this paragraph we recall that the collision frequency defined at the beginning is strictly
tied to the total scattering cross section by the relation

v=nSVia2 (2.25)

where n is the average density of the gas and V7 is an average of the relative velocities. Generally
speaking (in the framework of a non-equilibrium discussion) n and V; are averages taken in space-time
regions in which equilibrium can be assumed. Assuming that in this region the distribution of velocities
of the particle is the Maxwell-Boltzmann distribution:
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m3/2 m2
=-———¢ BT 2.26
f(v) (2nkpT)3/2 e e ( )
the collision frequency can be calculated obtaining the formula:
v =V2nSv (2.27)
where v is the average of the modulus of the velocities and, in this case, is given by:
kT
7=, el (2.28)
™
In the same way the mean free path is given by
1
A= . 2.29
3nS (2.29)

2.1.3 Hard spheres

Hard spheres are one of the simplest models of molecular fluids and have represented for many years
the testing ground for the predictions of the kinetic theory, thanks to the pioneering efforts of physicists
who have developed hard spheres simulations on the old computers which were huge in encumbrance
and very small in power (the work of Alder and Wainwright is considered the foundation of this
subject [2, 3, 1, 4, 5]). Nowadays liquids and gases are almost always simulated with different tools
and models (e.g. Lenard-Jones potentials or others), i.e. typically soft spheres models. Nevertheless
the study of granular materials has again awakened the interest in hard spheres molecular dynamics,
as the geometric character of the grain-grain interaction seems to be better modeled by an hard core
interaction. Here we define the hard core potential and give expressions for the quantities calculated
in the previous paragraphs.

Two hard spheres in 3D (hard disks in 2D, hard rods in 1D) of diameters oy and o2 interact by
means of a discontinuous potential U(r) of the form:

U(r) =0 (r > o12) (2.30a)
U(r) =00 (r<o12) (2.30b)

where o132 = (01 + 02)/2 = rpp, is the distance of the centers of the spheres at contact. The
potential in Eq. (2.30) can be taken as a definition of hard spheres systems. In this case the deflection
angle is given by:

X = 2arccos (i) (2.31)

012

and the dependence from the initial relative velocity disappears (only geometry determines the
deflection angle).

The differential scattering cross section for hard spheres is calculated from Eq. (2.22) obtaining
a very simple formula: s(Vi2,%) = 02/4 which can be integrated over the entire solid angle space
giving an expression for the total cross section S = mo2. This result is consistent with the physical
intuition of the cross section: it is the average of the areas of influence of the scatterer in the planes
perpendicular to the approaching velocities of the incident particles.

Other interesting quantities to be easily calculated for hard spheres systems are the transport cross
sections (see definition in Eq. (2.24)). The first two are given here:

S = mo? (2.32a)

2_

Sy = 370 (2.32b)
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Figure 2.2: The collision between two elastic hard spheres

Finally we give a definition of smooth hard spheres (we consider this model as a paradigm for
granular gases): smoothness is the absence of irregularities on the surface of the spheres, i.e. the
instantaneous collision does not change the rotational degrees of freedom of the spheres at contact.
Therefore, in the study of smooth hard spheres systems, a complete description of the dynamics requires
only the positions of the centers r and their velocities v. In particular the collision is an instantaneous
transformation of the velocities of two particles ¢ and j at contact which are “reflected” with the
following rule (see Fig. 2.2):

v, =V; — I i - (v; — vj)] (2.33)
2my AT A
Vi =v;+ mn[n- (vi —v;j)] (2.34)

(2.35)

where it = (r; —r;)/|r; —r;| and the primes denote the velocities after the collision. This collision
rule conserves momentum and kinetic energy. It only changes the direction of the component of the
relative velocity of the particles in the direction of i (normal component), leaving unchanged the
tangential component.

2.1.4 Elementary transport calculations

In the kinetic theory the condition of equilibrium is equivalent to the absence of macroscopic flows,
i.e. absence of transport. The transport of the molecular quantity W along a particular direction 1 is
characterized by its net flux jy (¢,r) - i which is defined as the net fraction of W crossing in the unit
time a unit surface normal to the direction 7 in the point r of the space. If the quantity W is always
transported by molecular motion or transferred from a particle to another via collision interactions that
conserve the sum of W (i.e. W is said to be a collisional invariant), then the variation in time of the
coarse grained field W (t,r) (which is an average of W taken on particles in a well suited region of
space-time centered in (¢,r)) is simply expressed by a continuity formula:

ow .



2.1. THE BINARY COLLISION 27

In elastic gases the relevant conserved molecular quantities are: m, mv and mv?/2, that is mass,
momentum and energy.

Empirical observations show that, in situations not too far from equilibrium almost all the transport
fluxes are proportional to the spatial gradient of the transported quantity:

jw = —-CwVW (2.37)

where Cyy is called the transport coefficient for the quantity W. The most important transport
coefficients are: the diffusion coefficient D (transport of mass or self diffusion), the viscosity 1) (transport
of transversal momentum, e.g. transport of muv, in the direction y or z) and the heat conductivity
k (transport of heat, that is internal energy). The flux of longitudinal momentum (e.g. mu;, in
the direction z) is somewhat different as it is dominated by an order zero (in the spatial gradients)
contribution which is given by the hydrostatic pressure p (in the Boltzmann-Grad limit p = nkgT).

Starting from the basic concepts of mean free time and path, it is possible to derive heuristic
expressions for the transport coefficients [62]. Such calculations, that take the name of mean free path
method are meaningful in the limit of small Knudsen numbers:

Kn = % <1 (2.38)

where ) is the mean free path and L is the characteristic linear size of the problem (related to
boundary conditions, e.g. in a shear experiment L = T/ where T is the thermal velocity of the fluid
and v = Au, /AL, is the shear rate). This condition corresponds to the necessity that the variation
of all macroscopic quantities is small within a mean free path.

With this assumption, very rough calculations carry to good estimates of the main transport coef-

ficients:
1 (2 [EE\VT

S
1 2 ka
= — v = —_— _— T 2.
7 Snm)\v (35 - )\/ (2.39b)
Kk = kpn\v = <%—B k—B) VT (2.39¢)
S Vm

In the last formulas the rightmost sides are calculated using the expressions for the mean free path
and for the average velocity modulus obtained with the assumption of Maxwell-Boltzmann equilibrium.
In the above equations one sees that the viscosity and the heat conductivity do not depend on the
density, but only on the temperature of the gas. Apparently one expects that the viscosity depends
upon the density (more particles carry more momentum) but in these approximated calculations the
fluxes are assumed to be carried only by molecular motion (i.e. collisional transfer is negligible): for
the viscosity for example this means the appearance of the product nA which does not depend on n
(as A is inversely proportional to n).

2.1.5 The effects of inelasticity and the reduced models

Granular particles collide dissipating relative kinetic energy. This is due to the macroscopic nature of the
grains which leads to the presence of internal degrees of freedom. During the interaction, irreversible
processes happen inside the grain and energy is dissipated in form of heat. All these processes conserve
momentum, so that the velocity of the center of mass of the two grains is not modified.

Many modelizations of the binary inelastic collision have been proposed (soft spheres [221, 220,
52, 63, 107, 146] as well as hard spheres models [53, 112, 96, 159]): this is usually a difficult problem
relatively to the information that can be gained from. Simplification often pays more, as very idealized
models lead to interesting and physically meaningful results. The most used model in granular gas
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literature is also the most simple one, that is the inelastic smooth hard spheres gas with the fixed
restitution coefficient rule given by the following prescriptions:

Mmivy +mavy = mivi + mave (2.40a)
(Vi —vy)-fi=—r(vi —vp) -2 (2.40Db)

where, as usual, the primes denote the postcollisional velocities, 11 is the unity vector in the direction
joining the centers of the grains, and 0 < r < 1. In this model the collisions happen at contact and
are instantaneous. When r = 1 the gas is elastic and the rule coincides with the collision description
for hard spheres given in the paragraph 2.1.3. When r = 0 the gas is perfectly inelastic, that is the
particles exit from the collision with no relative velocity in the n direction.

As a matter of fact, the transformation that gives the (primed) postcollisional velocities from the
precollisional velocities of the two colliding particles is

m AN A
vi=vi—(1 —}—T)m((vl —vy)-h)A (2.41a)
my AN A
L= 1 _ — . 2.41b
Vo =vat (L4r) - ((vi = v2) -D)h (2.41b)

Sometimes it may be useful to have the reverse transformation that give precollisional velocities
from postcollisional ones, with the primes exchanged:

1 mo
I = —(1+=) —= — - )1 2.42
i=w ( + r) m +mg((vl vz) - B)h ( 2)
1 mq
! _ - o0 _ . A A
vy =V + (1 + r) e — ((vi —v2)-n)i (2.42b)

As it can be seen, the inverse transformation is equivalent to a change of the restitution coefficient
r — 1/r. Obviously in the case of a perfectly inelastic gas (r = 0) there is no inverse transformation.
We also note that in 1D and when m; = my Eqs. (2.41) become:

, 1-—r 1+7r

v = 5 + 5 U2 (2.43a)
1 1-—
vy = ;—Irvl + ) Tvz (2.43b)

which coincide to an exact exchange of velocities in the elastic (r = 1) case, and in a sticky collision
in the perfectly inelastic (r = 0) case. In dimensions higher than one the » = 0 case is very different
from the so-called sticky gas, which is defined as a gas of hard spheres that in a collision become stuck
together. In one dimension, instead, the r = 0 case may be considered equivalent to a sticky gas but a
further prescription of “stickiness” must be given in order to consider collisions among more than two
particles.

Variants of this models have been largely used in the literature. The importance of tangential
frictional forces acting on the grains at contact may be studied taking into account the rotational
degree of freedom of the particles, i.e. adding a variable w; to each grain. The most simplified
model which takes into account the rotational degree of freedom of particles is the rough hard spheres
gas ( [120, 151, 150, 97, 156, 115, 148]). In this model the postcollisional translational and angular
velocities are given by the following equations (where the bottom signs in £ are to be considered for
particle 2):

1+7 q(1+ B)

5 VnF %1 2 (ve + V) (2.44a)

ro_
Via =Viz2 F

1+8 .
oW o = owi g+ % +ﬂ2 [ % (V¢ + vy)] (2.44b)
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where q is the dimensionless moment of inertia defined by I = gmo? (with I the moment of inertia
of the hard object), e.g. ¢ = 1/2 for disks and ¢ = 2/5 for spheres; v, = ((vi — v2) - 1)1 is the
normal relative velocity component, v; = vi — v — v, is the tangential velocity component due to
translational motion, while v,, = —o(w; — w2) is the tangential velocity component due to particle
rotation. In Egs. (2.44) the tangential restitution coefficient 3 appears: it may take any value between
—1 and +1. When 8 = —1 tangential effects disappear, i.e. rotation is not affected by collision (rough
spheres become smooth spheres). When 8 = +1 the particles are said to have perfectly rough surface.
It can be easily seen that (when r = 1) energy is conserved for § = £1.

Moreover, a new class of models for collisions has been recently introduced, justified by a deeper
analysis of the collision process. In these models the restitution coefficient r (or the coefficients » and 3
in the more detailed description given above) depends on the relative velocity of the colliding particles.
In particular it has been seen that the collision tends to become more and more elastic as the relative
velocity tends to zero. This refined prescription, referred to as 'viscoelastic' model [108, 44], has
relevance (usually quantitative rather than qualitative) in different issues of the statistical mechanics of
granular gases. An important kinetic instability of the cooling (and sometimes driven) granular gases is
the so-called inelastic collapse [157, 159], i.e. a divergence of the local collision rate due to the presence
of a few particles trapped very close to each other: simulations of the gas with the viscoelastic model
have shown that this instability is removed, suggesting that it is an artifact of the fixed restitution
coefficient idealization.

Here we give an expression of the leading term for the velocity dependence of the normal restitution
coefficient r in the viscoelastic model (the viscoelastic theory may be applied to give also a velocity
dependent expressions for the tangential restitution coefficient):

r=1-Cy|(vi —vy)-a|'/% + .. (2.45a)

where C depends on the physical properties of the spheres (mass, density, radius, Young modulus,
viscosity).
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2.2 From the Liouville to the kinetic equations

In this section we outline the derivation of the equation for the probability density function in the
one-particle phase space for the smooth elastic hard spheres gas, that is the Boltzmann equation. In
the kinetic theory [98] framework the derivation of transport equations begins from the Boltzmann
equation [61]. In view of the interesting issues of Chapter 5 and of last section of Chapter 3, where
we will address the problem of formation of ordered structures [214, 213, 215, 212, 178], that is (short
and long range) spatial correlations, here we sketch the key passages for the derivation of the ring
kinetic equation which relaxes the Molecular Chaos constraint and takes into account the recollision
events, relevant in dense situations [4, 83, 82, 74, 75]. This section is devoted to the elastic gases,
but the mainstream of the derivation is the same for the inelastic gases, and here we point out all the
assumptions used which lack of rigorous proofs. At the end we discuss the Boltzmann-Enskog equation
and the ring kinetic equation for inelastic smooth hard spheres [41, 40, 210, 211], i.e. the main kinetic
equations for granular gases.

2.2.1 The Liouville and the pseudo-Liouville equations

In order to discuss the behavior of a system of N identical hard spheres (of diameter o and mass m)
it is natural to introduce the phase space, i.e., a 6.N—dimensional space where the coordinates are
the 3N components of the N position vectors of the sphere centers r; and the 3N components of
the N velocities v;. The state of the system is represented by a point in this space. We call z the
6N -dimensional position vector of this point. If the positions r; of the spheres are restricted in a space
region (2, then the full phase space is given by the product QV x 3V

If the state is not known with absolute accuracy, we must introduce a probability density P(z,t)
which is defined by

Prob(z €D at time £) = / P(z,t)dz (2.46)
D

where dz is the Lebesgue measure in phase space and we implicitly assume that the probability is
a measure absolutely continuous with respect to the Lebesgue measure.

The mean value of a dynamical observable A(z) can be calculated from either the following ex-
pressions:

/ dzP(z,0)A(z(t)) = / dzP(z,t)A(z) (2.47)
oo o0

which are respectively the Lagrangian and Eulerian averages (analogous to the Heisemberg and
Schroedinger averages in quantum mechanics). In Eq. (2.47) the time dependence of the observable
A and of the distribution P is due to the time evolution operator S; (also called streaming operator,
that is A(z(t)) = Si(z)A(z). Considering the equivalence in Eq. (2.47) as an inner product implies
that

P(z,t) = S} P(2,0) (2.48)

where SI,, is the adjoint of S;.

In a general system (not necessarily made of hard spheres) with conservative and additive inter-
actions, the force between the particle pair (i5) is F;; = —0V (r;;)/0r;; so that the time evolution
operator is given by:

S¢(z) = exp[tL(z)] = exp tz LY - tz O(ij) (2.49)
i i<j
where the Liouville operator L(z)... = {H(z), ...} is the Poisson bracket with the Hamiltonian, so

that
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o
0 - P e—
LY =v; o (2.50a)
L 1 6V(7‘i]‘) 0 0
0@j) = — By ( v, ~ _av,-) (2.50b)

and S;(z) is a unitary operator, S;f = S_;, while Lt = —L. In Eq. (2.49) the evolution operator
Sy has been divided into a free streaming operator Sy = exp[t Y, L?] which generates the free particle
trajectories, plus a term containing the binary interactions among the particles.

Finally the Liouville equation is obtained writing explicitly Eq. (2.48):

%P(z,t): —;L?+Z®(z‘j) P(z,1) (2.51)

i<J

which is an expression of the incompressibility of the flow in phase space.

In the specific case of identical hard spheres, the interaction among particles is defined by Eq.
(2.30). It can be shown that this kind of interaction carries no contraction of phase space at collision,
i.e.

P(z,t) = P(a,t) (2.52)

where z’' and z are the phase space points before and after a collision. This can be considered
a form of detailed balance law. It is important to stress that z' # z. a collision represents a time
discontinuity in the velocity section of phase space. In particular we use the elastic collision model
defined in this list of prescriptions (it coincides with the collision rule for smooth hard spheres, see Eq.
(2.33)):

|r; —rj|=0 (2.53a)
n;; = (r; —r;)/o (2.53b)
Vij=vi—v; (2.53¢)
Vi -fi; < 0 (2.53d)
z = (r1,vi,T2,V2, ..., T3, Vi, ... Tj, Vj, o, TN, VN) (2.53¢)

z' = (r1,V1,T2,V2, 0, Tjy Vis ooy T, Viy o, TN, V) (2.53f)
r,=r; (2.53g)
r; =r, (2.53h)
v =v; — 0y (05 - Vi) (2.531)
Vi =v; + 10 (g - Vij) (2.53j)
(2.53k)

these relations conserve the total momentum and the total energy of the system.

To derive the Boltzmann equation, the collisions events z — z' are considered as boundary
conditions and the Liouville Equation (2.51) is restricted to the interior of the phase space region
A=QN x RN — A,, where

Apy = {ZEQN x RN |13i,5 € {1,2,..., N} (i # j) : r; — 1] <0'} (2.54)

is the set of phase space points such that one or more pairs of spheres are overlapping. With this
conditions, the Liouville equation reads:
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%P(z,t) = (— ;vi . %) P(z,t) (z€A) (2.55a)

P(z,t) = P(z,t) (z € dA) (2.55b)

This version of the Liouville equation is time-discontinuous: this means that formal perturbation
expansions used in usual many-body theory methods cannot be applied to it.

An alternative master equation for the probability density function in the phase space can be
derived [83]. The streaming operator S; for hard spheres is not defined for any point of the phase
space z € Ayy. In the calculation of the average (2.47) of physical observables, this is not a problem,
as the streaming operators appears multiplied by P(z,0) which is proportional to the characteristic
function X (z) of the set A (the characteristic function is 1 for points belonging to the set and 0
for points outside of it). In perturbation expansions it is safer to have a streaming operator defined
for every point of the configurational space. A standard representation, defined for all points in the
phase space, has been developed for elastic hard spheres and is based on the binary collision expansion
of Si(z) in terms of binary collision operators. The binary collision operator is defined in terms of
two-body dynamics through the following representation of the streaming operator for the evolution of
two particles:

¢
5:(1,2) = S22 + [ drSUL,2TH(1,2)SE, (1,2 (2.56)
0
with S = exp(tLo) the free flow operator and a collision operator
T,(1,2) = 02/ di|Via - 0|d(oh — (r1 — 1r2)) (b — 1) (2.57)
V12010

where b, is a substitution operator that replaces vy, va with vi, v} (see Egs. (2.53)).

The Eq. (2.56) is a representation of the evolution of two particles as a convolution of free flow
and collisional events. Noting that 7' (1,2)S2(1,2)T(1,2) = 0 for 7 > 0 (two hard spheres cannot
collide more than once), Eq. (2.56) can be put in the form

St(]-az) = €xp {t[LO(laz) +T+(1a2)]} (258)

that can be generalized to the N-particle streaming operator (here considered for the case of an
infinite volume):

Sii(z) = exp{ t[Lo(z) £ Y Te(i, )] (2.59)
i<j
where
T (1,2) = o2 / dA[V1s - 8l6(r1 — 12 — o) (be — 1) (2.60)
Vi2:-01>0

Equation (2.59) defines the so-called pseudo-streaming operator. In order to write an analogue of
the Liouville Equation (2.51), the adjoint of Si; is needed: its definition is identical to that in Eq.
(2.59) but for the binary collision operators which must be replaced by their adjoints:

Ty(1,2) = 02 / 48|V 15 - ][5(r1 — 15 — 0h)be — 8(r1 — s + oh)] (2.61)
Vi2-01<0
>

Finally the pseudo-Liouville equation can be written:
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9 0
&P z,t) ZL —}—;T ij) | P(z,t). (2.62)

This equation is the analogue of Eq. (2.51) for the case of hard core potential (hard spheres). In
this sense it replaces Eq. (2.55) and will be used in the following, precisely in paragraph 2.2.7, to derive
kinetic equations different from the ones discussed just below.

2.2.2 The BBGKY hierarchy

We define the reduced (marginal) probability densities P, as

Ps(rluv1;r27v2a"'ars;vsat) :/ P(r17v1;r2av2;---;rNavN)t) H drjdvj (263)
QN—s x R3(N—s) jmst1

In order to derive an evolution equation for P, the first step is to integrate Eq. (2.55) with respect
to the variables r; and v; (s +1 < j < N) over QN x R3(N=2) obtaining:

N
P; P
a Z/ v;- 0 H drjdv; + Z / Vi - H drjdv; =0 (2.64)
] s+1 k=s+1 j s+1

where the integration space A, extends to the entire R3(V—2) for the velocity variables, while it
extends to QN ¢ deprived of the spheres |r; —r;| < o (i = 1,..., N,i # j) with respect to the position
variables.

The typical term in the first sum contains the integral of a derivative with respect to a variable r;
over which one does not integrate, but in the exchange of order between integration and derivation
one must take into account the domain boundaries which depend on r;, writing:

N

P
/ Vi g H erva_ i z / s—i—lvz N dordvy, (265)
As

b j=s+1 i o

where 1i;;, is the outer normal to the sphere |r; — ry| = 0, doy, is the surface element on the same
sphere and P;y; has k as its (s + 1) — th index.

The typical term in the second sum in Eq. (2.64) can be immediately integrated by means of
the Gauss theorem, since it involves the integration of a derivative taken with respect to one of the
integration variables (and assuming that the boundary of €2 is a specular reflecting wall or a periodical
boundary condition):

= Z / Pyi1vy - Dipdoipdvy, + Z / Pyyavy - Dipdogpdvidridv;  (2.66)
i=s+1,i#k

The last term in the above equation, when summed over s+1 < k < N vanishes: this fact directly
stems from the equivalence (2.55b) (we do not enter in the few steps of this simple proof). Moreover,
in both above equations the integral containing the term Ps,; is the same no matter what the value
of the dummy index k is, so that we can drop the index and write r,, v, instead of ry, vi.

As a matter of fact, Eq. (2.64) finally reads:

P, < P, : .
9 + ;v . i’;—ri = (N - S)Z/Ps+1v,~ - fydo;dv, (2.67)

ot



34 CHAPTER 2. TRANSPORT EQUATIONS FOR ELASTIC AND INELASTIC GASES

where V; = v;—v,, fi; = (r;—r.) /o and the arguments of P11 are (r1,V1,ra,Va,...,Ls, Vs, Tu, Vi, T).
Integrations in Eq. (2.67) are performed over the 1-particle velocity space 2 and over the sphere S*
(given by the condition |r; — r.| = o) with surface elements do;.

Eq. (2.67) states that the evolution of the reduced probability density P; is governed by the free
evolution operator of the s-particles dynamics, which appears in the left hand side, with corrections
due to the effect of the interaction with the remaining (IV — s) particle. The effect of this interaction
is described by the right-hand side of this equation.

Usually Eq. (2.67) is written in a different form, obtained using some symmetries of the problem. In
particular one can separate the sphere S? of integration in the right-hand side, in the two hemispheres
Si and S defined respectively by V;-fi; > 0 and V; - 1i; < 0 (considering also that do; = o2dfi;):

/P3+1Vz- . ﬁidaidv* = 02/ / Ps+1|Vi . ﬁi|dﬁ,~dv* - 02/ / Ps+1|Vi . fli|dﬁidv* (2.68)
R3 S RS J ST

and observe that in the Sj_ integration are included all phase space points such that particle ¢ and
particle = (the (s + 1) — th generic particle) are coming out from a collision: this means that on the
sphere S we can write the substitution

Py q(r1,V1, .y Tj, Viy oL, Vs, Ty — Oy, Vi)
— P5+1 (1'1, Viyeoy Ty Vi — flz(flz - Vz), wLg, Vg, T'j — Jﬁi,v* + flz(ﬁz - Vz)) (269)
Moreover we can make the change of variable in the second integral (that on the sphere S%)

fi; — —n; which only changes the integration range S — Si. Finally, replacing 1; with simply n
(and therefore S¢ — S, ) we have:

oP, < OP; — o
= +;vi = (V= 8o Z;/% /S+(P;+1 — Po1)|Vi - fldirdv, (2.70)

where we have defined

P«;-H = P3+1(I‘1,V1, ce, T,V — ﬁ,(ﬁ, . V,), L, Vg, T — Uﬁi, Vi + ﬁ,(flZ . Vz)) (271)
The system of equations (2.70) is usually called the BBGKY hierarchy for the hard sphere gas [60,
61].

2.2.3 The Boltzmann hierarchy and the Boltzmann equation

In a rarefied gas IV is a very large number and ¢ is very small; let us say, to fix ideas, that we have
a box whose volume is 1 ¢m? at room temperature and atmospheric pressure. Then N ~ 10%° and
o ~ 1078cm and (from Eq. (2.70)) for small s we have (N — s)o? ~ No? ~ 1m?; at the same
time the difference between r; and r; + oi can be neglected and the volume occupied by the particles
(No® ~ 10~%em?®) is very small so that the collision between two selected particles is a rather rare
event. In this spirit, the Boltzmann-Grad limit has been suggested as a procedure to obtain a closure
for Eq. (2.70): N — oo and o — 0 in such a way that No? remains finite. We stress the fact that (as
seen in section 2.1.2) the total number of collisions in the unit of time is given by the total scattering
cross section multiplied by N, which for a system of hard spheres gives N7o2. The Boltzmann-Grad
limit, therefore, states that the single particle collision probability must vanish, but the total number
of collisions remains of order 1.
Within this limit, the BBGKY hierarchy reads:

oP, ® dP, °
? + v, —2 = Ng? / / (Pl — Ps41)|V; - fi|dirdv. (2.72)
6t 1221 81'1' z:zl R3 Sy +1 +1 | |
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where the arguments of P, ; and of P, are the same as above, except that the position of the
(s + 1) — th particle (r’, and r,) is equal to r; (as 0 — 0). Eq. (2.72) gives a complete description
of the time evolution of a Boltzmann gas (i.e. the ideal gas obtained in the Boltzmann-Grad limit),
usually called the Boltzmann hierarchy.

Finally the Boltzmann equation is obtained if the molecular chaos assumption is taken into account:

Py (r1,v1,1,v2,t) = Pi(r1,v1)Pi(r2,v2) (2.73)

for particles that are about to collide (that is when ry = ry — ofi and Vi3 - A < 0). This
assumption naturally stems from the Boltzmann-Grad limit, as it is reasonable that, in the limit of
vanishing single-particle collision rate, two colliding particles are uncorrelated. The lack of correlation
of colliding particles is the essence of the molecular chaos assumption. We underline that nothing is
said about correlation of particles that have just collided.

With the assumption (2.73) we can rewrite the first equation of the hierarchy (2.72), omitting the
1 subscript for simplicity:

OP(r,v) + OP(r,v
ot M Or

) o’ r,v')P(r,v.) — P(r,v)P(r,v -nldv,.dn

with v/ = v—4a(V - 1), vl = v, +74(V- 1), V = v—v,. This represents the Boltzmann equation
for hard spheres. We also observe that the integral in Eq. (2.74) is extended to the hemisphere S
but could be equivalently extended to the entire sphere S? provided a factor 1/2 is inserted in front of
the integral itself, as changing i — —n does not change the integrand.

From a rigorous point of view [58], the molecular chaos has to be assumed and cannot be proved.
However it has been demonstrated that if the Boltzmann hierarchy has a unique solution for data that
satisfy for ¢ = 0 a generalized form of chaos assumption:

El
Py(r1,v1,...yTg, Vg, t) = HPl(rj,vj,t) (2.75)
j=1

than Eq. (2.75) holds at any time and therefore the Boltzmann equation is fully justified. Otherwise
it has also been proved that if Eq. (2.75) is satisfied at ¢ = 0 and the Boltzmann equation (2.74)
admits a solution for the given initial data, then the Boltzmann hierarchy (2.72) has at least a solution
which satisfy (2.75) at any time ¢.

2.2.4 Collision invariants, H-theorem and hydrodynamical limit

The integral appearing in the right-hand side of Eq. (2.74) is usually called collision integral:

Q(P,P):/ / (P'P! — PP,)|V - fi|dv.dh (2.76)
w3 Jsy

where we have used an intuitive contracted notation (the prime or * must be considered applied to
the velocity vector in the argument of the function P). In the collision integral, the position r is the
same wherever the function P appears, and therefore it can be considered a parameter of Q(P, P).
Let us have a look to the integral

, Q(P,P)p(v)dv = /w /w /S+(P'P,1 — PP,)¢(v)|V - fi|dv.didv (2.77)

which can be transformed in many alternative forms, using its symmetries. In particular one
can exchange primed and unprimed quantities, as well as starred and unstarred quantities. With
manipulations of this sort, it is immediate to get the following alternative form of Eq. (2.77):

R3

arPowav=g [ [ f (PRL=PR)(g+6 ¢/ = gV -sldv.dig(v)dv (79
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From this equation it comes that if

b+ b = ¢' + &, (2.79)

almost everywhere in velocity space, then the integral of Eq. (2.78) is zero independent of the
particular function P. Many authors have proved under different assumptions that the most general
solution of Eq. (2.79) is given by

¢(V) =Ci1+Cy-v+ C’3|V|2 (280)
Furtherly, if ¢ = log P, from Eq. (2.78) it follows that

. Q(P, P)p(v)dv = é /ER 3 /ER 3 /S ) (P'P! — PP,)log(PP,/P'P!)|V -fi|dv.dag(v)dv < 0 (2.81)

which follows from the elementary inequality (z — y)log(y/z) < 0 if y,z € R*. This becomes an
equality if and only if y = z, therefore the equality sign holds in Eq. (2.81) if and only if

P'P! = PP, (2.82)

This is equivalent to two important facts:

o ¢+ ¢ = ¢ + ¢, (taking the logarithms of both sides of Eq. (2.82)), so that we can use the
result (2.80) obtaining P = exp(C; + Cs - v + C3|v|?) = Coexp(—B|v — vo|?) where we have
defined Cy = exp(C1), B = —C5 and vy = Cz/20; this function is called Maxwell-Boltzmann
distribution or simply Maxwellian;

e Q(P,P) =0, i.e. the collision integral identically vanishes.

Equation (2.81) is a fundamental result of the Boltzmann theory (it is often called Boltzmann
Inequality) and can be fully appreciated with the following discussion: we rewrite the Boltzmann
Equation (2.74) with a simplified notation:

oP oP
— +v-—— = No’Q(P, P). 2.

We multiply both sides by ¢ = log P and integrate with respect to v, obtaining a transport equation
for the quantity ¢:

0H 0
E—}_E.JH_SH (2843‘)
H= Plog Pdv (2.84b)
R3
jr = / vPlog Pdv (2.84¢)
R3
Sy = No? | log PQ(P,P)dv. (2.84d)
R3

Then Eq. (2.81) states that Sy < 0 and Sy = 0 if and only if P is a Maxwellian. For example, if
we look for a space homogeneous solution of the Boltzmann equation, it happens that

OH
98 _ g, < 2.
5 = Su<0 (2.85)

that is the famous H-Theorem. It simply states that there exists a macroscopic quantity (H in
this case) that decreases as the gas evolves in time and eventually goes to zero when (if and only
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if) the distribution P becomes a Maxwellian. When the homogeneity is not achievable (due to non-
homogeneous boundary conditions) rigorous results are more complicated, but we are still tempted
to say that the Maxwellian represents the local asymptotic equilibrium, with the spatial dependence
carried by the parameters of this distribution function.

The H-Theorem shows that the Boltzmann equation, apparently obtained from microscopic re-
versible principles, has a basic feature of irreversibility: the trajectories in the phase space that cor-
responds to evolutions of the one-particle probability distribution that give place to an increase of H
with time are not solutions of the Boltzmann equation, even if they are compatible with the given
collision rules, i.e. with the laws of Newtonian mechanics. This paradox [207, 142] is nowadays dis-
cussed in the following way [61]: the assumption of Molecular Chaos is the source of irreversibility, the
choice of factorization of probability for molecules that go into a collision induces correlations for the
molecules that go out of a collision. If the velocity of all the molecules would be inverted at a certain
time, the one particle probability distribution would no more satisfy the Molecular Chaos hypothesis
and the Boltzmann equation could not describe the system. In general “no kind of irreversibility cam
follow by correct mathematics from the analytical dynamics of a conservative system” (Cercignani et
al. [61]). The other paradox often cited as a consequence of the H-Theorem is the so-called Zermelo's
paradox [180, 227]: Zermelo noted that the “recurrence theorem” of Poincare [179] is in contrast with
the H-Theorem. The recurrence theorem guarantees that the molecules of the gas, after a “recurrence
time”, can have positions and velocities so close to the initial ones that the one particle distribution
would be practically the same, that is if it decreased initially, then it must have increased ad some
later time. The answer of Boltzmann [35] to this objection is that the recurrence time is so large that,
practically speaking, one would never observe a significant portion of the recurrence cycle. From a
rigorous point of view, the Boltzmann-Grad limit (N — oo) guarantees that the Poincare recurrence
theorem cannot be applied, as it works for a compact set: the recurrence time is expected to go to
infinity.

Solutions of the Boltzmann equation in the form of a Maxwellian distribution with space dependent
parameters (in the case of a steady solution, i.e. 3/0t = 0) or space-time dependent parameters (in
the dynamic case) can be found. The equations that govern the space-time evolution of the parameters
of the Maxwellian are the Euler equations (see section 2.3.4). The Euler equations are based on a very
important assumption, usually called hydrodynamical limit. If we solve the Boltzmann equation in a
box of side e ! we obtain a solution P.(r,v). If we enlarge the box (i.e. € is reduced toward zero),
while keeping the total number of particles proportional to the volume of the box, then the solution P,
will assume a e-dependent form. In order to regard the linear size of the box as being of order unity, we
may rescale the space-time variables: p = er, 7 = et, P(p,v,7) = P(r,v,t). With this new variables,
the mean free path (that is of order unity on the r scale) becomes of order €. The distribution P solves
a different Boltzmann equation in the new variables:

opP oP

— 4v.— =€ 'N2Q(P, P 2.
6T+v R € o°Q(P,P) (2.86)

As the term No? is of order unity (Boltzmann-Grad limit, taken before) we must require that
Q(P, P) is of order € so that we can take the limit € — 0. In other words, the hydrodynamical limit is
a change of the level of description from the microscopic to the macroscopic one: at the macroscopic
level the average number of collisions (e "1 No?) diverges and therefore we ask that the average effect
of a single collision (given by Q) is very small. Then taking the hydrodynamical limit, we expect that
P is close to a Maxwellian (as it is the only solution of the equation @ = 0). In other words, the
possibility of a macroscopic description is strictly tied to the possibility of a separation of scales: at the
microscopic scale the phenomena are very rapid, i.e. the distribution function rapidly “thermalizes”
coming toward the Maxwellian, while at the macroscopic scale the evolution of the gas is viewed as a
slow evolution of the space-time dependent parameters of the Maxwellian, given by the hydrodynamic
equations. If the “thermalization” stated above is so rapid that the distribution function P is always a
Maxwellian, at any instant ¢, then the fluid is considered ideal and it is governed by the Euler equations
(see paragraph 2.3.4). Otherwise, the evolution toward the Maxwellian is somewhat a dissipative
process (in the sense of its irreversibility): it is the aim of the kinetic theory of transport to describe
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its behavior. Assumptions on the “closeness” to the Maxwellian gives, in last analysis, the well known
Navier-Stokes equations for non-ideal fluids (see paragraph 2.3.7).

2.2.5 The Maxwell molecules

The collisional integral of Boltzmann equation for hard spheres, Eq. (2.76), contains a term g = |V -ij|
which multiplies the probabilities of particles entering or coming out from a collision. In general the
collisional integral must contain the differential collision rate dR/DS2 for particle coming at a certain
relative velocity (in modulus g and direction 11, or equivalently scattering angle x centered in the solid
angle dQ?), which may be expressed in terms of the scattering cross section s (see for example Eq.
(2.20)):

dR _
a7

We discussed in paragraph 2.1.2 the fact that the scattering cross section depends strongly on the
kind of interaction between the molecules of the gas. For power law repulsive interaction potential
V(r) ~ r~(@1) the scattering angle x depends on the relative energy /2 and on the impact
parameter b only through the combination (g?6% 1) (see for example [59]). This means that there
exists a function () such that:

(97 X)PZ (I‘, r+ Uﬁ; Vi,V2, t)dv2 (287)

b=g ¥ y(x) (2.88)

and this means that from relation (2.22) one obtains:

gl=/(a=1) () dy (2.89)

95(g9,x) ~ Sinx dx

which holds in d = 3. The extension to generic dimension of the last equation is:

1-2(d—1)/(a—1) T dy 1-2(d—1)/(a—1) 2.90
9s(9,x) ~ g W& ~g a(cos x) (2.90)

Therefore when a = 1+ 2(d — 1) (ie. a =5 ford = 3 and a = 3 for d = 2) the collision
rate gs(g,x) does not depend upon g. This property defines the so-called Maxwell molecules [81].
Interaction with a < 1 + 2(d — 1) are called soft interactions (e.g. the electrostatic or gravitational
interaction). Interactions with a > 1 + 2(d — 1) are called hard interactions. Hard spheres (a — c0)
belongs to this set of interactions, with gs(g, x) ~ g. It has been also studied the Very Hard Particles
model, which is characterized by gs(g, x) ~ g2, which is not attainable with an inverse power potential,
as it requires an interaction harder than the hard sphere interaction.

The obvious advantage of Maxwell molecules is that the Boltzmann equation greatly simplifies, as g
does not appear in the collision integral. A further simplification of the Boltzmann equation came from
Krook and Wu [129], who studied the Boltzmann equation of Maxwell molecules with an isotropic
scattering cross-section, i.e a = const, often called Krook and Wu model. A very large literature
exists for linear and non-linear model-Boltzmann equations (for a review see [81]). The importance
of the Maxwell molecules model is the possibility of obtaining solutions for it: the general method
(extended to other model-Boltzmann equations) is to obtain an expansion in orthogonal polynomial
where the expansion coefficients are polynomial moments of the solution distribution function. For
Maxwell molecules the moments satisfy a recursive system of differential equations that can be solved
sequentially. Given an initial distribution, one can solve the problem if the series expansion converges.
Bobylev [32] has shown that if one searches for similarity solutions (i.e. solutions with scaling form
P(v,t) = e “®F(e “tv)), then the solution can be found solving a recursive system of algebraic
equation.

The Maxwell molecules model has been subject of study also in the framework of the kinetic theory
of granular gases. In section 5.3 we discuss this issue.



2.2. FROM THE LIOUVILLE TO THE KINETIC EQUATIONS 39

2.2.6 The Enskog correction

The Boltzmann-Grad limit (see paragraph 2.2.3) restricts the validity of the Boltzmann equation to
rarefied gases. This conditions is necessary to consider valid the Molecular Chaos which states the
independence of colliding particles. In principle, in fact, two colliding particles can be correlated due
to an intersection of their collisional histories: one simple possibility is that they may have collided
some time before or, alternatively, they may have collided with particles that have collided before.
Moreover, the spatial extension of particles (i.e. the fact that they are not really pointlike) restricts the
possibilities of motion and as a consequence the degree of independence (this is the so called excluded
volume effect). All these kinds of correlations become relevant when the gas is not in the situation
considered by the Boltzmann-Grad limit, that is when the gas is not rarefied but (either moderately or
highly) dense.

The first approach to the problem of not rarefied gases was introduced by Enskog [62]: he did not
consider the effects of velocity correlations due to common collisional histories, but simply added to the
Boltzmann equation an heuristic correction to take into account short range correlations on positions
only. In general the two-body probability distribution function can be written in terms of the one-body
functions:

Py(ry,vi,r2,Va,t) = ga(r1, vy, 12, v2)Pi(ry, vi) P (r2, v2) (2.91)

where g, is the pair correlation function. The Molecular Chaos assumption states that g»(r1,r; +
Ufl,Vl,Vg) =1.
In the Enskog theory the Molecular Chaos assumption is modified in the following way:

P2(I'1,V1,I‘1 + O'fl, V2,t) = E(O’,’I’L(I‘l))Pl (I‘l,Vl)Pl(I'l + O'fl, V2) (292)

i.e. g2 = Z(o,n) for particles entering or coming out from a collision, and the existence of a well
defined coarse-grained density n(r1) is assumed. The term (o, n) becomes a multiplicative constant in
front of the collisional integral Q(P, P), giving place to the so-called Boltzmann-Enskog equation. Of
course, in a general non-homogeneous situation, the density is a spatially and temporally non-uniform
quantity which can be described by a macroscopic field: one may assume (as it is in kinetic theory)
that this field changes slowly in space-time, so that the Boltzmann-Enskog equation can be locally
solved with constant n as it was a Boltzmann equation with an effective total scattering cross section
Z(o,n)No2.

For elastic hard disks or hard spheres, spatial correlations are described by the formulas of Carnahan
and Starling [56]:

1—17¢/16

E(o,n) = A= o) (d=2) (2.93a)
2(o,n) = 1=9/2 9/2 =
E(o,n) L (d=23) (2.93b)

(2.93c)

where ¢ is the solid fraction (¢ = nmo?/4 ind = 2, ¢ = nwo®/6 in d = 3). This formula is
expected to work well with solid fractions below ¢., where a phase transition takes place [3], with
¢, =0.675ind=2.

The Enskog correction produces, for example, important corrections to the transport coefficients
and to the pressure term in the hydrodynamic description (see paragraph 2.3.9).

2.2.7 The ring kinetics equations for hard spheres

The BBGKY hierarchy for hard spheres can be obtained by integration of the Eq. (2.62). Here we
report the first two equations of the hierarchy derived in this way:
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( gt +L°) / dry / dv,T_(1,2)Px(1,2) (2.94a)
[§t+L°+L° T_(1,2) 2] (1,2) /dr3/dV3 (1,3)+T_(2,3)]P5(1,2,3)  (2.94Db)

This set of equations is an open hierarchy which expresses the time evolution of the s-particle
distribution function in terms of the (s + 1)-th function.

Using again the Molecular Chaos assumption (Eq. (2.73)), the Boltzmann Equation (2.74) is
immediately recovered from Eq. (2.94a).

Using the Enskog correction to the Molecular Chaos, Eq. (2.92), the Boltzmann-Enskog Equation
is obtained.

As the density increases, the contributions of correlated collision sequences to the collision term
become more and more important. At moderate densities, a simple way to take these correlations
into account has been found in a cluster expansion of the s—particle distribution functions, defined
recursively as

P(1,2) = A(1)P1(2) + ¢2(1,2) (2.95a)
Ps(1,2,3) = Pi(1)P1(2)Pi(3) + P1(1)g2(2,3) + P1(2)g2(1,3) + P1(3)g2(1,2) + g5(1,2,3) (2.95b)

etc., where ¢2(1,2) = P5(1,2) — P1(1)P1(2) accounts for pair correlations, g3(1,2,3) for triplet
correlations, etc. The molecular chaos assumption implies g2(1,2) = 0. The basic assumption to
obtain the ring kinetic equations is that the pair correlations are dominant and higher order ones can
be neglected, i.e. g3 = g4 = ... = 0 in the above cluster expansion. The ring kinetic equations,
obtained in this way, read:

( gt + L0> P / dr, / dvsT_(1,2) (P (1)Pi(2) + g2(1,2)) (2.962)

gt +L9+13-T_(1,2) ] g2(1,2) [1+X (1,2)) /drg/dV3T (1,3)(1+ X(1,3))P1(3)]| g2(1,2)

=T_(1,2)[PL(1)P,(2) + g2(1,2)]
(2.96b)

with X (4,7) the operator that interchanges the particle labels i and j. With further algebra and
approximation one can derive the generalized Boltzmann equation in ring approximation. We do not
give here this derivation, as it is not the aim of this work to review the entire ring kinetic theory in
details, but just to give its basic ideas (which are the binary collision expansion Eqs. (2.56) and the
cluster expansion, Egs. (2.95)).

2.2.8 The Boltzmann equation for granular gases

The binary collision operator T_(1,2), for inelastic particles, must be changed [210] according to the
inelastic collision rules, Eqs. (2.41) and Eqs. (2.42). It must be noted that when r = 1 (elastic colli-
sions), the two set of equations coincide, i.e. the direct or inverse collision are identical transformation.
This is not true if r < 1. Therefore, in the definition of the inverse binary collision operators at the end
of section 2.2.1, that is T_(1,2) and T_(1,2), we have put the same operator b, that appears in the
direct binary collision operators T, (1,2) and T (1,2), while in general it must be used the operator
b’ that replaces velocities with precollisional velocities (using the transformation given in Egs. (2.42)).
The adjoint of inverse binary inelastic collision operator(the only one needed in the following) therefore
reads:
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T_(1,2) :02/

1
dﬁ|V12 . fll |:—25(I‘1 —TIo — Ufl)blc — 5(1‘1 —TI9 + O'fl) (297)
Viz2-01>0 r

Deriving from this the BBGKY hierarchy (analogue of (2.94)) and putting in the first equation of
it the Molecular Chaos assumption, the Boltzmann Equation for granular gases is obtained [41, 210]:

0 R .
(5i+28) Pervi =0 [dwa [ aalvia -
Viz-0n>0

1
X L—2P(r1,v'1,t)P(r1,v'2,t) — P(r1,v1,t)P(r1,vs,t)| (2.98)

where the primed velocities are defined in Eqs. (2.42).

This equation has been studied in the spatially homogeneous case (no spatial gradients, LY = 0),
with the Enskog correction (i.e. a multiplying factor Z(o,n) in front of the collision integral) by
Goldshtein and Shapiro [97] and by Ernst and van Noije [211]. The equation is

gF(Vl,t) = E(O’, n)02 /de/ dﬁ|V12 . fll
ot Viz-0>0

1
X [r_2F(VI1’ t)F(vh,t) — F(vi,t)F(va,t)| (2.99)

where F(v,t) = [ drP(r,v,t). Goldshtein and Shapiro [97] have shown that this equation admits
an isotropic scaling solution which describes the so-called “Homogeneous Cooling State”, depending
on time only through the temperature T'(t) defined by the relation 3nT'(t) = [ dvimuv’F(v,t):

n — (Y
Fv,t)= —F [ — 2.100
w0 = g () (2:100)
with v defined by the relation T'(t) = mv3(t)/2.
The scaling function solves a complicated integro-differential equation. This can be studied using
an expansion in Sonine polynomials:

F®@) = fo(0)[1 + a2S2(7%) + ...] (2.101)

where T = v/vo(t), fo(T) = 73/ exp(—7?) is the Maxwellian and So(z) = 22/2 — 52/2 + 15/8
is the second Sonyne polynomial. The calculations of Ernst and van Noije [211] have shown that for
0.6 < r < 1 the coefficient as is very near to zero, precisely |az| < 0.04 in three dimensions and
|az| < 0.024 in two dimensions. The decay of the temperature has also been calculated:

T(0)
(1 +yt/to)?

with v = 70(1+3a2/16) (dimensionless damping rate), 7o = (1—r2)/2d, and the initial Maxwellian
mean free time to = 1/wo(T) (wo(T) is the collision frequency calculated with a Maxwellian with
temperature T'), while the true collision frequency reads w(T") = wo(T)(1 — a2/16). Monte Carlo
simulations (DSMC, see Appendix A) by Brey et al. [42] of the Eq. (2.99) have shown that the
temperature decay and the fourth cumulant a2 qualitatively agree with the results of Ernst and van
Noije. Moreover the agreement between very dilute Molecular Dynamics simulations and Monte Carlo
solutions of the Boltzmann equation in 2D have shown agreement up to moderate inelasticities (r >
0.7).

Ernst and van Noije [211] have also given estimates for the tails of the velocity distribution, using
an asymptotic method employed by Krook and Wu [129]. This method assumes that for a fast particle

T(t) = (2.102)
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the dominant contributions to the collision integral come from collisions with thermal (bulk) particles
and that the gain term of the integral can be neglected with respect to the loss term. They found an
exponential behavior for the tails of the scaling distribution function of velocities:

f(@) ~ exp(—pic) (2.103)

with (; a constant depending on 7.

It is relevant that Ernst and van Noije have also studied Enskog-Boltzmann equation in the presence
of a random forcing, i.e. a source of energy that acts randomly, uncorrelated and isotropically on all
the particles. The homogeneous equation for this system reads:

gF(Vl,t) = E(O’, TL)O'2 /de/ dﬁ|V12 . fl|
ot Vi2-0>0

X [T%F(v'l,t)F(vg,t) - F(Vl,t)F(Vz,t)] + 52—3 (%)ZF(vl,t) (2.104)

where the velocity diffusion coefficient £ appears, which is proportional to the rate of energy input
per unit mass 2£2. This equation admits a stationary homogeneous solution Fs(v) = (n/v3)F (v/v,)
with vy defined as above in terms of the granular temperature T'. It is immediate to obtain a temper-
ature balance

dr

dt

From Eq. (2.105) follows the value for the stationary temperature (if the system remains homoge-

neous!). The authors have also given estimates for the coefficient ay of the Sonine expansion. Molecular

dynamics by van Noije et al. [211] have shown that the predictions of the homogeneous Boltzmann

equation work for r > 0.7 and low densities. The Krook and Wu method for the asymptotic behavior
of the tails of the velocity distribution.function gives

=mé&} — 2ywoT. (2.105)

f@) ~ exp(—ﬂgc3/2). (2.106)
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2.3 The hydrodynamical limit

The Boltzmann equation, when the gas is out of equilibrium, is an hard mathematical problem which
is unresolved apart from very exceptional situations. The kinetic theory of non-uniform elastic gases
near equilibrium, mainly due to Sydney Chapman and David Enskog [62], has been successful in
establishing a method to derive the transport coefficients from the Boltzmann equation, obtaining
closed hydrodynamic equations. It is interesting to mention that the first non-equilibrium solutions of
the Boltzmann equation were presented by Enskog in his Ph.D thesis [80], defended in 1917 at the
University of Uppsala, Sweden. In the late 40s H. Grad [99] developed an alternative mathematically
equivalent method to obtain the same results. In this section we review the main passages of the
kinetic theory of non-equilibrium elastic gases in order to have a reference frame for the next section,
where the granular kinetics will be presented.

2.3.1 The phase space distribution function and its moments
We assume that a phase space distribution function can be defined:

N(t,r,v) = P(t,r,v)d’rd®v (2.107)

where N (t,r,Vv) is the number of particles found at time ¢ near the point r, v of the phase space.
P is assumed to be the solution of the Boltzmann Equation (2.74).
The particle number density is defined as

n(t,r) = / / FoP(t,r,v) (2.108)
The average molecular velocity is defined as
u(t,r) = ﬁ// dvvP(t,r,v) (2.109)

and this allows to introduce the random velocity vector
c(t,r) =v—u(t,r) (2.110)
which depends on time and position (while v is independent of ¢ and r) and has zero average:

// d®cc;P(t,r,c) =0 (2.111)

The average fluxes of the molecular quantity W (v) can be expressed as velocity moments of the
phase space distribution function:

ji(tr) = / / oo W (V)P(t,T,v) (2.112)

When W = m one has the mass flux:

Jh, = mn(t,v)u;(t,r). (2.113)

When W = muv; one has the momentum flux:

jf,w]. =mn(t,r)(v;v;) = mnuu; + mn{c;c;) (2.114)

which is a 3 x 3 symmetric matrix. In the last form two contributions can be recognized, that is
the flux due to the bulk (organized) motion and the flux resulting from the random (thermal) motion
of the gas particles. This second term is usually called the pressure tensor P;; = mn(c;ic;). One can
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define, from this discussion, two quantities that are the scalar pressure p and the vector temperature
T,'Z

1
1 1 9 1Py
EkBTi = §m(cz) = 57 (2'116)

and in the isotropic case T; = T so that p = nkpgT. It can be also defined the stress tensor 7T as:

Tij = 0i5p — Py (2.117)

which expresses the deviation of the pressure tensor from the equilibrium Maxwellian case (for which
Pij = pdi;).
Finally, the flux of the quantity W = muw;vy, is given by:

j:nujvk = mnuiujuk + Ui Pjk + ujPik + urPij + Qijk (2.118)

where Qi = mn(c;cjcy) is the generalized heat flow tensor and describes the transport of random
energy c;cy, due to thermal motion ¢; of the molecules (for all the permutations of 4, j, k).

In equation (2.118) three contributions can be recognized: the first term describes the bulk transport
of the bulk flux of momentum; the second, third and fourth terms describe the a combination of bulk
and random momentum fluxes; the last term is the transport of random energy component due to
the random motion itself. Often a “classical” heat flow vector is introduced, more intuitive than the

generalized heat flow tensor:
. 2
o= 2y <cz%> . (2.119)

It is also of use to give the definition of the fourth velocity moment:

Rijri(t,r) = mn(cicjcrer) (2.120)

2.3.2 The Maxwell equation

The evolution of the quantity W (v) is obtained by multiplying both sides of the Boltzmann equation,
Eq. (2.74), by W and integrating over v. Here we consider a molecular quantity that is function of the
random velocity, i.e. W (c), obtaining (after some algebra, mainly integrations by parts) the following
equation [62, 98]:

A(n(W)) | O(n{W)u;) | d(n{c;W))
T om T or

e (0N (B Ous\ | OWN Bu oW oW
6Ci ot ]67']' ]601' 67‘]' '6c,~ - ot

where a; is the acceleration of particle i due to external force fields and where n(-) = [[[d?c- P
oo

(2.121)

and the quantity dW/dt represents the change of W due to the collisions in the interval ¢ and is
expressed by the formula of Eq. (2.77) with the substitutions =+ W and v — ¢:

We recall the intuitive fact that for every summation invariant, that is quantities whose sum is
conserved during collisions, the collisional term (i.e. right hand side of Eq. (2.121)) is zero.
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2.3.3 The moment equations

If one does not assume anything about the phase space distribution function P, then the Maxwell
equation (2.121) calculated for the velocity moments from zero to third (1, v, vkv;, vkvvE) carries
to the following set of equations [62, 98]:

d(mn) L d(mnu;)  d(mn)

at ar; ot (2.1222)
( 5t + u; o ) + or mn{ar) = mn-—= (2.122b)
0 i i
Pri + O(Priu; ) n ,Plla + Py 6u1 09k
ot 6"‘, 8 or T 67‘,’ (2 122(})
0Py '
—mn(akcl + aier) = 5t
3Qk1h Oup, O(Qrinus)
5t (Qzlh + szh ) + ~or
_Plhapik B thapil _ Pklapih N ORikin
mnor; mnor; mnor; or; (2.122d)
+(ak [Plh - mnclch]) + <a1 [th — mnckch]) + (ah [Pkl - mnckcl])
_ 0Qun dug Ouy dup,
= ot Py~ Prengy = Py

As it can be seen, the equation for the n — th moment contains the (n + 1) — th moment. This
means that some assumption must be introduced to close the Maxwell equations for the moments up
to a given order.

2.3.4 The Euler equations

When the gas is elastic and very near to macroscopic equilibrium, it is reasonable to assume that at every
spatial location the distribution function can be approximated with a Maxwell-Boltzmann distribution
function, with parameters varying in time and spatial location. This is the so called assumption of local
thermodynamic equilibrium.

If the particles of the gas have no internal degrees of freedom, then the first velocity moments m,
me and mc?/2 (5 scalar quantities) are the only summation invariants that depend on the particle
velocities. The Maxwell equations for these quantities (precisely Equations (2.122)) extremely simplify
with this local equilibrium assumption:

d(mn) + d(mnuy;)

= G =0 (2.123a)
8 Our, Op
nar b m u; ar; + oy mn{ag) =0 (2.123b)
39p 3 0(pui) _
20t T2 or, e =0 (2125

where it must be noted that for gravity or electromagnetic fields (as well for most external forces)
the term (a;c;) vanishes.

The above three equations constitute the Euler equations for a perfect gas. They are the simplest
form of fluid equations and are valid only when the assumption of local thermodynamic equilibrium
can be assumed.
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2.3.5 The Grad closure

Grad, in the late 1940s, introduced an assumption on the fourth moment [99]:

1
Rikin = %(’Pikplh + PuPrh + PinPri — Tir Tin — TaTen — TinTrt) (2.124)

The simple physical meaning of Grad'’s relation is that it is satisfied by relatively smooth distribution
functions and it does not allow for 'spiky’ distribution functions. This is the only requirement that
the distribution function P must fulfill, no specific assumptions on the form of this distribution are
needed. Using this assumption, the Maxwell equations for the first moments (2.122) become a closed
set: it is a set of 20 equations for 20 unknown scalar functions. The unknown functions are n, u (3
components), P (6 components), Q (10 components). The equations are the first three groups of the
set (2.122), which are 1+ 3 4+ 6 = 10 scalar equations, plus the equation for the heat flow tensor that
must be rewritten using the Grad relation:

8%’;lh (Qzlh or: + tha + Qim %uh) + 76(%’62%)
+ p(Bukdun + Guben +5ih5kl)6iri (%) _pé% (6ileh +5Z;1;h +(5ih7'lcl>
— Tih 62, (Tik ) 621 ( Tl ) + T 822 (Tih ) — (OunTik + Opain + 5khm)% (%)
+ (ak[Pin — mneien]) + (a[Prn — mneger]) + {an[Pr — mnegar))
= 6%’;”1 - Ph5 5 that - Pkl 6uh (2.125)

2.3.6 The Chapman-Enskog closure

In elastic gases not so dense but not so rarefied the deviation from the Maxwell-Boltzmann equilibrium
distribution is small and it can be treated as a perturbation. This is the main motivation of Chapman-
Enskog method [62] to obtain transport equations more general than the Euler equations. The local
distribution function is expanded around a reference unperturbed distribution, which is assumed to be
a Maxwell-Boltzmann distribution with parameters depending on time and space: the local number
density ng(t, ), local temperature Ty(t,r) and local flow velocity vector ug(t, r):

3/2 2, 2, 2
. m _m(cf + ¢ +c3)
Py(t,r,c) =no(t,r) (7271'193T0(t,r)> exp ( ok To(tr) ) (2.126)

with ¢ = v — ug.
The series expansion around this reference distribution reads:

P(t,r,c) = Py(t,r,c) {1+ Ai(t,r)c; + Bij(t,r)cic; + Dijr(t, r)cicjer + ...} (2.127)

where the expansion coefficient matrices are symmetric for the interchange of indexes.
The normalization conditions implies that

// dcP = ///d3cP0 +Ai///d3cc,~P
+Bz’j///d3ccicjp0 +Dijk///d3CCjCjCkP0 +..=0

which, noting that the averages of odds momenta of ¢ are zero, becomes:

(2.128)

Bii + (4th order term) + ... = 0. (2.129)



2.3. THE HYDRODYNAMICAL LIMIT 47

Using the fact that the average random velocity must be identically zero, another condition is

obtained for the expansion coefficients:
// d®cenP =0 (2.130)

which (as the odd order vanish) becomes:

Ai<chci)0 + Dijk <ChCiCjCk)0 +...=0. (2.131)

where ()o are the averages weighted by the Maxwell-Boltzmann distribution FPp.

Assuming that the higher order terms of the expansion represent a decreasing series of perturbations,
one can truncate the expansion to some low order. The zero order truncation gives, of course, a trivial
approximation. First and second order truncations cannot be obtained as the condition of Eq. (2.131)
requires the presence of at least two terms of odd orders (the first and the third). Therefore the lowest
non-trivial possible expansion is the third order one, for which the above conditions (after having
calculated the ()o averages) read:

Bii = B11 + Bys + B33 =0 (2.132a)
3kpT,
A; + :’L ODijk =0. (2.132b)

The zero order expansion requires 5 independent parameters (that in transport equations become
transported fields): density ng, momentum mug and temperature Tp. The third order expansion
requires 5 + 3 + 6 + 10 = 24 parameters (it must be remembered that the coefficient matrices are
symmetric) but the last couple of conditions (which are four) reduce the number of independent
parameters to 20.

The Chapman-Enskog expansion is usually truncated to the first non-trivial order, that is the third,
for which the first velocity moments read (with also the use of the above conditions):

m///d3cP = mnyo (2.133a)
m///d3ccaP =0 (2.133b)
m///d%cacﬁp = po [&w +2 (kfnTO) Baﬁ] (2.133¢)

m d°ccqcgey P = 6po = Dapy (2.133d)

(2.133e)

with po = nokpTy. From them one can immediately identify the macroscopic physical quantities
introduced in the first paragraph of this section, mainly the stress and heat flow tensors:

Tas = —2p0 (’“’jn To Baﬁ) (2.134)

ksTo >
Qa57=6p0< ‘;0) Doy (2.135)

coming to the conclusion that the third order Chapman-Enskog expansion of the phase space
distribution function reads:
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(mn0)2

3po
W (Qijkcjck - Qm) ] (2.136)

With the third order truncation, it happens that the fourth moment R given in Eq. (2.120) is only
a function of the parameters of the Maxwellian reference state Py (precisely only of ng and pg) and of
the second order tensor B, or equivalently of the stress tensor 7. Again we have 20 free parameters:
the 5 parameters of the Maxwellian ng; ug and pg, the 5 elements of the traceless symmetric stress
tensor 7, and the 10 elements of the symmetric heat flux matrix Q. And again we obtain (as with the
Grad closure method) 1+ 3 + 6 + 10 = 20 transport equations, which we divide in two groups: the
equations for the 5 parameters of the reference Maxwellian,

mng
P =Py |1 - —2Ti;cic;
0 2pg7;]Czcj+

d(mno) +a(mn0U0,i) d(mnyg)

6 611,0 k 8p0 87;k (SUO .
7 ore - = ’ 2.1
mng ( 8t ¥ 87']' ) 87"k 67‘i mng (ak) mnyo 5t ( 37b)
Opo | O(pouo,i) 2 OQuoi 2. Ouon | 20hi _ dpo
ot + 67‘,‘ + 3p0 67‘,' h 3 ih 67‘,‘ 3 67‘,' T (2137(})

and the 5 + 10 = 15 equations for the stress and heat tensors:

OTw 5uo,k+5uo,l 2. Oug; +6(7791U0,i)
ot P\Tar, T or 3% o ar:

Ouo,1 Oug 2 Oug,;
(Tt + Tt = ST )

0 2 0Tk
~ o (Qikl - §5klhi> + mno{arc + aicg) = 5—? (2.138a)

0 0 i 0 0 0
Qrin + (lehuo,) (Qzlh U, % 4 Qyp 210t U, + O g, h)

6t 6"‘1' 6 ’L 6rz aTl
9 & (0iTin + SuTen + 6inTh
+ Po(0ikdin + 0itOkn + Oinlp) m— Po ) poo— (2t ALl h M
Or; \mng or; mng

1o}
— (OinTix + O Tin, + 5kh7§l)a—ri (mp—:m) + (ar[(podin — Tin) — mnocicy))
+ {ai[(Podkr — Tkn) — mnocken]) + (an[(Podrki — Tri) — mnocici])

5Q 5 d d
= 6:lh — (Podin — Tin) 1:;; — (Podrn — ﬁh)ﬂ — (podkr — Tt) 1;(;’h (2.138b)

Keeping in mind the decomposition of the pressure tensor (2.117) it can be immediately seen that
the first two equations in (2.137) (continuity and motion equations) are identical to that obtained by
Grad. Moreover the last of (2.137) joined with the first of (2.138) are equivalent to (2.122¢) which is
the third equation of Grad's closure. The only difference between Grad and Chapman-Enskog method
is in the equation for the heat flow tensor (Egs. (2.138b) and (2.125)) and it appears to be a fourth
order difference as it comes only from the appearance in Eq. (2.125) of terms containing 72 (which
are related to the second order coefficients of the expansion B, see Eq. (2.134)). We can conclude that
the Chapman-Enskog expansion method and the Grad closure method are equivalent to third order
accuracy.

Finally we must observe that the derivation of the transport equations is somewhat not complete,
as (in both Grad and Chapman-Enskog formulas) the collision terms £ remain unexpressed. The only
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non-trivial collision terms are that for the stress and heat flow tensors (non-diagonal second order
moments and third order moments of the Boltzmann collision terms), as the mass, velocity and energy
are conserved during collisions, so that:

d(mng)

— =0 (2.139a)
6uk .
— =0 (2.139b)
dpo _

The collision terms for the last two equations (2.138) can be approximated with the well known BGK
approximation, due to Bhatnagar, Gross and Krook [27], also known as relaxation time approximation.
In a few word it states that

op__P-h (2.140)
ot T0

This means that as a consequence of the randomizing effect of collisions the distribution function
tends to the equilibrium Maxwellian in an exponential way with a characteristic relaxation time Ty
which remains a free parameter of the theory, to be calculated with other considerations. If one has
a truncated expansion of P around the Maxwellian Py, than Eq. (2.140) yields an expression for the
collisional variations of all the needed velocity moments.

2.3.7 The Navier-Stokes approximation

The most complicated of the transport equations presented above is that for the general heat flow
Q. This set of 10 scalar quantities are tied to the fourth order corrections in the Chapman-Enskog
expansion (see (2.135)). In most physical problems it is usually sufficient to know the evolution of the
contracted quantity q defined in Eq. (2.119), which represents the transport of the total (modulus)
random energy of the particles due to the random motion of the molecules (we lose accuracy on the
transport of single random velocity components). Therefore we make the assumption:

2
Qijr = 3 (0ijqr + dikdj + jrgi), (2.141)

reducing the set of 10 components to only 3 contracted components.

With this further assumption it is more easy to perform the BGK calculation of the collision terms
that appear in the stress and heat tensor equations (2.138). Bypassing the details the final formula
are:

0Tkn Tkn

—_ = 2.142
ot T0 ( )
aqy, G
el (2.143)

This last result is very important if inserted in equations (2.138). In fact it must be noted that
the second and third order expansion coefficients (ultimately tied to 7 and q) are usually negligibly
small, except when they are multiplied by very large factors, in this case 1/79. The Chapman-Enskog
method can only be applied to gases which are not far from equilibrium: this means that very frequent
collisions must nearly absorb all deviations from equilibrium. In other words the relaxation time 75 must
be extremely short. Based on this argument, we can neglect all terms containing the stress tensor and
the heat flow vector, except the ones which are multiplied by 1/79, obtaining (for the case a = 0):
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8u0 k 8110 1 2 6u0 i
= . z - = : 2.144
Tkt = Topo < ar, + By 35kl Br: ( a)
_ 5ksp Ty
Ik = =57 ToPo or (2.144b)

which is the familiar linear relation between the flows and the gradients: momentum flow (non-
diagonal) is proportional to the velocity gradient, heat flow is proportional to temperature gradient.
Having recognized that, the hydrodynamic transport coefficients (viscosity and heat conductivity) can
be expressed:

1 = ToPo (2.145a)
5kp
=_-— 2.14
K 2m ToPo ( 5b)

that are equivalent (with slight differences in the numerical constants) with the mean free path
calculations discussed in paragraph 2.1.4.
The 6 Navier-Stokes equations can be finally obtained:

6(mn0) + 8(mn0u0,i)

ot o, 0 (2.146a)
Ouo Ouo,k 9po _ 9 OQuok | Ougi 2. Oug,
mn()( ot + uo,; or, )+ ore O n o, + B 36,k ar, (2.146b)
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These equations represent the most simple form of transport equations for a gas that is not in
strict local thermodynamic equilibrium (which instead is described by Euler equations (2.123)). The
deviation from equilibrium is slight but important, as irreversible (dissipative) processes emerge from
it: these are taken into account by the linear transport coefficients (viscosity and heat conductivity)
which represent the tendency of the gas to relax toward the Maxwellian equilibrium.

2.3.8 Burnett and super-Burnett orders

In this paragraph we briefly give a different scheme [62, 137] (which has somewhat a better formaliza-
tion) of the Chapman-Enskog derivation and the definition of the Burnett and super-Burnett orders of
the expansion, which will be useful in the discussion of the granular kinetic theories. The scheme in-
cludes the same fundamental passage, i.e. the individuation of a reference (“equilibrium™) state which
exactly solves the Boltzmann kinetic equation in the absence of perturbation, an expansion of the
“perturbed” solution around this state in powers of the velocity and an expansion of all the transport
equations in gradients of the hydrodynamical fields (above we have given it as a phenomenological
fact, in Eq. (2.144)):

e it is observed that a probability density function Py with three global parameters (ng, ug and Tp)
solves the Boltzmann equation if the external conditions impose as constant the density, average
velocity and average square fluctuations of velocity: this solution is a Maxwellian;

e moreover, it is also observed that when different external conditions are imposed (e.g. specific
boundaries or particular initial distributions) the same Maxwellian with space-time dependent
parameters solves the Boltzmann equation if and only if those parameters satisfy the Euler
equations; however this family of solutions is very particular, because it assumes an infinitely
rapid relaxation to local equilibrium without any entropy production (i.e. irreversible processes);
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e in general it is expected that the true solution P of the Boltzmann equation in situations not too
far from mechanical equilibrium (i.e. absence of macroscopic flows) is similar to the space-time
dependent Maxwellian, that is the space-time dependence all occurs through the local averages of
the first velocity moments: P(r,v,t) = P(v|n,u,T); this passage can be justified by means of
the analysis of stability of the kinetic modes in the Boltzmann equations: it can be shown that the
short wavelength (order mean free path) modes rapidly decay and only the long wavelength, slow,
modes relative to the fluctuations of the conserved quantities (mass, momentum and energy)
remains; this separation of scales is the justification of the hydrodynamical limit discussed above
(see paragraph (2.2.4))

e then P is formally expanded as a series of powers of a “uniformity” parameter e (which is set to
1 at the end):

P=Py+eP,+ Py + ... (2.147)

and a factor € is assigned to every gradient operator 0/0r; — €0/0r; while different time scales
are coupled to the different orders in the gradient expansion: 8/0t = /0ty + €0/t +€20/0ts+

e finally this formal expansion of P(v|n,u,T) and of space-time coordinates is inserted into the
Boltzmann equation: this results in a set of equations for the different orders terms Py, P,
etc.. At every order these equations contain space derivatives and different time derivatives (for
different time scales) of the parameters n, u, T' plus an integration (due to the collisional term)
in the velocity v (or in ¢ = v — u);

o the time derivatives of time scales different from the zero order time scale can be obtained
putting the same formal expansion in the equation for the c-moments (Maxwell Egs. (2.122))
and comparing terms with the same order; in this passage the flux tensors (P and Q) enter
formally in the Boltzmann equation;

e in this way every e*-order of the Boltzmann equation becomes an integro-differential equation
with first derivatives in the variables ¢3 and r and integration in the velocity v of the P terms of
order 0 through k— 1, while the k-th order term (P) does not appear under space derivatives, so
that a solution Py can be searched in the form P, = A(c)-VInT+B(c)-VInn+C;;(c)0u;/0r;;

e this approach leads finally to approximated expressions of the flux tensors as functions of the
macroscopic fields n, u, T, i.e. by truncating the expansion to some order; these expressions
close the transport equations (2.122);

e the first order truncation (i.e. second and higher orders in € are neglected) yields expressions for
the flux tensors which are linear in the macroscopic fields, equivalent to Eq. (2.144); so that
the transport equations become the Navier-Stokes equations (2.146); this is why the first order
truncation of this Chapman-Enskog expansion is called Navier-Stokes order expansion;

e keeping the second order terms in the e expansion yields the so-called Burnett equations, while
adding the third order terms give the so-called super-Burnett equations; Bobylev has shown that
the Burnett and super-Burnett hydrodynamics violates the basic physics behind the Boltzmann
equation, i.e. sufficiently short acoustic waves are increasing with time instead of decaying,
contradicting the H theorem; this remains a central open problem in the kinetic theory;

o the exact functional expression of the transport coefficients needs again a polynomial expansion
in ¢ of the unknown functions A(c), B(v) and C;;(c) and consideration similar to the ones made
above.
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2.3.9 Corrections at high densities

If the Boltzmann-Enskog equation is used as the basic kinetic equation, the transport coefficients and
the scalar pressure change. In principle the transport coefficients (and the scalar pressure) can be
expanded in powers of the density [109]:

p = paa(1+pan + psn® + ...) (2.148a)
1 = Naa(l+mn +men® + ...) (2.148b)
k= kg (1 + K1 + kon® + ...) (2.148c)
' =mn® +npn’ + .. (2.148d)

(2.148¢)

where pg;; = nkpT is the scalar pressure in the dilute case n < 1, ngy < /mkpT is the viscosity
in the dilute case, K4y x kp+\/kpT/m is the heat conductivity in the dilute case and 7’ is the bulk
viscosity which has been neglected till now as it is of order ~ n%2. The bulk viscosity modifies the
expression for the stress tensor, introduced in Eq. (2.144) i.e.:

8’11,0 k Buo 1 2 8u0 i 6’LL0 k
Ty = ) 2 Z =) '8, 2.149
k=1 ory ory, 3K or; Ok ory ( )
The Enskog correction accounts for the appearance of position correlations at high densities: these
correlations render the high n order terms important so that they must be included in analytical
expressions.
In d = 2 the corrections are the followings:

b= %ml + 265(0,n)] (2.150a)
1 [mksT[ 1 8Y oz,
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K= ;kB % [ﬁ +30+ (g + %) #*=(o, n)] (2.150¢)
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where ¢ is the solid fraction (see paragraph 2.2.6).
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2.4 Granular hydrodynamics

This section is a brief review of the existing hydrodynamic theories for granular " fluids”. The theories
slightly differ in the constitutive relations that express the fluxes (e.g. stress tensor and heat flow) as
functions of the fields (density, velocity and granular temperature). Nevertheless all the theories assume
the hydrodynamical limit (see paragraph 2.2.4), i.e. a separation of scales between macroscopic slow
changes and microscopic rapid relaxation to equilibrium: moreover almost all the authors, in order to
obtain a rigorous derivation of the transport coefficients, work in the Boltzmann-Grad limit, so that
the Boltzmann equation, i.e. the Molecular Chaos, can be considered valid. Other differences are in
the intensity of dissipation considered (i.e. the range of values of the restitution coefficient), which is
reflected in the limits of validity of certain perturbative expansions.

2.4.1 The energy sink

In the inelastic hard spheres model that we consider (see Eq. (2.41)), the total energy change in a
collision between two particles with relative velocity Vs is AE = —(V12-0)?(1 —7?)m/4. It follows
that in Eqgs. (2.122c) the collisional term for the transport of pressure does not vanish (as in (2.139)).
in particular it is straightforward to obtain the expression for the collisional change of the trace of the
matrix m < v;u; > /2, i.e. the kinetic energy:

/dv%mszr(P, P) = —(1 — r*)w.(P, P) (2.151)
where
2
we(P,P)= "1 / dvidva|vi — vaP P(x,v1,8) P(r, V2, t). (2.152)

Recalling the composition (see Egs. (2.115)-(2.117) in the isotropic term)

Pi; = mn(cicj) = pdi; — (%mn(c2) - mn(cicj)) (2.153)

that defines the stress tensor 7;; = (mn/3){c*) — mn(c;c;) (which in the Chapman-Enskog expan-
sions is seen to be related to the second order term, while the scalar pressure p is of order zero), and
also the assumption (2.141) that neglects the differences between the generalized heat flow tensor Q
and the classical heat flow vector q, we can obtain an equation for the evolution of the (zero order)
temperature field T'(r, t):

BT 6T 2 6Ui 6(],‘ 2
T bu— Mt k. 1—
ot " “iar " 3nks (P’arﬁam)H ™)

This equation, if compared to Eq. (2.122¢) (with p = nkpT), presents a very important difference,
that is the presence of the last term in the left-hand side. This term is usually called the energy sink,
as it yields the energy dissipation due to inelastic collisions. When r = 1 (elastic collisions) this term
vanishes and the Maxwell equation for the energy transport is recovered.

Mean field considerations can be applied to have rough estimates of the energy sink:

2
_Z w.(P,P) =0. 2.154
Twe(PP) =0 (2154)

we(P, P) s o (kBTN
- (le[) ~(c%) - (2.155)
consequently the energy sink can be written as
2y 2 2 12 (T 82

This mean field estimate assumes that the average of the squared relative velocity at collision is
equal to the global average, and that the fractional powers of ¢ can go in and out of this average.
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This is the case when the granular gas is homogeneous, i.e. no correlations (in position and velocity)
exist between particles. We will show in the following chapters that this situation is far from obvious
in real situations. Nevertheless an important result can be obtained by means of Eq. (2.154) with the
formula (2.156): in the absence of macroscopic flows Eq. (2.154) reads:

oT

ot

with Crrapp = 2(1—72)(3kg)*/2 /m3/2. The fact that the cooling rate (i.e. the temporal derivative
of the temperature) is proportional to 7'3/2 when correlations are absent can alternatively be understood
with a simple consideration: the reduction of a velocity fluctuation due to an inelastic collision is
proportional to the square of the fluctuation itself (~ T'), while the total number (per unit time) of
collisions is proportional to the total scattering cross section multiplied by the mean velocity fluctuation
(~ no®V/T); this consideration results in the T3/ cooling rate. The solution of Eq. (2.157) yields the
expression for granular temperature (which in this case is equal everywhere in the gas) decay [103]:

= —ClassT?/? (2.157)

T
0= 75 g

that is the widely known as “Haff law” for the homogeneous cooling, with j easily calculated from
Eq. (2.157).

(2.158)

2.4.2 The first hydrodynamical models

In 1954 R. A. Bagnold [8] experimentally studied a suspension of wax spheres in a mixture of glycerin,
water and alcohol, shearing the spheres in a coaxial cylinder rheometer. He found that at reasonably
large concentrations and shear rates, the generated stresses depended on the square of the imposed
shear rate and obeyed a relation of the form

Tij = ppo*7°Gij(n) (2.159)

where p,, is the density of a particle, o is the radius of the particle, v is the shear rate and G
is a tensor-valued function of the solid fraction (which is the total volume occupied by the particles
divided by the available volume in the container and is proportional to the number density n). Other
experiments and computer simulations have confirmed this relation. This relation comes quite naturally
from a dimensional analysis of the problem; moreover, as the granular temperature has units of squared
velocity, it must be proportional to 0242 and this means that the effective viscosity  (which in Eq.
(2.159) is proportional to ) varies as the square root of the granular temperature. This is not different
from the expressions of the viscosity obtained in the framework of the kinetic theory of elastic hard
spheres.(e.g. see Eq. (2.39b)). Moreover the experiment of Bagnold addressed the presence of
“dispersive stresses”: the shear work generates granular temperature which in turn generates normal
stresses, in exactly the same way as the thermodynamic temperature generates thermodynamic pressure
in a gas. These normal stresses tend to cause dilation of the material (i.e. they “disperse” the particles).

The analogy between the random motion of the granular particles and the thermal motion of
molecules in the kinetic theory of gases was explicitly addressed by Ogawa [171] who coined the
term “granular temperature” for the mean squared deviation of the velocity from the mean velocity,
T =< |c;|> > where ¢; = v; —u.

One of the very first studies based on a complete continuum description of the granular rapid flow
in terms of a Navier-Stokes-like equations is due to P. K.Haff [103]. He considered the several problems
lying under a continuum description of granular flows and pointed out issues that are still debated in
nowadays conferences. He firstly recognized that the granular temperature could be included in the list
of macroscopic fields obeying to an energy balance equation analogous to the Eq. (2.146¢) including
dissipative term, i.e. Eq. (2.154). He also gave heuristic derivations of the transport coefficients
n < o’nV/T and k  o2y/T and for the energy sink o (1 — r?)nT3/2, stressing the assumption of
homogeneity in this derivation. After having calculated these coefficients, Haff has shown qualitative
behavior of the solutions of hydrodynamics in the most typical situations. He gave the form (2.158)
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(with a slightly different constant ) as the solution of the hydrodynamics in absence of macroscopic
flows. Then he studied the temperature profile in the steady state with or without gravity, obtaining
solutions very similar to the ones obtained with rigorous analysis in the works of the successive twenty
years. He realized the subtle problems posed by the boundary conditions: the effect of vibration of a
wall driving the motion of the particles in the nearest layer (where the gas is strongly out of equilibrium)
and also the behavior of the free surface in the presence of gravity in the most far layer (where the gas
is too rarefied and grains are almost ballistic projectiles). He finally outlined the behavior of a granular
gas in the steady-state Couette flow (shear in cylinder), the instabilities that could form in such an
experimental setup and the problem of supersonic flow.

The attempt to derive expressions of the transport coefficients by means of the formalism of the
kinetic theory of non-uniform dense gases, has begun with Savage and Jeffrey [194], who assumed a
Maxwell distribution of velocities: they did not include the energy equation and therefore their theory
was not complete. However they realized that in a situation of high shear rate it would be possible
to observe an anisotropy of the distribution of angles at which collisions would occur (i.e. failure of
Molecular Chaos assumption).

Lun et al. [152] studied the Couette flow obtaining closed hydrodynamic equations for arbitrary
coefficients of restitution, imposing the anisotropic distribution of collision angles suggested by Savage
and Jeffrey. Moreover they obtained, closed hydrodynamic equations for general situations for nearly
elastic particles: in this framework they followed the Chapman-Enskog theory with the assumption of
a slight correction to the Maxwell distributions.

Jenkins and Richman [119, 120] derived closed hydrodynamic equations for the dense gas of iden-
tical, rough, inelastic hard disks, by means of the expansion of distribution around the Maxwellian with
two temperatures (translational and rotational).

In several computer simulations (see for example [51] and a references in [52]) it has also been
addressed the problem of normal-stress differences: in a simple 2D shear flow with the velocity gra-
dient in the y-direction, the 7., normal stress is always larger than 7,,, up to a ratio of order 10
in very rarefied or inelastic situations. This is due to an anisotropy of the mechanisms of momentum
transport which relies on streaming transport (dominant at low densities and transporting only momen-
tum in z direction) and collisional transport (dominant at high densities and transporting momentum
isotropically).

It could be said that up to these contributions (and many others of 1980s) the approach to a
continuum description of granular gases has been pursued on an engineeristic basis, with attention paid
almost only to the “numbers” (refining and comparing the various expressions of transport coefficients)
and not to the qualitative phenomena and to the physical problems. The pioneering contribution of
Haff is surely an exception to this and should be read today with the same (or more) interest as many
other very recent articles.

2.4.3 The new generation of granular hydrodynamics

Very recently a complete kinetic theory for granular gases has been proposed [42, 41, 210, 39]. The
importance of this effort is in the possibility of the detailed evaluation of validity of the different
truncations in the Chapman-Enskog expansion. Moreover this kinetic theory allows a better study
of the linearization around a particular state (the so-called “Homogeneous Cooling State, HCS for
further references) and therefore a complete derivation of a linear stability analysis. This is of capital
importance to understand many of the results in Chapter V of this work.

The equations obtained by Brey et al. [39] are the following, for dimensions d = 2 or d = 3:

On  Onu;
5t g =0 (2.160a)
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where ((r, t) is the cooling rate, while the pressure tensor and heat flux vector are decomposed and
linearized in the following way:

_ o (Oui  Oui 2. Ow
Pij = nkpTdi; —n (37’1' ar; %y ar,) (2.161)
oT on
6= g (2.162)

with 7 the shear viscosity, k the thermal conductivity and g a new transport coefficient which has
non analogue in elastic gases, coupling the density gradient to the heat flux. The exact expressions
for the transport coefficient and for the cooling rate as functions of the restitution coefficient 7 can
be found in the literature [39, 43]. Here we note that - for consistency with the truncation of the
transport fluxes up to the first order in the gradients, which gives contribution to the hydrodynamic
equations, up to the second order in the gradients - the cooling rate { must be calculated with an
expansion truncated up to the second order (Burnett order). It has been proved that this second order
contribution can be neglected in most situations.

The importance of the novel transport coefficient u (not present in previous formulation of granular
hydrodynamics) has been studied by Soto et al. [203]: they have measured, in a numerical simulation,
the heat flux in a 2D granular gas kept between two walls at different temperatures, in the presence of
gravity, and have observed that this flux is not zero at the minimum of the temperature profile (where
the gradient of temperature is zero); it depends upon the gradient of the density and its proportionality
coefficient (4 in the above equations) depends upon r.

Brey et al. have also considered the linearization of Eqs. (2.160) around the Homogeneous Cooling
State, that is the solution with no spatial gradients:

n(r,t) =n (2.163a)
u(r,t) =0 (2.163b)
T(r,t) = Ty (t) (2.163¢)

where T (t) is the solution of the Eq. (2.157) with Crass = —C*nksVT /o, where ¢* is a
numerical coefficient (depending upon r) and 7y o /T is the value of shear viscosity for elastic
molecular gases (both this coefficients can be found in [39]).

The analysis of the linear stability [39, 214] of solution (2.163) has shown that perturbations of the
transversal component of the velocity (i.e. uy(z,0) = ugsin(goz) with go = 27/L) always decay in
time, but following an algebraic decay. The details of the several studies on the linear stability analysis
of hydrodynamics are discussed in the introduction to Chapter V of this work.

The authors [39] have also studied self-diffusion (i.e. evolution of the mean displacement of a
tagged particle identical to the others) and Brownian motion (i.e. evolution of the mean displacement
of a tagged particle more massive than the others of the gas) in the Homogeneous Cooling State.
These situations can be studied by means of the Boltzmann-Lorentz equation that governs the one
particle probability density function P; of labeled particles. For granular gases this equation reads:

OP(r,v) OP(r,v)
ot TV Or
Udfl/ dv, di(r~2P,(r,v')P(r,v.) — P,(r,v)P(r,v.))|V -0| (2.164)
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or otherwise (when the labeled particle has a mass very much greater than the mass of the other
particles) to a Fokker-Planck equation (which has the advantage of being a linear equation in P;).

The authors have verified that the self-diffusion coefficient obtained by a Chapman-Enskog solution
of the Boltzmann-Lorentz equation is consistent with Molecular Dynamics and Direct Simulation Monte
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Carlo solutions of the same equation. The study of the Brownian Motion has also indicated that, for
a wide range of dissipation values (r > 0.6) the classical picture called “aging to hydrodynamics”, i.e.
microscopic modes decaying faster then the macroscopic ones and the long time evolution described
by the hydrodynamic mode, is still valid.

The hydrodynamics contained in Eqs. (2.160) and in the closure relations (2.161) is limited to dilute
situations, as can be also intuited observing that the scalar pressure has been kept in its dilute form
(p = nkpT) and that the bulk viscosity ' (see paragraph 2.3.9) is neglected. Even if in principle there
are no restrictions in the inelasticity parameter, the equations of Brey and co-workers can become
unreliable at high inelasticities because of strong density fluctuations: the total volume fraction, in
fact, can become poorly representative of the local volume fraction, so that the diluteness in the initial
condition may fail.

Some authors have given alternative closure relations, valid also in more dense regimes, in particular
focusing on the equation of state of the gas that is the closure expression relating the scalar pressure p
to the density and temperature fields (see for example [102, 149, 202]). One important result obtained
for example is that the inelasticity parameter appears in these extended equations of state always to
multiply a term of order ~ n2, i.e. inelasticities corrections to the pressure are subleading terms and
therefore negligible in dilute systems.

At the same time, another groups of authors [214] have investigated the physics of granular gases
at a more basic levels, i.e. at the kinetic level. They have derived the ring kinetic equations as
well as the Boltzmann-Enskog equation in a rigorous manner (as Brey et al. did in [41]) and have
pursued a program of investigation of these equations. A brief outline of the results on the Boltzmann-
Enskog equation has been given in paragraph 2.2.8. They have also addressed the emergence of
ordered structures, i.e. short and long range correlations, proposing kinetic ordering equations for
those processes. These results will be reviewed in the first section of Chapter V.
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2.5 Granular gases without hydrodynamics

In this section we give a very brief review of the main criticisms toward hydrodynamics. Simulations
and experiments employing minimal models (L. P. Kadanoff [77, 122]) and discussion of basic prin-
ciples (I. Goldhirsch [96, 93]) have addressed the many “weak points” along the rigorous derivation
of hydrodynamics. In terms of experiments, this means that the range of validity of the continuum
descriptions given in the previous section is restricted to values of the restitution coefficient not too far
from 1, low volume fractions and intensities of the external driving not too strong. In the rest of this
work the use of hydrodynamics will be reduced to minimum, while concepts taken from the theory of
stochastic processes, dynamical systems, phase ordering kinetics and linear response theory will become
the relevant tools of theoretical interpretations for the results of computer simulations.

2.5.1 The break of equipartition

In 1995 Du, Li and Kadanoff [77] have published the results of the simulation of a minimal model of
granular gas in one dimension. In this model N hard rods (i.e. hard particles in one dimension) move
on a segment of length L interacting by instantaneous binary inelastic collisions with a restitution
coefficient r < 1. To avoid the cooling down of the system (due to inelasticity) a thermal wall is
placed at the one of the boundaries, i.e. when the leftmost particle bounces against the left extreme
(z = 0) of the segment, it is reflected with a new velocity taken out from a Gaussian distribution with
variance T'. This particle carries the energy to the rest of the system. The main finding of the authors
was that even at very small dissipation 1 — r << 1 the profiles predicted by general hydrodynamic
equations (they used constitutive relations of Haff [103] or Jenkins and Richman [120]) were not able
to reproduce the essential features of the simulation. In particular the stationary state predicted by
hydrodynamics is a flow of heat from the left wall to the right (it goes to zero at the right wall), with
no macroscopic velocity flow (u(z,t) = 0), a temperature profile T'(x,t) which decreases from =z = 0
to z = L, and a density profile inversely proportional to the temperature (as the pressure p = nT is
constant throughout the system). In Fig. 2.3 on the next page some snapshots of the system (i.e. the
position of the grains at different instants) are shown. The system is in an “extraordinary” state with
almost all the particle moving slowly and very near the right wall, while almost all the kinetic energy is
concentrated in the leftmost particle. The system cannot be considered in a stationary state, even if
its kinetic energy is statistically stationary (i.e. fluctuates around a well defined average which is time
translational invariant). Moreover, reducing the dissipativity 1 — r at fixed N the cluster near the wall
becomes smaller and smaller. If the heat bath is replaced by a sort of saw-tooth vibrating wall which
reflects the leftmost particle always with the same velocity vg, the evolution of the baricentrum changes
in a stationary oscillation very near to the rightmost wall, so that this clustering instability does not
disappear. The authors also point out the fact that the Boltzmann Equation can give a qualitative
prediction of this clustering phenomena in the limit N — oo, 1 — 7 — 0 with N(1 —r) ~ 1. We have
reproduced the results of Du et al. and have discovered the this model has no proper thermodynamic
limit, i.e. when N,L — oo with N/L ~ 1 the mean kinetic energy and the mean dissipated power
reduce to zero. This is consistent with the scenario suggested by the authors: the equipartition of
energy (i.e. local equilibration of the different degrees of freedom) is broken and the description of
the system in terms of macroscopic (slowly varying) quantities no more holds. In this scenario, usual
thermodynamic quantities such as mean kinetic energy or mean dissipated power, are not extensive
quantities.

L. P. Kadanoff has also addressed, in a recent review article [122], a set of experimental situations
in which hydrodynamics seems useless. We have already discussed a well known experiment by Jaeger,
Knight, Liu and Nagel [117] where a container full of sand is shaken from the bottom, when the shaking
is very rapid. The observations indicate that there is a boundary layer of a thickness of few grains near
the bottom that is subject to a very rapid dynamics with sudden changes of motion of the particles.
At the top of the container, instead, the particles move ballistically encountering very few collisions in
their trajectory. Both the top and the bottom of the container cannot be described by hydrodynamics,
as the assumption of slow variation of fields or that of scale separation between times (the mean free
time must be orders of magnitude lower than the characteristic macroscopic times, as the vibration
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Figure 2.3: Some snapshots of the 1D system from the work of Du et al. [77]

period) are not satisfied. On the other hand, the slow dynamics regime has been studied, when the
vibration is reduced to a rare tapping, so that the system reaches mechanical equilibrium (stop of
motion) between successive tappings [126]. The equilibrium is reached at different densities, and - as
the tapping is carried on - the “equilibrium” density slowly changes and its evolution depends on many
previous instants and not on the very last tap, i.e. is history dependent. This non-locality in time
cannot be described by a set of partial differential equations, therefore the hydrodynamic description
here again fails.

The simulation of cooling granular gases have also interested L. P. Kadanoff in his excursus of the
limits of hydrodynamics. The clustering instabilities and the inelastic collapse are clear signatures of the
failure of macroscopic description. Moreover, in the inelastic collapse Kadanoff and Zhou [228] have
pointed out (see Fig. 2.4) that there is a correlation between velocity directions of the particles involved
in the collapse: in particular collapse is favored by parallel velocities (because they cannot escape in
perpendicular directions). This situation implies a dramatic breakdown of Molecular Chaos assumption
and gives evidence of the fact that Inelastic Collapse cannot be described even by a Boltzmann equation.

Figure 2.4: A snapshot from a MD simulation of cooling inelastic hard spheres [228]. The particles
in black are those that have participated in the last collisions, just before a collapse
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2.5.2 The problem of scale separation

The attack carried against granular hydrodynamics by I. Goldhirsch [96, 95, 94, 92, 93] is less hopeless,
as he takes in consideration all the recent literature on rapid granular flows while he does not discuss the
dense and quasi-static situations: the limits of hydrodynamics have been intensively probed by means
of simulations and experiments, and it seems that a range of good validity can be found (perhaps it is
more difficult to predict it!). However he points out that even these successes are somehow lacking a
rigorous foundation, or using is words that “the notion of a hydrodynamic,or macroscopic description
of granular materials is based on unsafe grounds and it requires further study”. He addresses two
fundamental issues:

1. in granular materials a reference equilibrium state is missing;

2. in granular materials the spatial and temporal scales of the dynamics of the particles are not well
separated from the relevant macroscopic scales;

The first problem is more evident than the second. If a molecular gas is left to itself it comes to
an equilibrium state given by the stationary solution of the corresponding kinetic equation (rarefied
gases follow the Boltzmann equation, dense gases follow the Enskog-Boltzmann equation or better
the ring kinetic equations). If such an equilibrium state is well defined, perturbations around it can
be used as solutions of non-equilibrium problems. Moreover, if external time scales are much larger
than the microscopic time scale of relaxation to equilibrium, most of the degrees of freedom of the gas
are rapidly averaged and only a few variables are needed for the description of the out of equilibrium
dynamics, which obey to macroscopic equations such as Euler or Navier-Stokes equations. If a granular
gas is left to itself, instead, the only equilibrium state is an asymptotic death of the motion of all the
particles, but before it different kinds of correlations arise leading to strong inhomogeneities (clustering,
vortices, shocks, collapse, and so on). In this sense the relaxation to equilibrium has a characteristic
time which is infinite and many other characteristic times given by different instabilities, due to the
non-conservative nature of the collisions. What reference state can be used in a perturbative method
like the Chapman-Enskog expansion? In the first derivations of granular hydrodynamics the Maxwell-
Boltzmann equilibrium was used, in the latest derivations a more rigorous Chapman-Enskog expansion
has been followed using solutions of the Enskog-Boltzmann equation by means of a Sonine expansion
(which again must be performed around a Maxwell distribution). Goldhirsch has observed however that
the limit (1 —r) — 0 and Kn — 0 (the Knudsen number, indicating the intensity of the gradients,
see Eq. (2.38)) is smooth and non singular for the granular Boltzmann equation, since the relaxation
to local equilibrium takes place in a few collisions per particle, while the effect of (low) inelasticity
is relevant on the order of hundreds or thousands of collisions. This means that a perturbative (in
1 —r? and Kn) expansion may be applied to the Boltzmann equation around a well suited “elastic”
equilibrium, but it is expected to breakdown as (1 — r) or Kn are of order ~ 1.

In a stationary state the only hope is that the system fluctuates around a well defined “most
probable state” (described by a well defined n-particles distribution function, hopefully n = 1) and
again an expansion around it can be performed. This program has not yet been realized: till now all
hydrodynamic theories assume that the equilibrium reference state does not depend on the boundary
conditions (e.g. the form of the external driving) and that both cooling and driven regimes can be
described by the same set of equations.

The second issue raised by Goldhirsch stems from a more quantitative discussion. He stresses the
fact that the lack of scales separation is not only a mere experimental problem: one can in principle
think of experiments with an Avogadro number of grains and very large containers. Instead the lack of
separation of scales is of fundamental nature in the framework of granular materials. This problem has
been already recognized in molecular gases: indeed, when molecular gases are subject to large shear rates
or large thermal gradients (i.e. when the velocity field or the temperature field changes significantly
over the scale of a mean free path or the time defined by the mean free time) there is no scale
separation between the microscopic and macroscopic scales and the gas can be considered mesoscopic.
In this case the Burnett and super-Burnett corrections (and perhaps beyond) are of importance and
the gas exhibits differences of the normal stress (e.g. P, # Pyy) and other properties characteristic of
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granular gases. Even if clusters are not expected in molecular gases, strongly sheared gases do exhibit
ordering which violates the molecular-chaos assumption. In granular gases this kind of mesoscopicity is
generic and not limited to strong forcing. Moreover, phenomena like clustering, collapse (and of course
avalanches or oscillon excitations) pertain only to granular gases. In mesoscopic systems fluctuations
are expected to be stronger and the ensemble averages need not to be representative of their typical
values. Furthermore, like in turbulent systems or systems close to second-order phase transitions, in
which scale separation is non-existent, one expects constitutive relations to be scale dependent, as it
happens in granular gases.

The quantitative demonstration of the intrinsic mesoscopic nature of (cooling) granular gases follows
from the relation [96]

13
T=C =2
that relates the local granular temperature with the local shear rate v and the mean free path /.
The above relation holds until v can be considered a slow varying (decaying) quantity in respect to the
much more rapid decay of the temperature fluctuations (this can be observed by a linear stability analysis
and also by the fact that shear modes decay slowly for small wave-numbers - a result of momentum
conservation). From the Eq. (2.165) follows that the ratio between the change of macroscopic velocity
over a distance of a mean free path loy and the thermal speed VT is v/1 —12/V/C, e.g. ~ 0.44 for
r = 0.9, that is not small. Thus, except for very low values of 1 — 72, the shear rate is always large
and the Chapman-Enskog expansion should therefore carried out beyond the Navier-Stokes order. The
above consideration is a simple consequence of the supersonic nature of granular gases [93]. It is clear
that a collision between two particles moving in (almost) the same direction reduces the relative velocity,
i.e. velocity fluctuations, but not the sum of their momenta, so that in a number of these collisions
the magnitude of the velocity fluctuations may become very small with respect to the macroscopic
velocities and their differences over the distance of a mean free path. Also the notion of mean free
path may become useless: [ is defined as a Galilean invariant, i.e. as the product between the thermal
speed /T and the mean free time 7; but in a shear experiment the average squared velocity of a
particle is given by 42y + T (y is the direction of the increasing velocity field), so when y > /T /v,
the distance covered by the particle in the mean free time 7 is I(y) = yloy/VT = yv/1 —r2/+/C and
therefore can become much larger that the “equilibrium” mean free path [y and even of the length of
the system in the streamwise direction.

Furtherly, the ratio between the mean free time 7 = lo/\/T and the macroscopic characteristic time
of the problem 1/ , using expression (2.165), reads again v/1 — 72/+/C. This means that also the
separation between microscopic and macroscopic time scales is guaranteed only for » — 1. And this
result is irrespective of the size of the system or the size of the grains. This lack of separation of time
scales poses two serious problem: (a) the fast local equilibration that allows to use local equilibrium
as zeroth order distribution function is not obvious; (b) the stability studies are usually performed
linearizing hydrodynamic equations, but the characteristic times related to the (stable and unstable)
eigenvalues must be of the order of the characteristic “external” time (e.g. 1/+) which, in this case,
is of the order of the mean free time (as just derived), leading to the paradoxical conclusion that the
hydrodynamic equations predict instabilities on time scales which they are not supposed to resolve.

Goldhirsch [93] has also shown that the lack of separation of space and time scales leads to scale
dependence of fields and fluxes. In particular he has shown that the pressure tensor depends on
the scale of the coarse graining used to take space-time averages. This is similar to what happens,
for example, in turbulence, where the “eddy viscosity is scale dependent. Pursuing this analogy,
Goldhirsch has noted that an intermittent behavior can be observed in the time series of experimental
and numerical measures of the components pressure tensor: single collisions, which are usually averaged
over in molecular systems, appear as “intermittent events” in granular systems as they are separated
by macroscopic times.

(2.165)
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The randomly driven granular gas
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Granular gases can be kept in a statistically stationary state by means of an external forcing. In
experiments, this forcing is realized with shear strains, shaking, air fluidization, and so on. Usually it
is not enough to simply give “energy” to the granular gas: for example a granular gas falling under
the force of gravity (in the void) continues to cool, even if its kinetic energy increases as every grain
accelerates. To obtain a stationary granular gas it is necessary to provide it with an “internal energy”
input, i.e. a randomization (temperature) source. The stationary flow observed on inclined planes
is due to the combined effect of gravity and random collisions with the inclined bottom. When a
granular layer (monolayers are often used in experimental situation to reproduce a quasi-2d behavior)
stays on a horizontal plate which is rapidly vibrated, the grains get random kicks (abrupt changes
of moment) even if the vibration is periodic; moreover, while the vertical component of the kicks is
not symmetrically distributed, the components parallel to the plate are isotropic. In all experimental
situations the temperature source is also responsible for a systematic (non random) dissipation: in
the examples given above this is simply understood as an effective friction due to collisions with the
bottom. In such a situation, therefore, it is quite natural to model the evolution of velocity as a
stochastic process composed of three ingredients:

e inelastic collisions between grains;
e random kicks;
e systematic dissipation;

It is important to keep separated the first two ingredients in this idealized picture, even if they seems
similar in the sense that both are random changes of velocity: we impose all the statistical properties
of the random kicks (i.e. distribution and spectral properties) but give very few constraints on the
statistics of the collisions between grains. This situation is very different from that of the Brownian
motion, where all the effects of the collisions between the observed particle and the fluid particles are
embedded in the statistics of the random kicks (and in the form of the systematic dissipation). As a
consequence of this, while the Brownian motion is essentially reduced to a one-particle problem, the
randomly driven granular gas remains a many-body problem, where spatial correlations (in the density
and in the velocity) can emerge.
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3.1 The model

In this section the randomly driven granular gas is introduced in d dimensions and some issues about the
characteristic times and the expected behavior (in different physical limits) are discussed. A physical
interpretation of the random driving is proposed.

3.1.1 Equations of motion and collisions

The randomly driven granular gas that we have introduced (Puglisi et al. [183, 184]) consists of an
assembly of NV identical hard objects (spheres, disks or rods) of mass m and diameter . We put, for
simplicity, m = 1 and kg = 1 (the Boltzmann constant). Moreover, in dimension d = 1 the diameter
(the length of the rods) is irrelevant because the objects are undeformable, therefore the only physical
quantities that determine the dynamics of the gas are the lengths of the free spaces between the grains
and their relative velocities: a system of infinitesimal grains of diameter o = 0 is equivalent to a system
with finite o. Consequently, in dimension d = 1, we use the coordinate x to count only the free space
(as the grains had o = 0): at every instant ¢ the true coordinates X;(t) of the centers of the grains
with finite o can be obtained from their fictitious coordinates x;(t) by the invertible mapping

g
2

The grains move in a box (a square in d = 2, a segment in d = 1) of volume V = L¢ (L is the
length of the sides of the box), with periodic boundary conditions, i.e. opposite borders of the box
are identified. Therefore the topology of the ambient space is a d-dimensional torus (i.e. a circle in
d=1).

The mean free path (calculated exactly in Eq. (2.29) for the case of an homogeneous gas of 3D
hard spheres with a Maxwellian distribution of velocities) can be roughly estimated as

Xi(t) = z;(t) + (20 + 1) (3.1)

7* v* 1
N=v"1"="—-~—— = —_ 3.2
v v nUtS*  n*S* (3.2)

where T* is the typical velocity of the particles /(v2), 7¥ is the mean collision time, v* is the mean
collision rate (inverse of 7), n* = N/V is the mean number density and S* is the total scattering
cross section. We stress the fact that S* has the dimensions of a surface in d = 3 (S* ~ 0?), of a line
ind =2 (S* ~ g) and no dimensions in d = 1 (this is consistent with the fact that the diameter, in
d = 1 is irrelevant). The stars * indicate that all these quantities are global quantities: in this model
we observe strong local fluctuations, that is the global quantities can be poorly representative of the
effective dynamics.

The dynamics of the gas, as already discussed in the introduction to this chapter, is obtained as the
byproduct of three physical phenomena: friction with the surroundings, random accelerations due to
external driving, inelastic collisions among the grains. We model the first two ingredients in the shape
of a Langevin equation with exact fulfillment of the Einstein relation (see for example[130]), for the
evolution of the velocities of the grains in the free time between collisions. The inelastic collisions are,
instead, considered at the kinetic level, i.e. they are instantaneous transformations of the velocities of
two colliding particles (grains that are touching, with approaching relative velocity). The equations of
motion for a particle ¢ that is not colliding with any other particle, are:

i =-" () (3.3a)
d
Zxit) = vi(t) (3.3b)

We call the parameters 7, and T} characteristic time of the bath and temperature of the bath
respectively. The function 1,(t) is a stochastic process with average < 7,(t) >= 0 and correlations
< nf‘(t)nf(t’) >=§(t — t')0;50ap (o and (B being component indexes) i.e. a standard white noise.
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When two particles 7 and j satisfy the following conditions:

X; —X; = on (34&)
(Vi - Vj) -n<0 (34b)
they are said to be colliding. The unit vector 1 is defined by Eq. (3.4a). When two particles are

colliding, their velocities are instantaneously changed into new velocities according to the following
collision rule:

1

vi=v;— ;T((vi —vj)-n)n (3.5a)
1+ A

Vi =v;+ TT((vi —v;)-n)n (3.5b)

These are the rules for inelastic collisions, for 0 < r < 1 they reduce the longitudinal component
of the relative velocity, while for = 1 this component is only inverted. The parameter r is the normal
restitution coefficient. After a collision, the two particles satisfy the following conditions:

X; —Xj = on (36&)
(Vz' — Vj) -n>0 (36b)

We say that two such particles are anticolliding.

3.1.2 Characteristic times, elastic limit, collisionless limit, cooling limit:
the two stationary regimes

In the dynamics of the NV particles, as defined in Egs. (3.3), (3.4), (3.5), the most important parameters
are:

o the coefficient of normal restitution 7, which determines the degree of inelasticity;

e the ratio p = 7,/7. between the characteristic time of the bath and the “global” mean free time
between collisions;

On the basis of these two parameters, we can define three fundamental limits of the dynamics of
our model:

o the elastic limit: r = 1—;
e the collisionless limit: p — 0 (7. > 73);
e the cooling limit: p — oo (1. € 73);

The elastic limit is smooth in dimensions d > 1 (see for example the discussion in paragraph 2.5),
so that we can consider it equivalent to put » = 1. In this case the collisions mix up the components
leaving constant the energy (in the center of mass frame as well in the absolute frame). We can assume
that, in this limit, the effect of the collisions is that of homogenizing the positions of the particles and
making their velocity distribution relax toward the Maxwellian with temperature T, = (v2)/d = (v2)
(this temperature is equal to the starting kinetic energy, but is modified by the relaxation toward T}
due to the Langevin Egs. (3.3)). In one dimension this mixing effect (toward a “Maxwellian”) is no
more at work, as the elastic collisions exactly conserve the starting velocity distribution (the collisions
can be viewed as exchanges of labels and the particles as non-interacting walkers).

In the collisionless limit we have 7. > 7, and therefore, the collisions are very rare events with
respect to the characteristic time of the bath. In this case we can consider the model as an ensemble
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of non-interacting Brownian walkers, each following the Egs. (3.3). Therefore, whatever r is, and in
any dimension, the distribution of velocities relaxes in a time 73, toward a Maxwellian with temperature
T, = (v?)/d = T with a homogeneous density.

Finally, in the cooling limit, the collisions are almost the only events that act on the distribution
of velocities, while between collisions the particles move almost ballistically. In this limit (if » < 1)
the gas can be considered stationary only on observation times very long with respect to the time of
the bath 73, where the effect of the external driving (the Langevin equation) emerges. For observation
times larger than the mean free time 7, but shorter than 73, the gas appears as a cooling granular gas.
This limit is considered in Chapter V of this thesis.

To conclude this brief discussion on the expected behavior of the randomly driven granular gas
model, we sketch a scenario with the presence of two fundamental stationary regimes:

e the “collisionless” stationary regime: when p < 1, i.e. approaching the collisionless limit; in
this regime we expect, after a transient time of the order of 7, the stationary statistics of an
ensemble of non-interacting Brownian particles (homogeneous density and Maxwell distribution
of velocities, absence of correlations);

o the “colliding” stationary regime: when p >> 1, i.e. approaching the cooling limit, but observing
the system on times larger than 73; here we expect to see anomalous statistical properties.

3.1.3 Interpretation of the random driving

We have introduced a Langevin equation as the most natural way to model the sum of external driving
and external dissipation. In many experimental situations (see section 1.2) this fact has been recognized.
One questionable issue is the decision of assume the validity of the fluctuation-dissipation relation
(second kind in the Kubo terminology) between dissipation and random accelerations, disregarding the
effect of collisions among the grains, i.e.:

2Ty

< R(t1)R(ts) >= Z28(t1 — 1) (3.7)

Tp
that is assumed from each component of Eq. (3.3a) if read as a Langevin equation of the form:
do(t)  wv(t)

dt Th

The validity of relation (3.7) cannot be guaranteed in a real system of particles kicked by random
forces and in the presence of dissipative collisions, as the system is not in thermal equilibrium with the
kicking bath. We are studying the possibility of a Langevin description of the whole system (external
driving plus inelastic collisions) [16].

It is important to stress that this is a model and its main aim is not to reproduce quantitative
details of a real system, but only to make qualitative predictions that can be verified in experiments or
can be compared with other models.

To our knowledge, experimental measurements of velocity distributions have been performed only
recently (and noticeably only for steady state granular systems under some sort of energy pumping),
they have been discussed in section 1.2. We recall some of the real setups used, where non-Gaussian
distribution have been observed:

+R(t) (3.8)

Vibration of the bottom of a 3D granular system (Losert et al. [144])

Vertical vibration of an horizontal plate with a granular monolayer on the top of it (Olafsen and
Urbach [172, 173])

Vibration of the bottom side of an inclined plane with a very dilute granular monolayer rolling
on it, under the presence of gravity (Kudrolli and Henry [132])

Vibration of the bottom of a granular system confined in a vertical plane (Rouyer and Menon [189])
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In paragraph 3.2.6 we discuss the possibility of checking the relevance of the viscous term: it is
tied to the velocity correlations. A randomly driven granular gas with a relevant viscosity should not
display velocity structures, while they can appear if this term is negligible.
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3.2 MD and DSMC simulations: outcomes

We have performed Molecular Dynamics (event-driven) simulations in one dimension [183] and Direct
Simulation Monte Carlo (Bird algorithm) in one and two dimensions [184]. We have checked the com-
patibility of the results between MD and DSMC in a wide range of parameters (restitution coefficient,
number density, collision and driving times). We have computed the density and velocity distributions,
the correlation dimension (fractal dimension D), the density entropy, the auto-correlation of velocity
and the coefficients of self-diffusion.

3.2.1 Differences between MD and DSMC

In the next paragraph we give the results of the simulations of the randomly driven granular gas model.
We have used event driven Molecular Dynamics simulations in d = 1: in these simulations the position
of the particles are precisely known, the collisions happen if and only if the conditions (3.4) are verified,
in other words the model is exactly reproduced by the simulator. In some of the runs performed, at low
values of r and high values of the ratio p = 7, /7. (approaching the cooling limit) we have observed a
dramatic increase of the collision rate resulting in very poor performances of the algorithm: we have
discarded the results of these simulations considering them the evidence of a sort of inelastic collapse
(this fact is reflected in the figures, where some points are missing). To simulate a larger number
of particles in more than one dimension, we have performed a number of Direct Simulation Monte
Carlo: this is an algorithm introduced (by Bird, see for example [30]) to reproduce the solution of
the Boltzmann equation and assumes the Molecular Chaos, i.e. disregards correlations of colliding
particles. In Appendix A we give a detailed description of Molecular Dynamics of hard spheres in d =1
and of Direct Simulation Monte Carlo in d = 1 and d = 2. Here we just warn the reader to be careful
and notice the captions of the figures. Where “DSMC"” appears, it must be clear that an important
assumption (Molecular Chaos) has been made. However the compatibility of the results with MD in
d = 1 and also many agreements with experimental measurements has convinced us that the Bird
algorithm is very well suited to study qualitatively dilute granular gases. Finally, we stress the fact that
even if a granular gas is well described by the Boltzmann equation (this is the message/anticipation of
this brief introduction), nothing is said about the hydrodynamic description, where further assumption
are needed (e.g. low values of the gradients, scale separation, etc).

3.2.2 Kinetic energy and dissipated kinetic energy, stationarity, ther-
modynamic limit

We have studied the average kinetic energy (“granular temperature”) and the average energy dissipated
by the collisions of the system. These quantities are defined in the following way:

T, 1 <«
K==k ;vi(t) (3.92)
Was Y (AK) (3.9b)

Jit;E[t—AL/2,t1+AL/2]

where (AK); is the kinetic energy loss during the jy, collision occurring at time ¢;. These quan-
tities reach a stationary value (i.e. are “constant”) after a transient time of the order of the longest
characteristic time (which may be 7. or 73) and if they are time-averaged on an observation time of
the same order (At is taken much smaller). The stationary values of kinetic and dissipated energy
are shown in Fig. 3.1 on the next page for different choices of the restitution coefficients and of the
characteristic time of the bath 73, in d = 1 Molecular Dynamics simulations.

In these MD simulations we can estimate the mean free time as

L

T,

(3.10)

Te &
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Figure 3.1: K and W vs r in d = 1 MD simulations, with 7, that takes the values 0.01, 2, 100,
1000 (from top to bottom), while 7. € (0.5,5), N = L = 200, T, = 1. The values used for r are:
0, 0.2, 0.4, 0.6, 0.8 and 0.99. Missing data points are due to the appearance of strong density
fluctuations: we have discarded these points assuming that the Bird algorithm is unreliable in
these situations.

and, as T, is observed to be almost always in the range [T} /10, T3], using in all simulations L/N =1
and T} = 1, we expect 7. € [0.5,2]. Our observations confirm this expectation. The analysis of Fig. 3.1
are in agreement with the scenario proposed in the discussion of the previous paragraph. In the elastic
limit » — 1~ the granular temperature tends toward the bath temperature (and the kinetic energy
in collisions tends to zero). In the collisionless limit (upper curves) the granular temperature again
tends toward the bath temperature and this happens for every value of 7. In the “colliding” regime
the system is sensible to inelasticity and the granular temperature drops under the bath temperature
when r < 1.

A mean-field relation between granular temperature, bath temperature and dissipated energy in
collisions can be calculated. We assume that in a small step of time of length At the dissipated
energy in collisions is exactly equal to energy gained from the “bath” (i.e. the Langevin equation)
(AK(t))Lang- This is of course a rough approximation: we have already noticed that the stationarity
is strictly observed only for time-averages taken on the largest time of the problem, while on shorter
times the values are fluctuating (in principle these fluctuations are physical and not statistical, i.e. they
should not vanish if averaged on many realizations, because they are due to the different relaxation
processes that have different characteristic times) and this equality is not guaranteed.

However, we try to verify this very rough relation, writing

1 & 1 &
(0K () Lang = 55 Z(vi(t) + 6ui(t))* — N Z vi(t) =

N 1N
gév, )? N; (t)ov;(t) (3.11)

where dv; is the velocity variation during a time interval dt in Eq. (3.3a), from which we obtain
the relations:
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Figure 3.2: K vs. W in 1d, MD. (a) 7, = 0.01, (b) 7, = 2, (¢) 7 = 100, (d) 7, = 1000. The other
parameters take the same values as in Fig. 3.1 on the facing page

o [oui()*\ _ 2T
. vi(t)dvi(t) (v7)
i <T> T (3.13)

where the < ... > average is taken over different realizations of the noise.
We then insert Egs. (3.12) and (3.13) into Eq. (3.11), assuming the equivalence among time
averages, particle averages and ensemble averages, obtaining:

Tr —T,

T

The numerical check of such relation is shown in Fig. 3.2.

This relation is fairly verified, showing that in this model fluctuations have not dramatic effects
on averages and that the model is not too far from ergodicity (we have identified time averages with
realization averages) and from strict stationarity (we have assumed a perfect energy balance in a time
step dt — 0).

Finally, we have studied the thermodynamic limit of some physical observables, using Direct Simu-
lation Monte Carlo (see Appendix A). The quantities under study are the granular temperature T}, the
mean collision rate v and the correlation dimension ds. The latter quantity will be exactly defined in
the next paragraph. The number of particles has been increased keeping the ratio N/V fixed, in d =1
and d = 2. We show the results of these simulations in Fig. 3.3 on the following page and Fig. 3.4 on
the next page.

The results are at odds with the same study performed on the model proposed by Du, Li and
Kadanoff. There it could be obtained a stationary state with no proper thermodynamic limit. Here
the existence of a proper thermodynamic limit is well verified: moreover the results in the figures show
that with a few particles the observed statistical properties are compatible with that measured in bigger
systems.

W= (3.14)

3.2.3 Density correlations

We have studied (in d = 1 and d = 2) the arrangement of the grains inside the box and the correlations
between their positions. The main feature observed in this study is the appearance of spatial clustering
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Figure 3.3: Thermodynamic limit in d = 1, using DSMC algorithm (see Appendix A). Here
7, =100, 7. = 0.5, rg = 0.4, N/L =1, r = 0.5.
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Figure 3.4: Thermodynamic limit in d = 2, using DSMC algorithm (see Appendix A). Here
7 = 100, 7. = 0.5, rg = 0.63, N/L2 =1, r = 0.5.
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for inelastic gases (r < 1) in the colliding regime (p > 1). We firstly give detailed results for d = 1
and, after, similar measurements for d = 2.
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Figure 3.5: Density profiles in d = 1, obtained with MD simulations with N = L = 200 (and bins
large Ly;, = 4). Parameters in (a) are 7, = 0.01 and » = 0.99. In (b) instead are 7, = 100, r = 0.6.

In Fig. 3.5 we show a profile of the density (not normalized) of the gas obtained by means of
a coarse graining. The pictures are taken for two different choices of the parameters: one in the
collisionless regime (and near elasticity), the other in the colliding regime. A guideline indicates the
average (uniform) density. The colliding regime is characterized by fluctuations of the density very
much stronger than in the collisionless regime. We call these fluctuations “clusters”.

In Fig. 3.6 on the next page and Fig. 3.7 on the following page we show the probability distribution of
the “M-cluster mass” mys defined as the number of particles found in a box of volume V//M. The two
figures are similar in the choices of the parameters, but the first is taken from a MD simulation, while
the second from a DSMC run. These figures are important because show an impressive qualitative
agreement between the two algorithms used in this work: in the collisionless regime (7, < 7) the
number of particle in a box is Poisson distributed, i.e.:

m
flmar) = Me‘<ml‘”> (3.15)
mMpar-
where (mpr) = N/M is the expected value of my,. This distribution is the signature of the fact
that the positions of the particles are independently distributed in the space, i.e. no correlations emerge
from the dynamics in this regime. On the other side, in the colliding regime (7 > 7.), the distribution
is very different. In both the figures it can be fitted by a curve m}**" exp(—cemar). This curve is the
product of a negative power law with a negative exponential cut-off. In most observed situations we
have measured a > 1 and 1/c¢; slightly greater than N/M. The power law is the signature of self-
similarity in the distribution of clusters: in the colliding regime structures emerge with no characteristic
mass. The exponential cut-off is due to finite size effects (IV is finite and is a normalizing constraint).
We stress that the agreement between MD and DSMC results is striking: these observations suggest
strong correlations between grains, a fact that cannot be considered obvious in a DSMC simulation
(where some correlations are artificially removed).
We have characterized the departure from the Poisson distribution of the cluster masses by means
of an hys entropy functional which is defined as

har(t) = —Z%ln (%) (3.16)
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Figure 3.6: Distribution of cluster mass mys, in d = 1, MD. With N = L = 300, M = 100, one
set of data with 7, = 0.01 and r = 0.99, the other with 7, = 100 and r = 0.7. The first set is fitted
by a Poisson distribution with average m = 3, the other by a curve m~! exp(—0.14m).
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Figure 3.7: Distribution of cluster mass mys,in d = 1, DSMC. With N = L = 500, M = 12000, one
set of data with 7, = 0.01 and r = 0.99, the other with 7, = 100 and r» = 0.5. The first set is fitted
by a Poisson distribution with average m = N/M = 0.4, the other by a curve m -9 exp(—0.26m).
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Figure 3.8: Hy /H}, vs. rin d = 1, MD simulations, with N = 200, M = 80 (H},; ~ 63), different
values of 73: 0.01, 2, 100, 1000

where the system has been divided in M boxes of volume V/M and the quantity m; is the number
of particles in the i-th box. This quantity attains its maximum value In M when the number of particle
is the same, N/M, in every box and decreases as the density becomes more and more clusterized. As
we have seen, the homogeneous regime is characterized by fluctuations of the quantity m; = myy,
following the Poisson distribution of Eq. (3.15); in this case the value ks can be numerically calculated.
We call this “homogeneous” value h},. The value hjs has the same properties of stationarity found for
the kinetic energy or the dissipated energy. In Figure Fig. 3.8 it is shown the quantity Har/H};, where
Hyr = exp(har) and Hjy; = exp(h},). We observe that the departure from the collisionless regime is
accompanied by a sensible decrease of the entropy of the distribution of the masses, which is a signature
of the organization in dense clusters and almost empty regions. The clusters are rapidly evolving, they
break and form again, so that the entropy hj, is statistically stationary on large observation times
(time averages).

Furtherly, to obtain more information on the kind of spatial correlations among grains, we have
studied the correlation dimension (Grassberger and Procaccia [100]) do that is defined in the following
way. The cumulated particle-particle correlation function is:

1
C(t,R) = m Z O(R — |xi(t) — x;(¢)|) (3.17)
i#]

After having checked that the system has reached a stationary regime, we have computed its time-
average C(R). In the Fig. 3.10 on page 77 and Fig. 3.11 on page 77 we show the C(R) vs. R for
different regimes and with different algorithm. We observe a power law behavior in both colliding and
collisionless regimes, and with both algorithm, MD and DSMC (this is again a surprising agreement):

C(R) ~ R® (3.18)

This relation defines the correlation dimension ds.

In the case of homogeneous density d is expected to be the euclidean dimension dy = d. The case
ds < d is a definition of fractal density. We find a homogeneous density in the collisionless regime, and
fractal density in the inelastic colliding regime (7, > 7. and r < 1). This is consistent with the power
law distribution of cluster masses observed before in the same regime.

In Fig. 3.9 on the following page we show the stationary values of d2 obtained for different choices
of the parameters r and 7, (keeping almost fixed 7.). We stress the fact that the DSMC algorithm
imposes the absence of correlations among colliding particles: this is observed in the plot of C(R)
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Figure 3.9: The correlation dimension ds vs r for different values of 73: 0.01, 2, 100, 1000 from
top to bottom. N = L = 200 in all the simulations, with d =1 MD

where, in the colliding regime, the slope d; < d is observed only for R > Ry, with Ry ~ rp (see
Fig. 3.10 on the next page and Fig. 3.11 on the facing page) . For a discussion on the Bird radius rp
we refer to Appendix A.

We have repeated all the analysis of the density for the system in d = 2, using only DSMC
simulations, and finding the same phenomena: homogeneous density in the case 7, < 7, and clusterized
fractal density when 7, > 7. and r < 1. In Fig. 3.12 on page 78 we propose a “photography” of
the system with the positions of the particles, in an instant of the simulation in the clusterized regime
(s € 7. and 7 < 1). In Fig. 3.13 on page 78 we show the probability distribution of cluster masses,
as defined above, for the two different regimes: we observe again the Poisson distribution in the
homogeneous situation and the power law (plus the finite size exponential cut-off) in the clusterized
situation.

Finally, we have studied the correlation function defined in Eq. (3.17) and its power-law behavior
characterized by the exponent dy. The function is shown in Fig. 3.15 on page 79. In Fig. 3.14 on
page 79 we have plotted a summary of the measurements of several quantities in d = 2: the granular
temperature, the correlation dimension ds, the collision rate v and the diffusion coefficient D. The
diffusion coefficient is discussed in a paragraph 5.66.
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Figure 3.10: Density correlation function C(R) vs R, in d = 1, with MD simulations with 7, = 100
and r = 0.99 (bottom) and 7, = 100 and r = 0.6 (top), N = L = 200; the measured d» takes
respectively the values 1 and 0.59
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Figure 3.11: Density correlation function C(R) vs R, in d = 1, with DSMC algorithm with
7, = 0.01 and r = 0.99 (bottom) and 7, = 100 and r = 0.5 (top), N = L = 2000, 7. = 0.5,
rp = 0.4; the measured ds takes respectively the values 1 and 0.55
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Figure 3.12: Snapshot of particle distribution in d = 2, in the clusterized regime (7, = 100,
7. = 0.01, 7 = 0.5), with N = L2 = 5000 and rg = 0.63
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Figure 3.13: Distribution of cluster mass mus, in d = 2, DSMC simulations. With N = L2 =
10000, M = 3200, 7. = 0.05, rg = 0.22, one set of data with 7, = 0.01 and » = 0.99, the
other with 7, = 100 and r = 0.5. The first set is fitted by a Poisson distribution with average
m = N/M = 3.125, the other by a curve m % exp(—0.097m).
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Figure 3.14: Granular temperature Ty, correlation dimension dj, collision rate v and diffusion
coefficient D vs. r from DSMC simulations with d = 2, with N = L2 = 3000, 7. = 0.5, 7, = 100
and rg = 0.5
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Figure 3.15: Density correlation function C(R) vs R, in d = 2, with DSMC algorithm with
75 = 0.01 and r» = 0.99 (bottom) and 7, = 100 and r = 0.5 (top), N = L? = 5000, 7. = 0.5,
rp = 0.71; the measured d» takes respectively the values 2 and 1.45
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3.2.4 One-particle distribution of velocities

In the framework of a kinetic approach we are much interested in the behavior of the distribution
of velocities P(v), which is related to the one-particle probability density function P;(r,v,t) which
appears in the kinetic equations of gases, i.e. the first equation of the BBGKY hierarchy (2.70), or
the Boltzmann equation (2.74) if the Molecular Chaos can be reasonably assumed. In particular, in
a stationary regime, after a transient time ¢y of the order of the maximum characteristic time of the
problem (7 or 7.), and using an observation time T' > t,, we have:

1 1 r
P(v) == d dtP(r,v,t 3.19
)= gy [ o | P (319)
100 T T T T T T T
10t ¢ .
107 f .

vivgy

Figure 3.16: Rescaled distribution of velocities v/vo (vo = 1/T) in a Gaussian (7, = 0.01, r = 0.99,
crosses) and a non-Gaussian regime (7, = 100, r = 0.7, pluses '+’) for the MD simulations with
d = 1. In both cases N = L = 500. The dot-dashed curve represents the Gaussian. The dashed
line represents the fit discussed in paragraph 3.3

We have measured the distribution of velocities of the particles filling a histogram at many different
times, after having verified the stationarity of the system. In Fig. 3.16 we show the results of these
measurements for Molecular Dynamics in d = 1. Similar results are obtained in d = 1 with DSMC
algorithm simulations, presented in Fig. 3.17 on the facing page. We find again a strong difference
between the collisionless regime, 7. > 7 and the colliding regime 7. < 73: in this case the collisionless
regime is characterized by a Gaussian distribution of velocities, while in the colliding regime a non-
Gaussian behavior appears. The non-Gaussian distributions are characterized by enhanced high-energy
tails.

We have repeated the measurements in d = 2, using DSMC simulations. The results, shown in
Fig. 3.18 on page 82 are in fair agreement with the ones in d = 1, showing that this non-Gaussian
behavior is robust not only against the Molecular Chaos, but also to the increase of dimensionality.
Finally, to give a quantitative evaluation of the deviation from the Gaussian regime, we have fitted the
tails of the observed distribution, in Fig. 3.19 on page 82. We have found evidence of ~ exp(—v®/2)
tails, in agreement with the theoretical prediction of Ernst and van Noije [211] (which has been obtained
with the assumption of spatial homogeneity and Molecular Chaos). We have also observed tails with
a slower decay, e.g. ~ exp(—v) in a simulation with a very low restitution coefficient and a very high
ratio p = 7, /7., i.e. when the system is approaching the “cooling limit" discussed in paragraph 3.1.2;
we can consider it a stationary state because we measure time averages over very large time scales
(larger than 73), but the statistics of velocities appears to be in agreement to the one predicted by
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Figure 3.17: Rescaled distribution of velocities in a Gaussian (7, = 0.01, » = 0.99) and a non-
Gaussian regime (7, = 100, r = 0.5) for the DSMC simulations with d = 1. In both cases
N =L = 2000, 7. = 0.5, r, = 0.4. The dashed curve represents the Gaussian. vo = /T

Ernst and van Noije for a cooling granular gas. Again we point out that the results of Ernst and van
Noije were obtained with the assumptions of Molecular Chaos and absence of spatial gradients: in
our clusterized regimes this is far from true, therefore we cannot rely on a direct comparison with the
solutions of the homogeneous Enskog-Boltzmann equation. We can argue that the observed tails of
the distributions of velocity are the sum of different effects: inelasticity as well as clusterization.

3.2.5 Self-diffusion and time self-correlation in 2D

In Fig. 3.20 on page 83 we report the results of the observation of the average square distance walked
by a particle versus time:

L(t) = (jr(t) — x(to)*) (3.20)

where tg is taken large enough (¢9 > max(7, 7)), in order to consider the system time translational
invariant (i.e. the initial conditions have been forgotten).

From the figure it appears that the system presents normal diffusion in both the regimes (colliding
and non-colliding), i.e.

L(t) ~ 2Dt. (3.21)

The measurement of diffusion coefficients is more interesting. For equilibrium systems the Einstein
relation is expected to be satisfied (fluctuation-dissipation relation):

D = 7{v?) (3.22)

with 7 the typical kinetic relaxation time of the system, < v(t1)v(t2) >~ exp(—|t1 — t2|/7). For
example, in the case of Brownian motion:

dv v
—=—-— +R(?) (3.23)
dt T visc
with Gaussian white noise R(t), it happens that 7 = 7yisc.
In the collisionless regime, where the heat bath dominates the dynamics, the diffusion coefficient
D satisfies the Einstein relation with the bath temperature and 7 = 73, as expected.
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Figure 3.18: Rescaled distribution of velocities in a Gaussian (7, = 0.01, r = 0.99) and a non-
Gaussian regime (1, = 100, r = 0.5) for the DSMC simulations with d = 2. In both cases
N = L? = 10000, 7. = 0.05, r, = 0.22. The dashed curve represents the Gaussian. vy = /T,
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Figure 3.19: Rescaled distributions of velocities (particular) for three different choices of parame-
ters, in DSMC simulations with d = 2: (a) N = L? = 10000, 7, = 0.01, r = 0.99, with Gaussian
fit; (b) N = L? = 3000, 7, = 5, 7 = 0.5 with the fit ~ exp(—v%/2/1.25); (¢) N = L=10000,
7, = 100, 7 = 0.2 with the fit ~ exp(—v/0.7). In the cases (a) and (c): 7. = 0.05, rg = 0.22. In
the case (b): 7. = 0.5 and rp = 0.63. vy = /Ty
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Figure 3.20: Averaged square distance L(t) versus time ¢t for different choices of the parameters
in d = 2 DSMC simulations. In all simulations N = L? = 500 and rg = 0.5. In (a) Ty = 0.01, in
(b) and in (c) T, = 0.001. In (d) the same data are rescaled and the initial transient is shown

One may expect that the characteristic relaxation time in the colliding regime (7. < 73) is 7., but
the measurement of the diffusion coefficient shows that this is not the case. In general the diffusion
coefficient is somehow very much larger than that expected from this prediction. For the case shown
in Fig. 3.20, the time 7 = D/(v?) is compatible with 7, > 7.

Furthermore the study of the elastic colliding regime, where 7, < 73 but » = 1 shows that 7 = 73.

These measurements are in agreement with the time self-correlation of velocity:

D(t) =< vz (t1)vg (b1 + 1) > (3.24)

which is shown in Fig. 3.21 on the next page. In all the cases presented an exponential decay is
observed:

®(t) ~ exp(—t/7) (3.25)

The characteristic relaxation times 7 for the various cases are compatible with the ones measured
by means of the relation (3.22). Remarkably, the relaxation time of the colliding regime (elastic
or inelastic) is almost equal to 7,. The slight difference that distinguishes these regimes from the
collisionless regime is in the short time behavior of ®(¢). The fit shown in the Figure is of the kind:

®(t) = Aexp(—t/Tshort) + B exp(—t/Tiong) (3.26)

where Tjong = T3, While Tspore = 75 The long tails observed in the colliding case (elastic and
inelastic) must not be regarded as equivalent to the well known long tails (which are algebraic) measured
in elastic hard objects systems (Alder-Wainright, etc.), but as a consequence of the fact that the gas
is not at equilibrium. In both elastic and inelastic cases, the particles have a collision rate which is far
shorter than the relaxation time due to viscosity. On the other hand the viscosity has a far larger effect
on the velocities, as it drags systematically the system toward the absence of flow. It happens that the
viscous slow decay dominates the behavior of the self-correlation after a few collision times, while the
very first decay is more rapid.

Finally we note that the differences between the relaxation time 7 measured in diffusion and that
measured in the self-correlation of velocity, appearing in the inelastic colliding regime, are due to some
violation of fluctuation-dissipation relations, which are to be expected in systems out of equilibrium.
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Figure 3.21: Rescaled self-correlation of velocity ®(t)/®(0) versus time ¢ for different choices of
the parameters in d = 2 DSMC simulations. In all simulations N = L? = 500 and 75 = 0.5. In (a)
Ty, = 0.01,in (b) and in (¢) Tp = 0.001. In (d) the same data are rescaled and the initial transient
is shown

3.2.6 Velocity structure factors in 2D

In a recent paper Trizac and coworkers [215] have studied the formation of structures in driven granular
gases, using some statistical tools already developed for the case of cooling granular gases [212]. They
have studied a different version of the randomly driven granular gas, as it does not take into account
the systematic viscosity (that is: the grains follow Eq. (3.3) without the viscous term v;(t)/78).
The model without this term has been studied by many authors ([226, 67, 205, 211, 31, 178]. The
absence of the viscous term arises many problems: typically it happens that total momentum has large
fluctuations and, to avoid it, the simulations have artificial “re-scaling” mechanisms that keep the
momentum constant. We have also evidence that in d = 1 the total kinetic energy logarithmically
increases with time.

The study of large structures on this version of randomly driven granular gases has shown that
there are no instabilities (all modes remain stable if linearly perturbed), at odds with the cooling case,
where the existence of shear and cluster instabilities is well established (see Chapter V for a detailed
discussion). The velocity correlators, for large distances, in d = 2 show a power law decay and ind = 3
a logarithmic decay:

Gy~ G~ ﬁ (d=2) (3.27a)
Gy ~Gy~n (%) (d=3) (3.27b)

We have measured the sphericized structure factors and velocity correlators using our DSMC sim-
ulations for the randomly driven granular gas model, in d = 2, with and without viscosity, in order to
make a comparison with the theoretical prediction of van Noije et al. [215]. The results are shown in
Fig. 3.22 on the facing page. The choice of using the Direct Simulation Monte Carlo may affect the
results of these numerical experiments, as certain structures expected to be originated at short scales
are completely ruled out by the Molecular Chaos assumption. However we have already seen that large
scale density structures appear and can be measured by means of Grassberger and Procaccia fractal
dimension (see paragraph 3.2.3).
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Figure 3.22: Velocity structure factors and correlators in randomly driven granular gases: DSMC
simulations of the model introduced in this chapter without viscosity (circles) and with viscosity
(squares 7, = 10 and diamonds 7, = 1). In all the simulations: N = L? = 5000, T, = 1, r = 0.5,
7. = 0.1, and the coarse-graining boxes used to compute the structure factors are 100 x 100. The
data for the case without viscosity have been fitted in the intermediate range with power laws

The main observation from Fig. 3.22 is about the effect of viscosity. When the viscous term is
present, the structure factors are almost flat and the correlators have rapid decays. When the viscous
term is suppressed (and the regularization of total momentum is implemented) we measure in an
intermediate range for k or |r|, for the sphericized factors and correlators:

S(k) ~ k=P (3.28a)
G([e]) ~ [r*=# (3.28b)

with 8 = 0.59 for a restitution coefficient r = 0.5 and absence of viscous term. This observation can
be relevant to give a criterion for the choice of the correct model in particular experimental situations:
the measure of velocity correlations can be of use to determine if the granular gas can be modeled
neglecting viscosity or if viscosity (for example from the contact with the vibrating plate) plays any
role.
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3.3 Deviations from the homogeneous Boltzmann equation

The Homogeneous Boltzmann Equation describes the system in the absence of correlations between
colliding particles. In the clusterized regime the recollision effect is enhanced and colliding particles are
correlated. We give a tentative interpretation of the global distribution of velocities in terms of local
Maxwellians with temperature that depends upon the density.

3.3.1 The scaling of the local temperature with the cluster mass

In paragraph 2.5 we have discussed the arguments of |I. Goldhirsch against the possibility of a very
general hydrodynamical description. One of the argument started by a heuristic estimate of the local
temperature as a function of density and local shear rate (valid on time scales shorter than the time
of decay of the shear rate), given in Eq. (2.165). In this formula it appeared that T I3 o< n~2, so
that the local scalar pressure p = nT o< n~!: this is the reason of the clustering instability, i.e. in
small regions an increase of the number of particles corresponds to a decrease of the local pressure,
so that more particles can enter the region. We have studied, parametrically, the relation between
local temperature and local density, plotting the mean square velocity in a box Ty as a function of
the number of grains m in that box, after having divided the total volume in M boxes. As already
discussed, the distribution of the cluster masses (i.e., the number of particles in a box) in the clusterized
regime presents a power law decay with an exponential finite size cut-off. The plots of T vs. m are
given in Fig. 3.23 on the facing page, Fig. 3.24 on the next page and Fig. 3.25 on page 88: these are
d = 1 Molecular Dynamics, d = 1 DSMC simulations, and d = 2 DSMC simulations respectively.

In all the cases we have studied a collisionless situation (7, < 7.) and a colliding situation (7, > 7¢.),
obtaining different results. In the collisionless situation the local temperature does not depend upon
the cluster mass m. In the colliding situation the local temperature appears to be a power of the
cluster mass, i.e. Thr(m) ~m™? with 0 < 8 < 1. This relation ensures that the scalar pressure p =
nT o n'=# = nf" with B* > 0: the clustering “catastrophe” (particles falling in an inverted pressure
region) is absent. Moreover, we can give an estimate of the scale dependence of the temperature,
using the previous result on the fractal correlation dimension d» (defined in Eq. 3.18) and assuming
that the scaling relation for the temperature is valid at different scales replacing the density to the
number of particles, i.e. T(m) ~ n~?. The results on the fractal correlation dimension suggest that
the local density has the following scale dependence n(R) ~ R~(4=%) 5o that the local temperature
follows the law T(R) ~ R8(4=42) and the local pressure p(R) ~ R~(1=5)(d=d2) The density and the
pressure decrease with R, while the temperature increases. The scale dependence of the macroscopic
fields is evidently at odds with the possibility of separating a mesoscopic scale from the microscopic
one and therefore the hydrodynamical description cannot even be tempted.

3.3.2 The convolution model

Now, we can go a step further relating the clustering properties of the system to the velocity distribution.
In order to do that we consider the following quantities: the distribution of boxes (of volume V/M),
fu(m), containing a given number m of particles and the velocity variance Ths(m), in a box occupied
by m particles. We also observe that restricting the statistics of the velocities to boxes of volume V/M
containing only a fixed number of particles, i.e. studying a sort of fixed density velocity distribution,
the velocity distribution appears closer to a Maxwellian, even if the global distribution is strongly
non-Gaussian. We show this measure in Fig. 3.26 on page 88

We consider first the non-clusterized case (7 < 7. and r ~ 1). Within this regime we find from
the simulations that:

To™(m) ~ const (3.29a)
faf™(m) = (myme”m (3.29b)

m!
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Figure 3.23: Granular temperature vs. cluster mass 1d, MD, with r = 0.99, 7, = 0.01, . = 0.1,

and r = 0.7 and 7, = 100, 7. = 0.1 with N = L = 300 and M = 100. The Gaussian case is
constant, while the non-Gaussian case is fitted by ~ m =03
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Figure 3.24: Granular temperature vs. cluster mass 1d, DSMC, with r» = 0.99, 7, = 0.01, 7. = 0.5,

and 7 = 0.5 and 7, = 100, 7, = 0.5 with N = L = 500 and M = 12000. The Gaussian case is
constant, while the non-Gaussian case is fitted by ~ m =08
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Figure 3.25: Granular temperature vs. cluster mass 2d, DSMC, with » = 0.99, 7, = 0.01, 7. = 0.05,
and » = 0.5 and 7, = 100, 7, = 0.05 with N = L? = 10000 and M = 3200. The Gaussian case is
constant, while the non-Gaussian case is fitted by ~ m =08
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Figure 3.26: Velocity distribution in limited density 2d, DSMC: pluses (+) represent velocities
only from boxes with m = 1, while crosses (x) represent velocities with m = 5, with r = 0.5,
N = L? = 10000, 7, = 100, 7. = 0.05. vo = /T,
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By assuming in each box a Gaussian velocity distribution with a constant variance T8¢™(m) it turns
out that the global velocity distribution P"°™(v) is Gaussian. Let us recall that the Poisson distribution
is the one associated with a process of putting independently (m)M particles into M boxes.

Let us turn to the clusterized case. If 7 = 100 and » = 0.7, in MD simulations with d = 1,
considering only the occupied boxes (m > 0), we measure the following relations

Tust (m) ~m =P (3.30a)
lust e
Fi*”(m) = ——, (3.30b)

with 8 ~ 0.5 and ¢, ~ 0.14.

Let us compute from these scalings the global velocity distribution. Taking into account that
the spatial probability distribution of the particles is f§i%*¢(m) and assuming that their local velocity
distribution is Gaussian, but with a variance T§/***(m) ~ m~# which depends on the occupancy, we
obtain, for the global velocity distribution Peys:(v), and in the continuum limit:

Pinar(v) = > e (3.31)

m=1

We stress how the the distributions measured in the simulations are in very good agreement (see
the dashed line in Fig. 3.16 on page 80) with the numerical computation of eq. (3.31), which, in
summary, has been obtained under only the following hypothesis:

(i) non-Poissonian distribution for the box occupancy far(m) o« e %™ /m;

(ii) Gaussian distribution of velocities in each box with a density-dependent variance T (m) oc m=7.

The hypothesis about the scaling relation between the velocity variance (i.e. Tar(m)) and the local
density, apart from being justified numerically, can be understood in the following way. The stationarity
and the scale-invariance of the cluster distribution, implies a certain distribution of lifetimes for the
clusters. In particular each cluster has a lifetime which is inversely proportional to its size. The scale-
invariant cluster-size distribution thus implies a scale-invariant distribution for the lifetimes. The cluster
lifetime is strictly related to the variance of the velocity distribution inside the cluster itself. In order
to ensure the stability of a cluster in a stationary state we have to require that the velocities of the
particles belonging to it are not too different, or equivalently that the variance of the distribution is
smaller the higher the density. So, given a scale-invariant distribution of clusters one would expect a
scale-invariant distribution of variances, that is Ty (m) ~ m=7.
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3.4 Toy models for a mean field analysis

In this section two simple models are proposed to interpret the density and velocity distributions. The
first is a hopping model with density-biased in and out probabilities, which reproduces the distribution
of masses in the clusterized (as well as in the homogeneous) regime. The second is a mean field
approximation of the effect of the collisions which predicts naturally a non-Gaussian distribution of
velocities.

3.4.1 The hopping model

In this section we address the problem of the microscopic origin of the clusterization. In order to do that,
we study a class of models in which the system is composed by M boxes and N particles assuming that
the boxes have infinite connectivity (mean field hypothesis). One starts with a certain configuration
and let the system evolve with an exchange dynamics in which, at each time step, one particle moves
from one box to another, both boxes being chosen randomly. The probability for each single exchange is
model-dependent and it will be our tuning-parameter to scan the different phenomenologies. Our goal
is to understand in a quantitative way how the microscopic dynamics affects the clustering properties
of the system. In particular we shall try to recover the results, obtained in the framework of the
models previously introduced, for the density distributions in the clusterized and homogeneous cases
(see Fig. 3.6 on page 74, Fig. 3.7 on page 74, Fig. 3.13 on page 78).

The models are defined in terms of master equations for the probability P, of having a box with
m particles, assigning transition rates for landing in a box with m particles W;,, (m) and for leaving a
box with m particles Wy, (m). It must be

W; (N) = Wout(o) =0 (332)

because no particles can be taken out of a box with 0 particles and a box with NV particles cannot
receive any more particle. Moreover the following conditions must be satisfied:

Y Pn=1 (3.33a)
m=0
> N

mz;oum == (m) (3.33b)
> Win(m)MP,, =1 (3.33c)

m=0
> Wou(m)MP, =1 (3.33d)

m=0

Eq.(3.33a) is the normalization condition for P,,,, Eq. (3.33b) is a constraint on the first moment
and Egs. (3.33c) and (3.33d) are the normalization condition for W;,, and W,,; (a particle must be
taken from somewhere and put somewhere).

The general question that we want give an answer to reads: given W;, and W,,;, what is the
asymptotic stationary distribution for the average number of boxes with m particles, P(m)?

The simplest case we can consider is the one in which each single movement is independent of
the state of the departing and of the landing box. In this case there is no bias in the movements and
Win(m) and W,,:(m) do not depend upon m:

Win(m) = Wous(m) = = (3.34)

(this automatically satisfies Egs. (3.33c) and (3.33d)), so that the general master equation reads
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dP,, 1 1
MQW =Py 1(Pmn1— M) + 2P 1Pt + Py (P — M)+
+Pm+1(1_Pm_ m+1 _Pm—1)+(1_Pm_ m—1 _Pm+1 _PO)Pm—l
) (3.352)
- m—le_QPm(Pm_M)_Pmpm—i-l_Pm(l_Pm—l_Pm_ m+1)
_(]-_Pm_ m+1_Pm—1_P0)Pm (0<m<N)
dP, 1
M2d—t0 =Pi(l-P~ ;) ~(1-P ~R)P (3.35b)
dPn 1
2 _ . - .
M —dt P1PN_1 PN(]. M) (3 35C)

In the limit of M >> 1 one can neglect the % terms in the right hand side of eq. (3.35) and easily
get the stationary solution (% =0)

P = Ae™°™ (3.36)

with A = 1 — e~¢ corresponding to the normalization condition Y ;" P, = 1 and where ¢ is a
constant depending on N and M: ¢ = In(1 + 011_)) with (m) = 2.

This result has to be compared with the probability fas(m) in the non-clusterized cases of the
previous sections. In order to do this it is necessary to recall that those results have been obtained
with a small value of the number of boxes M. This means that one is very far from the limit M >> 1
and this situation corresponds to a sort of coarse graining in the system in which each box (big box)
is actually composed by a certain number of small boxes (whose number is such that M >> 1).
The problem can thus be formulated in the following way: given a system of N particles distributed
in Mgmau boxes with the distribution P, given by eq. (3.36), what is the distribution P}, for the
particles in a system of Mj;, boxes each one composed by R (R = Mmau/Mpig) small boxes? The
resulting distribution is easily written as

* R
Py => ] Pni = A% ™F(m, R), (3.37)
i=1

where Y_" indicates the sum on the {my, ..., mg} such that Zf:l m; = m, F(m, R) is the number
of ways of distributing m particles in R boxes and it is given by:

F(m,R) = ( (3.38)

With the help of (3.38) and using the Stirling formula, the expression (3.37) becomes (for R >>
N >>1)

m+R—-1
m

P* = ARe—cm (m + R - 1)‘ ~ ARe—cm (m +R— l)m(m +R— 1)R71
m m(R—1)! m!(R — 1)E-1
m. m.

*\m
~ e*mVW (3.39)
It has been used the definition of R, the fact that ¢ = In(14+ Mpmau/N) and that Mgpeu /N >> 1.
In the last passage (m)* = N/My;, has been introduced and AF has become e~{m)" as can be verified
when (m) ™! = M0 /N >> 1. It has been shown, therefore, that the coarse grained version of the
solution of (3.35) is exactly the Poisson distribution found in the simulations, in the non-clusterized
regime (see Fig. 3.6 on page 74, Fig. 3.7 on page 74 Fig. 3.13 on page 78).
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Let us consider now one case where the transition rates for the particle jumps depend on the
contents of the departing and landing boxes. This corresponds to impose some sort of bias to the
system that could well reproduce the situation one has in the clusterized cases due to the inelasticity.
We consider in particular the following case, defined by the transition rates:

Win(0) = % (3.40a)
Win(m) = (1 — PO)% (0<m < N) (3.40b)
Wout(m) = % 0 <m < N) (3.40¢)

These transition rates, that satisfy the relations (3.33), have the following interpretation. The
probability to land on a box containing already m particles is proportional to the number of particles
in order to mimic the inelastic collision with a cluster of m particles. On the other hand the departure
from a box containing already m particles has a probability proportional to m because the probability
to select one particle in that particular box is proportional to m (in the homogeneous case this was also
true, but the fluctuation of m were expected to be very small, as verified a posteriori by the Poissonian
solution of the master equation).

Neglecting as usual the terms of order of i, and after simplifications, the stationary master
equations write:

Pm+1(m+1)+(1 —PO)(T)’L— ]-)Pm—l _POum =0 (3413,)
N
Py~ 2Py =0 (3.41b)
P N-1 1.1
NIPN,I(l —Py) ~Py(1=57)7;=0 (3.41c)

The solution in this case is given by:

P, = A%e‘cclm (3.42a)
Py=1—¢ (3.42b)

with A = (m)(e® — 1) and (m) = &£. A and ¢ are related by an implicit equation obtained
imposing the condition Z(])V P,, =1, that in the limit N — co becomes

l—e ® —Axln(l—e %) =1 (3.43)

In the clusterized case we expect the solution to be self-similar, in the sense that P,, has the same
behavior of P, and the coarse graining previously performed is expected not to change the solution
(3.42), apart a renormalization of {(m) and c;.

It must be noted that, as A must be finite, when N — oo (and M is fixed) ¢ has to go to
zero, while ¢.; diverges when N/M goes to zero. It is natural to think to ¢, as to the inverse of
the characteristic “mass” of a cluster, that is the typical number of particles in it. In this sense the
term exp(—cym) acts as a finite-size cut-off for the self-similar distribution P,, ~ 1/m, as already
discussed.

The solution (3.42) is in excellent agreement with the numerical results obtained in the previous
sections. In particular in the case N = 300 M = 100 of the MD simulations with d = 1 one recovers
the density distribution with the correct value of ¢, ~ 0.14 (see Fig. 3.6 on page 74).

To get the other observed behaviors of density distribution P, ~ e~ ™ /m%, it is enough to
change the transition rates appearing in Egs. (3.40a) into the following:
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Win(0) = % (3.44a)
Win(m) = p(1 — Py)m®e (0<m < N) (3.44Db)
Wout(m) = pm®e (0<m<N) (3.44¢)

where p is a normalizing constant:

-1

u= <M i Pmma"’> . (3.45)

(2

3.4.2 The mean field collision model

In order to shed some light on the relationship between the spatial clusterization and the anomalous
velocity distributions observed above (Fig. 3.16 on page 80, Fig. 3.17 on page 81, Fig. 3.18 on page 82,
Fig. 3.19 on page 82) we present a simplified theoretical model. For sake of notation simplicity, we
discuss only the d = 1 case. Let us treat the collisions in a mean-field like fashion and modify the

Langevin dynamics plus collision rules by the following set of coupled equations for the velocities
(¢ €[1,N)]):

doi _ _vi + e Zg(vi —vj) + ZT—:,[:bfz'(t) (3.46)

where the second term in the r.h.s. determines the velocity change of the particle ¢ due to the
collisions with the remaining particles and is chosen to mimic the inelastic behavior. This requirement
poses some constraints about the form of the function g(v — v'):

e The momentum conservation dictates the antisymmetric property, g(v —v') = —g(v' — v)

e The inelasticity of the collision process requires g(v — v')(v —v') <0

The Fokker-Planck equation of the process described by Egs. (3.46) is

d 1L 8
—P —— > +—(viPn(vi, -, UN,
ot N(vh 7UN7t) T ; 6UZ' (1) N(U UN t))

N
T, 0?
- — —P t
. ;8@? N(Ula y UN, )

Nog [ X
+§8_m szzlg(vi_Uj)PN(Ula---a'UNat) =0 (3.47)

From the above equation, using the fact that in the limit N — oo the mean field approximation
holds, assuming again Molecular Chaos, one can obtain a master evolution equation for the 1-body
velocity probability distribution. We omit this derivation, and give directly the master equation:

OP(v,t) 1 0(vP(v,1)) E82P(v,t)
ot T ov Th ov?

+ % / ' Po,) P, )g(v — ') =0 (3.48)

From Eq. (3.48) one observes that the quantity:

oU (v)
ov

/ &' P, t)g(v —v') = G(v) = — (3.49)
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which is a function of v and a functional of P(v), can be considered as an effective force acting
on the particle generated by an effective potential U. Integrating once with respect to the velocity the
stationary version of eq. (3.48) one can obtain the following equation:

_————+ G(U)) Pw)=0 (3.50)

The solution of Eq. (3.50) is:

P@)a@m<—%%<§%+le)> (3.51)

In order to make some progress we consider the qualitative shape of g(v; — v;). In eq. (3.46) the
effect of collisions between the particles i and j in the unit of time is given by:

d 2
a(vi — Vj)|cott = Ng('ui — vj) (3.52)

The variation of momentum in an interval dt can be rewritten as

6(vi = v5)|cont = 0ij - (vi — v;) (3.53)

where dg;; is the analogue of ¢ = 1 —r in the randomly driven granular gas model defined in the

paragraph 3.1.1. The important difference is that here dg;; represents the effect of all the collisions

during dt, and thus must be associated to an effective restitution coefficient. Eq. (3.53) may be
rewritten as:

d
E(Uz’ - Uj)|cou = Xijq - (v; — 'Uj) (3.54)

where x;; is the number of collisions between the i —th and the j —th particles in the unit of time.
Upon comparing Egs. (3.52) and (3.54) one obtains an expression for g(v; — v;):

2 ..
g(v; —v;) = %(v, —vj) (3.55)

Now it is easy to understand that x;; is a decreasing function of |v; — v;|: indeed, a great number
of collisions occurs when the pair 4, j belongs to a cluster (where |v; — v;| is small), whereas the two
particles rarely collide when they are out of a cluster (and |v; — v;| is high). We can, therefore, make
a reasonable ansatz on g(v; — vj), that is:

[vi — v

lg(vi — vj)| ~ inside clusters (3.56a)

Te
lg(vi — ;)| ~ |v; — Uj|ﬁ’ outside clusters (3.56Db)

with 8’ < 1. From Eq. (3.49) it appears that G(v) ~ g(v — v')|,7=0 as the integration has to be
performed with respect to the measure P(v',t)dv’ that is strongly peaked at v' = 0. Finally, one can
conclude from the same Eq. (3.49) that

2

me% (v < /Ty) (3.57a)
Uv) ~ o (v > /T,) (3.57b)

where 8 = ' +1 < 2. It is clear now, looking at Eq. (3.51), that when 7, < 7. (i.e., in the non-
clusterized regime) the argument of the exponential is dominated by v? /7, and therefore a Gaussian is
expected for P(v) with variance T}. In the opposite regime, when 7, > 7. the distribution is a Gaussian
with variance :—:Tb at low velocities, a simple exponential (if 5 = 1) at high velocities, and a Gaussian
with variance 7} at extremely high velocities, but this very far tails practically cannot be observable.
In Fig. 3.19 on page 82 in case (c), when 7, >> 7. we observe a simple exponential tail, as we may
expect from the argument presented above.



Chapter 4

The driven granular gas with
gravity
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Some recent experiments (see section 1.2) have investigated the effect of gravity on driven granular
materials. Gravity is a uniform force field (obviously neglecting the differences of height), therefore it
has no effect on the relative velocities, i.e. on the sequence of collisions, at the level of our simple
modelization, that is the gas of inelastic hard spheres: it simply accelerates the baricentrum of the gas.
Its effect becomes relevant when studied in the presence of particular boundary conditions that break
the Galilean invariance, e.g. the walls of the box that contains the material. A wall has a relevant role
in the randomization of granular material impinging on it: two particle coming parallel (in a direction
not normal to the wall) are reflected in different times and may encounter thereafter; moreover, if the
wall is active, i.e. it is vibrating with a random or harmonic movement, the randomization effect is
still more efficient and not only internal energy but also total energy is gained. Gravity has eventually
the role of driving the grains toward the randomization source (the standing or vibrating walls): in the
Du, Li and Kadanoff model (see paragraph 2.5.1) the anomalous or “extraordinary” stationary state
is observed in the absence of a force field that ensure the efficiency of the thermal wall, the particles
are left in a cooling situation (far from the driving wall) for very long times, before the energetic
particle come back with its fuel: in a word, almost the whole system is not in contact with the thermal
bath for almost all the time, therefore it should not to be surprising to find that the equipartition
of energy is violated. When the force of gravity is present, the temperature source is more efficient.
However other problems arise, mainly related to the possibility of a hydrodynamic description: we
and other authors have shown that the non homogeneity of the gas is essential for the description
of the system in the presence of gravity, e.g. it is not true that the temperature is constant all over
the system (the “isothermal atmosphere” hypothesis); furtherly, fractal clusters, and therefore scale
invariance, are present in our measurements, posing doubts on the existence of a mesoscopic scale
for hydrodynamic coarse graining. However the equations of hydrodynamics seem to work well in a
range of low inelasticity and low density, they are in fair agreement with the density and temperature
profiles obtained in DSMC simulations. In this framework, however, it is very difficult to find proper
boundary conditions: the energy given to the gas from a vibrating wall depends on the density of the
gas near this wall, and the layer near the wall is not correctly described by hydrodynamic equations, as
strong spatio-temporal gradients are present. On the other side, at the top free surface of the granular
assembly, the grains fly like projectiles, i.e. they rarely collide, and again the hydrodynamics description
is useless: to obtain local equilibrium, a high collision rate is essential.
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4.1 The models

Let us describe the 2D Inclined Plane Model (IPM) and the 2D Inclined Channel Model
(ICM). These are two bi-dimensional models that mimic the behavior of a dilute granular gas in the
presence of a gravity field, with different boundary conditions. We present the equations of the model
and discuss the approximation used.

4.1.1 Equations of motion and collisions

We briefly resume the fundamental definitions of the model. We consider a granular gas in d =
2 consisting of N identical smooth hard disks of diameter ¢ and mass m = 1 subject to binary
instantaneous hard-core inelastic collisions which conserve the total momentum

Vi + VL=V +Vy (4.1)

and reduce the normal component of the relative velocity

(vi = v3) = —r((vi — v2) - ) (4.2)

where 7 is the normal restitution coefficient (r = 1 in the completely elastic case) and i =
(ri —ra)/o is the unit vector along the line of centers ry and ry of the colliding disks at contact.
With these rules satisfied, the post-collisional velocities are:

147

((V1 — V2) . ﬁ)ﬁ (43&)

V1'=V1 -

147

vy = vy + ((vi —v2) -D)i (4.3b)

In addition, the particles experience the external gravitational field and the presence of confining
walls. With respect to the previous Chapter, the energy necessary to prevent the cooling of the system
due to the inelastic collisions is not provided by a heat bath: in the present Chapter the energy feeding
mechanism is of two types according to the two numerical experiments we perform.

4.1.2 The boundary conditions of the 2D Inclined Plane Model

The first model that we study is called “2D Inclined Plane Model”. It is illustrated in Fig. 4.1 on the
next page and inspired to recent laboratory experiments [132] and numerical simulations [116]. We
have reviewed those experiments in section 1.2.We have shown that in many of them it has been used
a closely packed array of grains (for example see [76, 181]). Our inspiration has come, instead, from
the more dilute setup of Kudrolli and Henry [132], where the velocity distributions and the density
correlations have been measured. We have considered that the dilute setup and the measurement
performed where better suited to be investigated with our numerical tools, e.g. Direct Simulation
Monte Carlo in two dimensions.

Similar models have been previously studied in the one-dimensional case, that is a vibrated col-
umn of grains under the force of gravity [147, 155] and the transition or the coexistence of different
phases (gas, partially fluidized and condensed) was investigated. In two dimensions experiments [223],
simulations [156] and theories [134, 204] have analyzed a vertical system of grains with gravity and a
vibrating bottom wall (with different kinds of vibration) searching for a simple scaling relation between
global variables as the global granular temperature T, or the center of mass height hc., as function of
the size of the system NV, the typical velocity of the vibrating wall V' or the restitution coefficient r. In
all these calculations the authors did not pay too much attention to the hydrodynamic profiles of the
system, always assuming a constant granular temperature (“isothermal atmosphere”) and a density
profile exponentially decaying with the height, as in the case of a Boltzmann elastic gas under gravity.

The “apparatus” consists of a plane of dimension L, x L, inclined by an angle 6 with respect
to the horizontal. The particles are constrained to move in such a plane under the action of an
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Figure 4.1: A sketch of the first model where the granular assembly is driven by gravity plus a
(periodically or stochastic) vibrating wall

effective gravitational force g. = g¢sinf pointing downward. In the horizontal direction there are
periodic boundary conditions: each particle going out from the left or the right border enters at the
same altitude and with the same velocity on the opposite border. The particles are confined by walls
on top and bottom: both walls are inelastic with a restitution coefficient r,,. We use, in general,
different restitution coefficients for the particle-particle interaction and the wall-particle interaction:
this is reasonable also if the wall is covered by stuck grains (as often happens in experiments), because
the microscopic dynamics of a collision with a stuck grain is completely different from that with a free
grain.

The bottom wall vertically vibrates and therefore injects energy and momentum into the system.
The vibration can have two different behaviors:

a) harmonic vibration (as in Kudrolli). In this case, the wall oscillates vertically with the law
Y (t) = Aysin(wyt) (Yu(t) is the vertical position of the wall at time t) and the particles
collide with it as with a body of infinite mass, so that the vertical component of their velocity
after the collision is

Oy = —Tuy + (1 +72)Vay (4.4)
where V,, = A, w,, cos(wy,t) is the velocity of the vibrating wall.

b) stochastic vibration, with thermal properties (as in Isobe). In this case we assume that the
vibration amplitude is negligible and that the particle colliding with the wall have, after the
collision, new random velocity components v, € (—00, +00) and v, € (0, +00) with the following
probability distributions:

v
P(vy) = T—yexp(—ﬁ) (4.5)
w w
1 v2
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4.1.3 The boundary conditions of the 2D Inclined Channel Model

The second model that we study is sketched in Fig. 4.2. The “set-up” is a two dimensional channel
of depth L, and of length L, vertically confined by a bottom and a top inelastic wall, with periodic
boundary conditions in the direction parallel to the flow. The channel is tilted up by an angle ¢ with
respect to the horizontal so that gravity has both components g, = gsin ¢ and g, = gcos ¢.

9

Figure 4.2: A sketch of the second model where the only energy source is gravity, with components
in both directions

This model mimics the experiment performed by Azanza et al. [6], where a stationary flow in a two
dimensional inclined channel was observed at a point far from the source of the granular material. The
assumption of periodic boundary conditions in the direction of the flow is consistent with the observed
stationarity, due to the balance between the gravity drift and the damping effect of inelastic collisions
(for a discussion of the possible regimes that can be shown by one particle in presence of this balance,
see [153]).

4.1.4 A discussion on the approximations: dilute density and absence
of tangential forces

Under the assumption of molecular chaos, i.e. Py(x,x + oii,vy,va,t) = P(x,v1,t)P(x + ofi, va,t)
where P, and P are the probability density functions for two particles and one particle respectively,
it is possible to write down the Boltzmann Equation (2.98), which can be solved by means of Monte
Carlo methods. Here we used a simplified (but still efficient) version of the Direct Simulation Monte
Carlo scheme proposed by Bird [30]. A detailed discussion of this method can be found in Appendix
A. Here we briefly anticipate a difference with respect to the original version of the algorithm: the
clock which determines the collision rate is replaced by an a-priori fixed collision rate via a constant
collision probability p. given to every disk at every time-step At of the simulation, in such a way that
the single-particle collision rate is x ~ p./At. The colliding particle then seeks its collision partner
among the other particles in a neighborhood of radius op, choosing it randomly with a probability
proportional to their relative velocities. Moreover in this approximation the diameter o is no more
explicitly relevant but it is directly related to the choices of p. and op in a non trivial way: in fact the
Bird algorithm allows the particles to pass through each others, so that a precise diameter cannot be
defined and estimated as a function of p. and op. The assumption of Molecular Chaos is reasonable
at low densities and low inelasticities, when colliding particles can be considered uncorrelated. We
have discussed what happens at medium and higher densities in elastic hard spheres gases (see section
2.2.7).



100 CHAPTER 4. THE DRIVEN GRANULAR GAS WITH GRAVITY

Furtherly the chosen collision rule excludes the presence of tangential forces [76, 181, 196], and
hence the rotational degrees of freedom do not contribute to the description of the dynamics.

The agreement between our simulations and the inspiring experiments, justifies the simplifying
assumptions considered for our model, i.e. assuming molecular chaos and neglecting tangential forces.
Nevertheless, as a partial check, in section 4.3.2 we try a modified version of the 2D Inclined Channel
Model where the tangential forces may affect the post-collisional velocities of the particles. As reported
below, the introduction of such forces does not change the behavior of the measured quantities.
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4.2 The 2D Inclined Plane Model

We have performed [15] Direct Simulation Monte Carlo for the 2D Inclined Plane Model (IPM). Here
we report the measurements of the density, temperature and velocity profiles for different choices of
the boundary conditions (different forms of the vibration of the bottom and inclination of the plane).
In particular we have analysed the density correlations (clustering) and the distribution of velocities,
observing interesting scaling features.

4.2.1 Macroscopic profiles (transport)

Simulations of the first model, the 2d Inclined Plane Model with a vibrating bottom wall, have been
performed for different choices of the number of disks IV, the normal restitution coefficient r, the
dimensionless width of the plane N,, = L,/op and the parameter measuring the rate of energy
injection from the wall. This is the temperature T}, in the stochastic case and the amplitude and
frequency A, wy in the periodic case.

Here we show how numerical simulations with the Molecular Chaos assumption reproduce the main
results obtained in experiments [132] and in high performance computer simulations [116] of inelastic
hard disks, in a wide range of values of the volume fraction (here represented by the parameter N,,)
and of the restitution coefficient r.

Snapshots of the system and time-averaged density profiles are shown in Fig. 4.3 on the next page
for the case of randomly vibrated wall. We are in the presence of a highly fluidized phase of the type
Isobe and Nakanishi call granular turbulent: looking at the time evolution of the density distribution
of the system and of the coarse-grained velocity field one observes an intermittency-like behavior with
rapid and strong fluctuations of the density, sudden explosions (bubbles) followed by large clusters
of particles traveling downward, coherently, under the action of gravity. Of course more dense and
ordered phases (that one can expect at lower values of energy injection [116]) are not reproducible
with the Direct Simulation Monte Carlo, as strong excluded volume effects appear and the assumption
of negligible short range correlations fails.

In Fig. 4.4 on the following page it is shown the temperature profile T;(y). A minimum of the
temperature can be observed not far from the bottom wall. From a certain height the strong tempera-
ture positive gradient abruptly changes into a very slow increase, which never becomes constant. It is
interesting to look at the bottom frame in the same Figure: it shows a parametric plot of the granular
temperature T} versus the number density n, similar to those in Fig. 3.23 on page 87, Fig. 3.24 on
page 87 and Fig. 3.25 on page 88 obtained with the Randomly Driven Granular Gas model. One of the
data sets that we analyze is compatible with a power law T, ~ n~9-% which resembles the algebraic
fits in the Randomly Driven model. It must be noted that in a stationary fluid without the gravity
field, the pressure is constant and therefore T, ~ n=".

The case of periodically vibrated wall is illustrated in Fig. 4.5 on page 103 where one can see the
density profile, together with a snapshot of the system, for a certain choice of the parameters of the
model. The snapshot and the time-averaged profile is very similar to that shown for the case of the
wall with stochastic vibrations. A rapid sequence of snapshots reproduces the same scenario discussed
above, with very strong spatio-temporal gradients near the bottom wall and solitary particles in ballistic
flight at the top of the container.

4.2.2 Density correlations

In order to characterize the spatial correlations, we have performed an analysis similar to that performed
in section 3.2.3, where we observed a fractal clustering phenomena in the Randomly Driven model. In
this case we have studied a cumulated particle-particle correlation function defined in this way:

1
C t,R) = O(R — |ri(t) —r;(¥)]) (4.7
B(y,Ay)( NB(y,Ay) (NB(y,Ay) _ 1) i;éj:ri’erEB(y’Ay) | J |
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Figure 4.3: Snapshots of the 2D Inclined Plane Model with stochastic bottom wall at temperature
T, = 50 and T,, = 250. The leftmost inset displays the time-averaged number density profile for
both cases. Values of other parameters: N = 500, N,, ~ 56, r = 0.7, r,, = 0.7,g. = —1
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Figure 4.4: Granular (dimensionless) temperature T, /(geop) versus dimensionless height y/op
(above) and versus number density n (bottom) for the for the 2D Inclined Plane Model with
stochastic bottom wall, with N = 5000, N,, =~ 180, r = 0.7, r, = 0.7, g¢ = —1. The solid line is a
power-law fit for T'(n).
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Figure 4.5: Snapshot of the 2D Inclined Plane Model with periodically vibrating wall (right) and
time-averaged density profile (left) for the following choice of parameters: N = 500, N,, ~ 56,
r=20.5,r, =0.7, g. = -1, f, = 4007, A, =0.1

where B(y, Ay) is a horizontal stripe defined by y € [y — Ay/2,y + Ay/2] and z € [0, L,] . After
having checked that the system has reached a stationary regime, we have computed the time-average
of the correlation function, that is

1 T
Ch(y,ay(R) = m/t dtCp(y,ay)(t, R) (4.8)
0

which is independent on time if T >> . In the Fig. 4.6 on the next page we show the correlation
function C(R) vs. R for different stripes B(y, Ay). We observe a power law behavior

Cp(y,a9)(R) ~ R%=W) (4.9)

In the case of homogeneous density d- is expected to be the topological dimension of the box
CB(y,Ay)- This dimension is d; = 1 if R >> Ay, when the box appears as a “unidimensional” stripe
and dy = 2 if R « Ay, because at close distance it appears as bidimensional.

Clustering, whose signature is a value of the correlation dimension dy lower than the topological
dimension, appears in some of the analysed stripes: when the density is not too high an exponent
smaller than 1 is measured (the fit is performed in the region R > Ay). Clusters are self similar
arrangements of empty spaces alternated with filled spaces: when the particles are too packed (i.e.
density is too high) the stripe is somehow filled up and the clustering phenomena disappears.

The evidence of clustering is at odds with the observation of Kudrolli and Henry [132]: they report,
in fact, the absence of clustering by measuring the distribution of the number of particles in boxes of
fixed dimensions spread all over the inclined plane. This observation is perhaps due to the fact that
in the statistical analysis employed in the work of Kudrolli and Henry, the particles are counted in
each box disregarding their heights, that is they may belong to regions of different densities which are
more or less clusterized: therefore the convolution of different probability distributions with different
averages (and different tails) hides the slow decaying tails, expected for the clusterized distributions of
the stripes at lower densities. It is also true that, even from the global density distribution measured
in their work, a tail decaying slower than a Poissonian cannot be clearly ruled out.
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Figure 4.6: Cumulated correlation function C(R), as defined in the text, measured along stripes
at different heights for the Inclined Plane Model, with periodically vibrating wall. In the inset
is displayed the number density profile, with the position of the chosen stripes. Here N = 500,
N, ~ 56, r =0.5,r, =0.7, f, = 400w, A, = 0.1 and g, = —1

4.2.3 Distributions of velocity

In the Fig. 4.7 on the facing page and Fig. 4.8 on the next page we display the distributions of horizontal
velocities for the 2D Inclined Plane Model with a bottom wall with stochastic vibrations. The first
Fig. 4.7 on the facing page, shows the distributions taken from all over the system (i.e. counting
particles independently of the height) for different T:,: the data collapse is obtained by rescaling the
velocities by v/T,,. The distributions are very different from a Gaussian.

Instead, in Fig. 4.8 on the next page we show the velocity distributions of particles contained in
stripes at different heights from the wall, again rescaled by \/T,(y) (their own variance) in order to
obtain the data collapse. It again appears that the distributions are non-Gaussian and their broadening
(that is the granular temperature T, (y)) is height dependent. This dependence is shown in Fig. 4.4 on
page 102.

The case of periodically vibrated wall is illustrated in Fig. 4.9 on the next page. One can see the
distribution of horizontal velocities in two different regimes: for g = —1 a non-Gaussian distribution
is obtained, while a distribution close to a Gaussian appears when g = —100. This trend toward a
Gaussian, as the angle of inclination is raised up, reproduces exactly the experimental observation of
Kudrolli and Henry [132] (where the angle of inclination of the plane was raised up from 6 = 0.1° to
6 = 10°). This phenomena can be explained as an effect of the increase of the collision rate with the
wall induced by the increase of the force of gravity: an higher collision rate “randomizes” the velocities
in a more efficient way. If one accepts the analogy between the vibrating wall and the heating bath
used to drive the granular gas in Chapter 3, the increase of collision rate with the wall is analogous to
the decrease of the ratio 7, /7. (an increase of the “heating rate”). In the Randomly Driven model the
decrease of this ratio corresponds to the transition from the non-Gaussian regime to the Gaussian one.

In Fig. 4.10 on page 107 we show a log-log plot of the tails of the collapsed distributions presented
in Fig. 4.8 on the next page. An algebraic fit P(v) ~ v=2% is proposed.
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Figure 4.7: Distribution of rescaled horizontal velocities v/+/T, for the 2D Inclined Plane Model
with stochastic wall at different temperatures T;, = 50, T, = 100, T, = 250. The other parameters
are N = 5000, N, ~ 180, r=0.7,ry = 0.7, go = —1
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Figure 4.8: Distribution of horizontal velocities, for the 2D Inclined Plane Model with stochastic
wall, measured on stripes at different heights and rescaled by the average granular temperature
at that height. The inset shows the normalized number density profile with the position of the
chosen stripes. N = 5000, N,, =~ 180, r = 0.7, r, = 0.7, g. = -1, T, = 100
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Figure 4.9: Distributions of horizontal velocities for the Inclined Plane Model with periodically
vibrating wall for two different values of inclination, that is g = —1 and g. = —100, while the
other parameters are fixed: N = 500, N, ~ 56, r = 0.5, r,, = 0.7, f, = 4007, A, = 0.1
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4.3 The 2D Inclined Channel Model

Here we report the measurements [15] of the Direct Simulation Monte Carlo study of the Inclined
Channel Model in d = 2. This study has again concentrated on the profiles of the macroscopic
quantities (density, mean flow velocity, temperature), on the distribution of velocities and on the
density correlations. The results have much in common with those presented in the previous section.
Most noticeably, they are in fair agreement with experiments [6].

4.3.1 Macroscopic profiles (transport)

In Fig. 4.11 on the facing page and Fig. 4.12 on page 113 we show some profiles of mesoscopic
coarse grained physical quantities: the hydrodynamical fields n(y) (number density), v, (y) (velocity
component parallel to the flow), T, (y) (granular temperature) are shown as functions of the distance
from the bottom wall y. The velocity, the temperature and the height are made dimensionless dividing
them by \/9:0B, g:0B and op respectively. This means that we consider unitary the potential energy
(in the gravity field) of a point of mass 1 at the height of a “Bird radius” op.

The profiles well reproduce those measured experimentally by Azanza et al. [6]: they show a critical
height H of about six times the radius o which corresponds to the separation between two different
regimes of the dynamics: under this critical height, the profiles are almost linear (in particular the
density and velocity profiles); above this height H those profiles rapidly change and become almost
constant.

This change of behavior can be explained studying the local dissipation rate due to inelastic colli-
sions. In a mean field framework the local rate of dissipation due to the inelastic collisions (as already

stated before) is ¢ o nTg3/2. This has been discussed in section 2.4.1 and can be simply understood
noting that the collision rate is proportional to the local density and to the local relative velocity of the
particles (1/Ty), while the change in the granular temperature induced by every collision is proportional

to the temperature T;. The quantity (= nTQS/2 as a function of y is shown in Fig. 4.13 on page 113.
The cooling rate decreases exponentially and is reduced under 1/100 of its maximum value at about
the observed critical height H =~ 6op. This means that under the critical height H the transport is
mainly due to collisional exchange, while above H it is due to ballistic flights.

With respect to the velocity and temperature profiles in Fig. 4.11 on the next page, we note here
that quite nonphysical features appear: in particular the strong slipping effect near the bottom wall is
in contrast with the experimental findings. We check ahead the possibility that this could be due to a
wrong modeling of the particle-wall collision events.

The restitution coefficient used in our model has to be considered as an effective parameter de-
scribing the energetics of collisions. It should depend on the details of the collision event, in principle
even on the relative velocities of the colliding particles. In the experiment the bottom wall was covered
with particles identical to the flowing ones with a spacing bounded between 0 and 0.8 mm: however
the particles are stuck to the bottom wall so that the collision event is completely different from a
two-particles collision.

Using a lower effective restitution coefficient for the wall r,, (see Fig. 4.11 on the facing page)
we obtain a better agreement with the experimental profiles. In particular, both temperature and
velocity profiles seems to go to zero near the bottom, although we cannot really rule out slipping
effects (v (y = 0) # 0) (similar slipping effects are reported in other simulations, e.g. see [52]).

4.3.2 Profiles with tangential forces

We consider the comparison between our simplified model and the experimental profiles quite satis-
factory: this seems to suggest that introducing further physical details should be irrelevant at this
description level. However we briefly report the results obtained with a slightly modified version of the
model, including the effects of tangential forces. Such forces play a key role in dense granular flows,
e.g. being responsible for arching. On the other hand the present results suggest that in the case of
diluted systems they act similarly to the normal forces without introducing noticeable effects.
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Figure 4.10: Zoom in log-log scale of the distribution of horizontal velocities, for the 2D Inclined
Plane Model with stochastic wall, measured on stripes at different heights and rescaled by the
average granular temperature at that height. The inset shows the normalized number density
profile with the position of the chosen stripes. N = 5000, N,, ~ 180, r = 0.7, r, = 0.7, g. = —1,
T, = 100 (same as Fig. 4.8 on page 105). The fit indicates the power law behavior.
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Figure 4.11: Normalized number density n, dimensionless horizontal velocity v,/,/9z08 and di-
mensionless granular temperature T'/,/g,0p versus dimensionless height y/op for the 2D Inclined
Channel Model: N = 500, N, = 56, g, = 1, g, = —2 (i.e.: the inclination angle ¢ = 7/6),
r =0.95, 7y, = 0.95
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The introduction of tangential forces in the model studied accounts for a new collision rule:

- = —r"((vy —va) - 1) (4.10a)
t=—rt((vi —v2)-t) (4.10Db)

where we replace the single restitution coefficient with a pair of parameters r™ and rt, respectively
due to the effect of normal and tangential collision forces (# is a unit vector perpendicular to 7).
Analogously, the restitution coefficient r,, splits in two new parameters 77 and rf,. The results of sim-
ulations with several choices of the enlarged set of parameters do not show qualitative differences from
the results previously presented: setting tangential restitution coefficients lower than one is equivalent
to enhance the dissipation in the original model.

Just as an example of this, we show Fig. 4.14 on page 114, where the extremal case of a vanishing
tangential restitution coefficient is reported. Note that the profiles are similar to those shown in
Fig. 4.12 on page 113 where a low r,, = 0.4 was used.

4.3.3 Density correlations

We have investigated the homogeneity of the density, by means of the same tools already used (cor-
relation functions for the measure of correlation dimension ds): the Fig. 4.15 on page 114 shows the
previously defined function Cp(, a,)(R) for stripes at different density.

It appears again a clustering effect, with a correlation dimension ranging from 1 (homogeneous
stripes) to 0.2 (highly clusterized stripes). In the figure it is also shown the very small distance region,
R < op, where homogeneity should be recovered. Since in our simulation, Ay ~ op, we expect
d(y) = 2 in this region.

4.3.4 Distributions of velocity

We have also studied the distribution of horizontal velocities in stripes at different heights (here the
mean values are height dependent, as shown in the plots of the velocity profile). These distributions
are displayed in Fig. 4.16 on page 115 showing the emergence of non-Gaussianity mainly in the case
with r, < r and only in the stripes near the bottom wall. The authors of the experiment [6] claim that
the distributions of velocity are very close to the Gaussian and try to fit their data with the rheological
model proposed by Jenkins and Richman. This model postulates a quasi-Gaussian equilibrium to
calculate the transport coefficients. Near the bottom wall the Gaussian approximation seems a very
poor approximation of the real distribution, as shown by the results of our simulations: this is an
effect of the inelasticity of the collisions but also of the proximity of the boundary, where high spatial
gradients can put the gas out of Gaussian equilibrium.
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4.4 A tentative hydrodynamic approach

Finally, in this section we discuss the hydrodynamic description of the Inclined Plane Model. We use
the equations proposed by Brey et al. [39, 91], with the values of the transport coefficients that they
have calculated. The problem can be solved but a close solution needs good boundary conditions.
This is a non-trivial task, because the external parameters (e.g. the amplitude and frequency of the
vibrating bottom, as well as the longitudinal size of the system) are connected to the bulk profiles
through non-hydrodynamic layers (bottom and top).

4.4.1 The transport equations for the Inclined Plane Model

Let us quickly review the derivation of the hydrodynamic equations. The Boltzmann equation for the
two models introduced in this paper (in two dimensions) reads:

(5+v: V4o ) PEv.0 =QPP) (411)

where the collision integral reads, as usual:

Q(P,P) = a/dv1 /dﬁ@(ﬁ-vT)(ﬁ-vr)
x [r2P(r,v',t)P(r,Vv},t) — P(r,v,t)P(r,v1,t)] (4.12)

Here 1 is the unit vector along the line joining the centers of the colliding particles at contact,
v, = v — v; is the relative velocity of the colliding disks, © is the Heaviside step function, v’ and v}
are the precollisional velocities leading after collision to velocities v,v;.

The equation (4.11) must be completed with the boundary conditions in order to describe the
microscopic evolution of the whole system.

The difficulty of solving the Boltzmann equation (4.11) can be bypassed substituting the microscopic
description given by P(r,v,t) with averages given by the hydrodynamic fields: the number density
field n(r,t), the velocity field v(r,t) and the granular temperature field T'(r,t). These quantities are
given by

n(r,t) = /va(r,v,t) (4.13)
u(r,t) = ﬁ /dva(r,v,t) (4.14)
k5T (r,t) = - (3 5 / vV = ;‘(r’t))‘ P(r,v,1) (4.15)

These quantities, in an elastic hard spheres gas, are collisional invariants and therefore are totally
conserved during the dynamics: this property guarantees that - while the fluctuations of the microscopic
degrees of freedom are rapidly absorbed at the time-scale of a few collisions per particle - these few
macroscopic fields slowly relax on larger time-scales. Therefore on time-scales larger than the mean
free time and on space-scales larger than the mean free path (if this distinction of scales is possible)
the hydrodynamic fields can be described by the hydrodynamics equations discussed ahead, where a
local pseudo-equilibrium is used to close the hierarchy of the Maxwell equations for the moments. This
procedure has been discussed in Chapter 2.

Multiplying the Boltzmann equation (4.11) by 1 or v or m(v —u(r,t))2/2 and integrating over v;
one can derive the equations of fluid dynamics:

Dn
g A = 4.1
Dt +nlju; =0 (4.16)
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Du; .

n Dli = —8,-?,-,- + ngim (Z = 1,2,3) (4.17)
DkpT

n ZB; —0; Qi — Pijajui — anBT (4.18)

where 8; = 0/0r; (for the sake of compactness we use here the notation z — r; and y — r2) and
D/Dt = 8/dt+u-V is the Lagrangian derivative, i.e.. 2 F(r,t) = L F(¢(ro,t),t) with ¢(ro,t) the
evolution after a time ¢ of ro under the velocity field u. In the above equatlons

P =n / dvm(v; — ui)(vx — we) P(x, v, ) (4.19)

is the stress tensor, g is the volume external force (gravity in our case),

G=n / dv%(vi —wy)|v — u|2P(r,v,1) (4.20)
is the heat flux vector and

22,
C(r,t) = ";(Fl(wg—nw/dvl /va|v1 — Vo3P (r,v1,t)P(r, va, 1) (4.21)

is the cooling rate due to dissipative collisions.

The set of equations (4.16)-(4.18) become closed hydrodynamic equations for the fields n, uand T
when P;;, q and ¢ are expressed as functionals of these fields. This is obtained, for example, expressing
the space and time dependence of P in terms of the hydrodynamic fields and then expanding P to
first order (the so-called Navier-Stokes order) in their gradients, with the exception of { which requires
an expression of P to the second order of gradients to be consistent with the other terms. With
this approximation the equations (4.16)-(4.18) include the contributions up to the second order in the
gradients of the fields.

We follow Brey et al. [39] and write down the hydrodynamics for the Inclined Plane Model presented
in this paper (gravity in one direction and vibrating bottom wall, i.e. g = (0, g.) and g. < 0 ), with the
following assumptions: the fields do not depend upon z (the coordinate parallel to the bottom wall),
i.e. 0/0x =0, and the system is in a steady state, i.e. 3/9t = 0. The continuity equation (4.16) then
reads %(n(y)uy(y)) = 0 and this can be compatible with the bottom and top walls (where nv, = 0)
only if n(y)vy(y) = 0, that is in the absence of macroscopic vertical flow. The equations are written for
the dimensionless fields 7'(§) = kT (y)/(—gemo)|y=o5 and 7i(§) = n(y)o?|y=0z. while the position
y is made dimensionless using § = y/o. Finally for the pressure we put p(y) = P2z = n(y)kpT (y).
With the assumption discussed above the equations of Brey et al read:

d%(ﬁ(ﬂ)f(ﬂ)) = —i(§) (4.22)
L4 o @) - cea@T@*? =0 (4.23)
R '

where @Q.(7) is the granular heat flux expressed by

T(§)** d
() di
In the above equations A(r), B(r) and C(r) are dimensionless monotone coefficients, all with the
same sign (positive), explicitly given in the Appendix B. In particular B(1) =0 and C(1) =0, i.e. in
the elastic limit there is no dissipation and the heat transport is due only to the temperature gradients,
while when r < 1 a term dependent upon d%ln(ﬁ(gj)) appears in Q,(7). The use of dimensionless
fields eliminates the explicit g dependence from the equations, that remains hidden in their structure

Q.(5) = ANT@)>L5@G) + B(r)

dy

i(7) (4.24)
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(the right hand term of equation 4.22, that is due to the gravitational pressure gradient, disappears in
the equation for g = 0).

The correct solution of Eqs. (4.22) and (4.23) has been found and published by Brey et al. [43].
We have published [15], almost contemporaneously, a wrong solution (we have done a sign error in
the starting equation, obtaining wrong final equations). The error was pointed out by Eggers and
also by Brey and co-workers (private communications). In the following section the correct solution is
sketched.

4.4.2 The solution of the equations

A change of coordinate can be applied to Eqgs. (4.22),(4.23) in order to obtain a simpler form:

§— 1(G) = / ")y’ (4.25)

It follows that when y spans the range [0, L, ], the coordinate I spans the range [0,0/L,]. With
this change of coordinate it happens that

dig )5 (4.26)
and the first equation (4.22) reads:
d  _ -
a(n(l)T(l)) =-1 (4.27)
from which is immediate to see that
H=naT()+1 (4.28)

is a constant, i.e. %H = 0. This is equivalent to observe that

p(y) —g /0 ’ n(y")dy' (4.29)

is constant which is nothing more than the Bernoulli theorem for a fluid in the gravitational field
with the density depending upon the height.

The relation (4.28) is verified by the model simulated in this work in the Fig. 4.17 on page 115 for
almost all the height of the container, apart of the boundary layer near the bottom driving wall.

Using the coordinate [ introduced in (4.25) and the elimination of 7(I) using the recognized con-
stant, that is

~1
(1) = e (4.30)

S

the second equation (4.23), after some simplifications, and after a second change of coordinate
Il — s(l) = H —, becomes:

a(r)s d?
Ty dst )

_ar)s
2T (s)3/2

d ? ﬁ(T) d - ' 1

—T . —T(s) —sT(s)"/? = 4.31

(£70) + Ao Z T —aT@ =0 @a
where a(r) = (A(r) — B(r))/C(r), B(r) = (A(r) — $B(r))/(C(r)) are numerically checked to be

positive (« is positive for values of r not too low, about » > 0.3) and are divergent in the limit r — 1.
The correspondence with the solution of Brey et al. [43] is given by:
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E*— A (4.32a)
W — B (4.32b)
- % (4.32¢)
1 = 2v2s —p} (4.32d)
C = 2V2 (4.32¢)
1
a(r) W (4.32f)
B
b(r) — o (4.32g)
s
£ o= (4.32h)
18—« .
V=g (4.32i)

_ The equation (4.31) become a linear equation in T(s) as soon as the change of variable z(s) =
T(s)'/? is performed:

2a(r)sd—2z(s) + Q,B(T)iz(s) —sz(s) =0 (4.33)
ds? ds
giving the solution:
z(s) = As*"(T)I,,(T) (s/V2a) + Bs*"(r)K,,(r)(s/\/ﬁ) (4.34)

where I, and K, are the modified Bessel functions of the first kind and the second kind respectively,
v(r) = B(r)/(4(A(r) — B(r))) is real and positive for all the values of r greater than the zero of the
function A(r) — B(r) (about r ~ 0.3), with »(1) = 0, while A and B are constants that must be
determined with assigning the boundary conditions.

Then we can derive the expressions for T'(1) and 7i(1):

T(l) = (H =)D (AL (H —1)/v/2a(r)) + BK,( (H — 1) /v/2a(r)))? (4.35)

(H _ l)1+2u(r)
(AJy(r) (H = 1)//20(r)) + BN,y (H = 1)/ /20(r)))?

To calculate the expressions of T' and 7 as a function of the original coordinate § one needs to
solve the equation

A(l) =

(4.36)

d 1
putting in it the solution (4.36). However one can obtain a comparison with the numerical simula-
tions using the new coordinate /. For a discussion of the boundary conditions needed to eliminate the
constants H, A and B we refer the reader to the paper of Brey et al.[43]. In this paper the authors
show that the solution fit very well a large region in the bulk but cannot work on the boundary regions
near the vibrating bottom and near the open surface. The authors show also that the minimum of the
temperature is compatible with the proposed equations.
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Figure 4.12: Normalized number density n, dimensionless horizontal velocity v,/,/g,05 and di-
mensionless granular temperature T'/,/g,0p versus dimensionless height y/op for the 2D Inclined
Channel Model: N = 500, N, = 56, g, = 1, g, = —2 (i.e.: the inclination angle ¢ = 7/6),
r=10.95r, =04
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Figure 4.13: Cooling rate, as defined in the text, versus dimensionless height y/op for the 2D
Inclined Channel Model: N = 500, N, =~ 56, g, = 1, g, = —2 (i.e.: the inclination angle
¢ =7/6),r =095, 7, =0.950r ry =04
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Figure 4.14: Normalized number density n, dimensionless horizontal velocity v,/,/g,0p and di-
mensionless granular temperature T, /(g,0p) versus dimensionless height y/op for the 2D Inclined
Channel Model. Here tangential restitution coefficients smaller than one are considered (see text):
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Figure 4.15: Cumulated correlation function C(R), as defined in the text, measured along stripes
at different heights for the 2D Inclined Channel Model. In the inset is displayed the normalized
number density profile with the position of the choose stripes. Here N = 500, N,, = 56, r = 0.95,

rw = 0.95, g, =1, gy, = —2 (i.e.: the inclination angle ¢ = 7/6). The dashed lines represent the
power-law fits, the vertical dot-dashed line represent the width of the stripes Ay
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Figure 4.17: Plot of H, defined in the text, versus [, for three different simulations of the Inclined
Plane Model: two cases are with the stochastic wall (N = 5000, N,, ~ 180, r = 0.7, r,, = 0.7,
ge = —1, T, = 150 and Ty, = 250), while the third case is with the periodic wall (N = 5000,
N, ~180,r =0.7, r, = 0.7, g = —1, f,, =807, A, = 0.1
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Instability development in cooling
granular fluids
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The problem of granular gases becomes even more subtle when the energy input is suppressed and
the system cools down due to dissipative collisions among particles. This is addressed as the problem
of “cooling” granular gases and historically has preceded the problem of stationary granular gases
with energy feeding mechanisms [103, 96, 157]. It is reasonable that a problem is investigated with a
minimum set of ingredients (i.e.: free cooling, only collisions among particles) and then new physical
ingredients (e.g: the energy input [77]) are added thereafter. Unfortunately, in this case the presence
of an energy input changes drastically the behavior of the gas and in some sense reduces the difficulty
of its investigation. A stationary granular gas, in fact, has only one regime to be studied (apart of a
transient time necessary to forget initial conditions), while a cooling granular gas has several regimes
intervening at different times, most of which are still lacking a complete comprehension.

Moreover, one can prepare a driven granular gas in such a way to obtain an ideal gas-like stationary
regime [183] (simply chosing a not too high density or a not too high inelasticity or a strong energy
input), while a cooling granular gas is unstable to the formation of liquid-like and solid-like phases,
breaking in a non-trivial way the simmetries imposed by the initial condition.

The inelastic hard spheres model without energy input exhibits an initial regime characterized by
homogeneous density and a probability distribution of velocities that depends on time only through the
total kinetic energy (global granular temperature T,(t)), i.e. a scaling velocity distribution. This is
called the Homogeneous Cooling State or Haff regime [103]. It has been shown by several authors [96,
157, 73, 214] that this state is not stable towards shear and clustering instabilities: structures can form
that seem to minimize dissipation, mainly in the form of velocity vortices and high density clusters.
These instabilities grow on different space and time scales, so that one can investigate them separately.
Several theories have been proposed to take into account the emergence of structures in granular
gases. Some of them are more fundamental, obtaining the correlation functions from the kinetic
equations [210]; others are more macroscopic (they have been called “mesoscopic” by the authors),
involving the study of fluctuating hydrodynamics [212]; others are simply phenomenological theories
that suggest analogies with Burgers equation [22] or spinodal decomposition models [219]. Some of
these theories can grasp the behavior of the cooling granular gas far deeply into the correlated regime,
giving predictions for the asymptotic decay of energy.

We review these recent theories in the first section of this chapter, focusing our attention on the
results of Goldhirsch and Zanetti [96], those of Ernst and co-workers [214, 219], and finally to those of
Ben-Naim and Redner [22] and some alternative models proposed by Ben-Naim and Krapivisky [24].
In the second section we study the behavior of the 1D cooling granular gas, comparing Molecular
Dynamics simulations with a 1D inelastic lattice gas model proposed by us, which seems to reproduce
very well the true (MD) phenomenology in the collisional (uncompressible) regime. In the third section
we discuss this particular model, which is the inelastic mean-field version of the Maxwell molecules
model (also known as Ulam model [208]), obtaining an exact scaling solution for its kinetic equation.
In the fourth section we propose a 2D lattice gas model that well reproduces the behavior of the 2D
cooling granular gas, providing a tool to study the diffusive character of the shearing instability and
its statistical properties. The last section is devoted to a brief review of the results (analytical and
numerical) known for 1d and 2d cooling granular gases, with different models considered.
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5.1 Phenomenology and theory

Usually (in numerical or real experiments) granular gases are prepared in a homogeneous situation:
uniform-random position of grains, Gaussian or uniform-random initial velocity with no preferred di-
rection. It happens that, however the inelasticity of collisions be strong, the imposed homogeneity is
broken after a certain time. The more accepted scenario is a two time symmetry breaking: at a time
ts the velocity field becomes unstable to the formation of shear bands, then at a time t. > t; the
density field becomes unstable toward the formation of high density clusters. After that, everything
may happen.

5.1.1 The Homogeneous Cooling State

The Homogeneous Cooling State can be characterized at the kinetic or at the hydrodynamics level.
We expose both the characterizations.

Kinetics of the Homogeneous Cooling State
We rewrite here the Boltzmann Equation for a 3D cooling granular gas [42, 210] (see paragraph
2.2.8):

(&) pnir =t [ [ i
Viz-0>0

1
x |:r_2P(r1avllat)P(r17vl2at) _P(rlavlut)P(rlav%t) (51)

The kinetic definition of Homogeneous Cooling State is given by the scaling ansatz for the state
distribution function:

m13(c) (5.2)

where ¢ = v/uvg(t) and vp(t) is the thermal velocity defined by T'(t) = mvg(t)/2 with T'(t) the
temperature (defined for example in Eq. (2.116)). If the Eq. (5.2) is inserted in the Boltzmann
Equation (5.1), an equation for the temperature is obtained:

P(r,v,t) =nP(v,t) =

dr Qq _
E = —\/—Z_Wmnad 11}3’7 = —QW’YT (53)
where Qg = 27%/2 /T'(d/2) is the surface area of a d-dimensional unit sphere, w is the time depen-
dent collision frequency, while v is the time independent cooling rate. These last two functions are
defined by:

w = no" g (t)/dclcz/ dii|eys - 21| P(cy) P(cy) (5.4a)
c12-0>0
1= [dactae®, p) (5.4b)
dQy

—d/2

and can be approximated, using the Maxwellian approximation P ~ 7 exp(—c?), by wp and o

respectively, given by:

wo = Qano® 1/ — (5.5a)

Yo = (5.5b)
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The solution of the temperature equation (5.3) reads:

() = % = T(0) exp(—2707) (5.6)

where tg = 1/w(T'(0)) is the mean free time at the initial temperature 7°(0) and

1
T = ’y— In(1+4~ + t/to) (5.7)
0

is the cumulated collision number obtained from the definition dr = w(T'(¢))dt. Eq. (5.6) is known
as Haff's law [103] and has been discussed in paragraph 2.4.1.

Hydrodynamics of the Homogeneous Cooling State
The hydrodynamics for the Inelastic Hard Spheres model [39, 214] is described by the following
equations (see section 2.4):

On  O(nui) _
ot + or: 0 (5.8a)
Bt TG, Tn o O (5.8b)
or 9T _2 Ou; | 9g;
or oI 2 (5 04 9%\ 5 _ |
ot +uzari + dnke (7)@] B + 6r,~> +T¢=0 (5.8¢)

These equations are generally closed with constitutive relations obtained by means of expansions of
kinetic equations. The results presented in this section have been obtained by van Noije, Ernst, Brito
and Orza [212] and are based on the following (Navier-Stokes order) approximations:

Qaxno? Ou; Ou; 2_ Oy . Oy
= T 1 L N B ) NP Bl )
P J nks [ + 2d ] i i < Bri + Brj d(s J 8’{'1 0 ’ 8’{'1 (5 9a)
oT
;= — K 9b
q s (5.9b)
¢ = 2yowo (5.9¢)
T
wo = Naxnod! e (5.9d)
1—r?
Yo = 2d (598)
52 (d = 3)
— ) 20-9)°
X =91 5.9f
s oo

with 7, ' and k the shear viscosity, bulk viscosity and heat conductivity respectively. The expression
for the pressure correction p = nkpT[1 + ...] and for the collision frequency correction (which both
contains the pair distribution function of hard spheres or disks at contact x = g2(r = o)) are obtained
from the Enskog theory (see paragraph 2.2.6), with ¢ the volume fraction (7no?/4if d = 2 or 47no*/3
if d = 3).

The equations (5.8) are solved by the following homogeneous solution:

n(r,t) =n (5.10a)
u(r,t) =0 (5.10b)
T(r,t) =T(t) (5.10c)

where T'(t) is the same as in Eq. (5.6).
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An expansion of the kinetic equation in the inelasticity parameter e = 1—r2 = 2d~y, has shown [210,
198] that v and w are well approximated by 7y and wq (their Maxwellian counterparts) for almost all
values of 7.

5.1.2 Linear stability analysis

A granular gas prepared with a homogeneous density and no macroscopic flow, at a given temperature
T'(0), reaches the Homogeneous Cooling State in a few free times 5. To study the behavior of small
(macroscopic, i.e. for wave vectors of low magnitude ¥ < min{2x/ly,27/c}) fluctuations around
this state, a linear stability study of hydrodynamics equations (5.8) has been performed by several
authors (Goldhirsch and Zanetti [96], Deltour and Barrat [73], van Noije et al. [214]). We follow the
detailed discussion of [212], reviewing their result for the linearized hydrodynamics of rescaled fields.
The rescaled fluctuation fields are defined as

on(r,7) = on(r,t)/n (5.11a)
a(r,7) = u(r,t)/vo(t) (5.11b)
6T (r,7) = 6T (r,t)/T(t) (5.11c)

Their Fourier transforms are given by da(k,7) = [ drexp(—ik - r)da(r,7), where a is one of
(n,u,T).

The vector ii(k,7) can be decomposed in (d — 1) vectors perpendicular to k, called indistinctly
1, and one vector parallel to k, called a.

The linearized hydrodynamics for these fluctuations is given (in Fourier space) by the following
equation:

6%55(1(, 7) = M(k)da(k,) (5.12)
where
(n,up,u' ,u),T) (d=3)
The matrix M is given (in d = 2) by:
0 0 —ikly 0
. 0 Y0 (1 — k%£3) 0 0
M= . . 5.14
—iklo (ﬁ) 0 (1= k2€) ikl (32r) (5.14)
—Y09(n) 0 —ikly (fn—’}) —0(1 + k%&3)

Here we have introduced the correlation lengths £, £ and {1 that depend on the transport
coefficients (shear and bulk viscosity and heat conductivity), on the isothermal compressibility xr =
(On/0p)r/n and on the pair distribution function g(n) already mentioned. We refer to [212] for
detailed calculations of these correlation lengths.

We report in Fig. 5.1 on the following page a plot published in several articles from van Noije and
co-workers [176], that displays the linear dispersion relations, i.e. the exponential growth rates of the
modes as functions of the wave number.

Several facts must be noted. The first is that (in this linear analysis) the evolution of fluctuations of
normal velocity components (shear modes, i ) are not coupled with any other fluctuating component.
At the same time, all the other components are coupled together. The study of eigenvalues and
eigenvectors confirms the fact that the shear modes are not coupled with the other modes. The
eigenvectors of the matrix define, beyond the shear modes, three other modes: one heat mode and two
sound modes, denoted in the following with the subscripts H and + or — respectively. The associated
eigenvalues are (| (k), Cu(k), C+(k) and (_ (k). It is immediate to see that (1 (k) = 70(1 —k%£2). At
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2

075

Figure 5.1: Growth rates ()/vo for shear (A =L1), heat (A = H) and sound (A = £) modes versus
ko for inelastic hard disks with r = 0.9 at a packing fraction ¢ = 0.4. The dashed line indicate
the imaginary parts of the sound modes that vanish for k < v9/lp. (From Orza et al. [176])

low values of k (in the dissipative range defined below) also the heat mode is “pure”, as it is given by
the longitudinal velocity mode i only, with eigenvalue (i (k) = 7o(1 — &jfk?); in this range the sound
modes are combination of density and temperature fluctuations.

The most important result of this analysis is that {, (k) and (g (k) are positive below the threshold
values k7 = 1/£1 ~ /e and kf ~ 1/&| ~ € respectively, indicating two linearly unstable modes with
exponential (in 7) growth rates.

The shear and heat instabilities are well separated at low inelasticity, as k% ~ /e while k}; ~ €, so
that k7 > k. It is also important to note that the linear total size L of the system can suppress the
various instability, as the minimum wave number kp,;;, = 27/L can be larger than k}; or even than
k% .

Moreover, the study of the eigenvalues of the linear stability matrix, shows that several regimes in
the k-space are present:

o for 2r/L K k < o/l (dissipative range), all the eigenvalues are real, so that propagating
modes are absent;

e for vo/lo € k < /70/lo (standard range), the eigenvalues corresponding to sound modes are
complex conjugates, so that the sound modes propagate;

o for \/Yo/lo € k <« min{27/ly,2mw/o} (elastic range) the heat conduction become dominant; in
this range the dispersion relations resemble those of an elastic fluid.

The above picture, of course, requires the scale separation v < /7 (valid at low inelasticity).

5.1.3 Structure formations: vortices and clusters

When an instability arises, structures emerge. The characterization of structures is achieved by means
of correlation functions or structure factors (their Fourier transforms):

Gu(r, ) = % / dr' (Safr + ', £)5b(x', 1)) (5.15a)

Sun(k, ) = %(&;(k, 1)5b(=k, £)) = / dre= G (r, 1) (5.15b)

where V = L% is the volume of the system.
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If the quantities a and b in the above formulas are components ¢ and j of a vector a (e.g. the
components u; and u; of the velocity vector u), then the functions G;; and S;; become isotropic
tensor and can be decomposed in two scalar isotropic functions:

Gij (I‘, t) = 'IQ,"I'A]'G” (T‘, t) + ((513 — ’Fz’fj)GJ_ (7‘, t) (5.16&)
Sij(k, t) = k;k;S) (k1) + (8ij — kik;) S (k, 1) (5.16b)

It is immediate to verify that, if the vector a is decomposed into (d—1) components a, perpendicular
to k and one component a parallel to k, then

Sy(kt) = %(M”(k,t)&a”(—k, ) (5.17a)
1 (k,t) = %(6aL(k,t)6aL(—k, ) (5.17b)

or, if a is decomposed into (d — 1) components a', perpendicular to r and one component a“
parallel to r, then

Gy(r,t) = % / dr' (8a), (x + ¥', )3 (x', 1)) (5.18a)
Go(rt) = % / dr' (0a', (x + 1, £)5d', (', 1)) (5.18b)
(5.18¢)

We use in the rest of this section the subscript L and || to indicate the structure factors and corre-
lation functions relative to the velocity vector decomposed in parallel and perpendicular components,
ie.a=u.

In the isotropic tensor case (the one defined just above) it is often convenient to subtract the self-
correlation equilibrium part from the correlation function and from the structure factor, i.e. defining:

G (r,t) = Gij(r, 1) — A(t)d:;6(r) (5.19a)
Si(k, t) = Sij(k,t) — A(t)dy (5.19b)

where A(t) = (1/V) [dr'{(a;(r',t))?), e.g. if a = u then A(t) = T(t)/mn.
The further assumption of incompressibility (which plays an important role in the following), states
that S (k,t) = 0 or, equivalently:

r 0
d—10r
The study of correlation functions in cooling granular gases has been carried along by several au-
thors. In particular the group of van Noije and co-workers has developed two lines of reasoning: a
study of the ring kinetic theory [210] and a study of fluctuating hydrodynamics [212]. The first can be
considered more fundamental, as it copes with kinetic degrees of freedom, while the second is based
on the hydrodynamics description of the fluctuations, and therefore is less general.

G (r,t) =G (r,t)+ G (r,t) (5.20)

Correlation functions from ring kinetic theory
The correlation function is directly related to the the pair correlation function g12 = Pis — P P
(discussed in paragraph 2.2.7), by the relation:
G;; (r,t) = Gyj(r,t) — T(t)6;;6(r)/mn

1 1
= V/dr'ﬁ/dvl/dv2v1iv2jgl2(r—|—r',v1,r',v2,t) (5.21)
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The authors [210] have calculated, using the second of the ring kinetic equations 2.96, the structure
factor for the correlation of shear mode fluctuations:

T(t) exp[2yo7(1 — k?¢%)] — 1
mn 1— k282

St(k,t) = (5.22)
with £, = \/n/mnw, is the same correlation length appearing in the dispersion relations of the
previous paragraph. This expression for the structure factor is identical to the energy spectrum E(k)
in the theory of 2D or 3D homogeneous turbulence in incompressible fluids.
The expression for the correlation functions indicates that G|(r,t) ~ —(d — 1)G (r,t) ~ 1/R%.
The authors have performed 2D molecular dynamics simulations at low solid fraction (¢ = 0.05) ob-
taining a good verification of their results.

Correlation functions from fluctuating hydrodynamics

At the hydrodynamic level (kly < 1) the correlation functions and structure factors can be obtained
from the so-called fluctuating hydrodynamics [137]. This method consists in the study of coupled linear
Langevin equations for the values of the hydrodynamic fields, obtained considering the linear transport
of linearized hydrodynamics equation as the systematic (dissipative) part of the equations, while the
noise is given by fluctuations of fluxes (momentum and heat):

8%55(1(, ) = M(k)da(k,7) + f(k,7) (5.23)

where the vector da and the matrix M have been defined in the previous paragraph. The noise fis
given by internal fluctuations of the fluxes. The fluxes (or currents) P and q are considered fluctuating
around their average values:

P>P+P (5.24a)
q—>q+q (5.24b)

where the fluctuating part of the currents is assumed to be a white Gaussian noise, local in space,
with correlations given by appropriate fluctuation-dissipation relations (they can be found on the last
chapter of [137]):

(Pij(r, t)Pra(r', 1)) = 2T [n(Six 651 + Sudjn) + (n' — %n)aijakl]a(r —1")o(t —t) (5.25a)
(@ (r, 1)a; (r',t)) = 26T?5;;0(r —1')o(t — ') (5.25b)

(with 7’ the bulk viscosity, defined in paragraph 2.3.9) so that the (derived) fluctuation-dissipation
relations for the noise f are given by:

Bl ) (ke 7)) = Can(R)S(r — 7 (5.26)
with
0 0 0 0
- 8 70/6251/71 p),ok-ZOgﬁ/n 8 (5.27)
0 0 0 Ayok2€2. ) dn

(as it can be seen, different components of noise are uncorrelated, and in the equation for the
density there is no noise).
The results of the analysis is reviewed in the following table:
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T(t xp[2707(1 — k2€2)] -1
Si(k,t) = an) (1+ exp| 701(_ kzﬁ&)] ) (5.284)
T(t exp[2707(1 — k*¢j)] — 1
S”(k‘;t) = an) <1 + 01 — k2§ﬁ I ) (klo < 0) (5.28b)
212 [ exp[2yo(1 — E£2k?)7] — 1
Spn(k, t) = n2Txr + ";é" (e bl %i — £ﬁ”k2 s ) (Klo < o) (5.28¢)

(5.28d)

The structure factor for the shear modes is identical to that derived from the ring kinetic equations
(Eq. (5.22)). The factors calculated for the longitudinal velocity components and for the density
fluctuations are obtained in the dissipative range (klp < 7o), in the absence of propagating modes (all
eigenvalues of the linear stability matrix are real).

The above expressions for the structure factors yields the following important conclusions:

e The shear structure factor at the largest wavelength slowly decays as S (k,t) ~ exp(—2vo€2 k?T)
and this represents vorticity diffusion on the scale 7, with a diffusivity 70&%> = n/(wmn) and
the typical length scales of vortices that grows like L, (t) ~ /7, independently of the degree of
inelasticity.

e Thelongitudinal (heat) structure factor at the largest wavelength follows a similar law, S (k,t) ~
exp(—2'yg§ﬁk27), so that its diffusivity 70§ﬁ is much larger than that of vorticity; the correlation

length grows as L (t) ~ &\/Y%T ~ y/7/€ (it depends on inelasticity).

e The structure factor relative to density fluctuations reveals that the density instability (clustering)
is driven through a coupling to the unstable heat mode, which is, in the dissipative range, a pure
longitudinal velocity mode. This coupling is rather weak, which explains why structures in the
flow field appear long before density clusters appear; the initial growth of the typical cluster
length scale is similar to that of the longitudinal fluctuations, i.e. Ly ~ L) ~ \/T_/G

Incompressible and compressible flows

An important assumption can be used to simplify the study of structures in cooling granular gases,
that of incompressibility. This is a fairly realistic assumption for what concerns ordinary elastic fluids,
so we can consider it applicable also to granular gases for small inelasticity.

In terms of hydrodynamics fields, it states that V - u = 0, and in terms of fluctuations modes it
implies that u)(k,t) ~ 0. The consequence of this is that S = 0, that the density structure factor
Snn does not evolve in time and that the temperature fluctuations 67 (k,t) simply decay as kinetic
modes, staying spatially homogeneous. With this assumption is also easier to calculate the spatial
correlation functions G(r,t). It has been found that these correlation functions exhibits power law tails
G (r,t) ~GL(r,t) ~r~? [212].

Moreover there is a difference between the two correlation functions: G, has a negative minimum
in correspondence with L, (t) (this can be identified as the mean diameter of vortices), while G|, is
always positive.

If the incompressibility assumption is relaxed (this is necessary at high inelasticity), the behavior of
the correlation functions at large r changes. It happens that an exponential cut-off superimposes over
the power law tail r~¢, at a typical distance §)- The power law behavior becomes an intermediate
behavior, observable if | and £, are well separated. In the compressible regime [213], the correlation
function of the density fluctuations shows a typical length scale L. ~ \/T_/e which agrees with the
prediction of the structure factor.
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5.1.4 The asymptotic decay of energy

The initial energy decay, due to the dissipation in inelastic collisions in the homogeneous cooling regime,
is very well described by the Haff law [103] E(t) = Enazys(t) ~t 2 ~ exp(—2er). This law has largely
been verified in numerical simulations. When correlations build up (in the velocity field, as well as in
the density field), the energy decay changes: the shear instability (formation of vortices) discussed
above slows it down because of the increased relevance of the shear heating term in the temperature
balance. Shearing regions are heat sources that contrast the collisional cooling.

Analytical and numerical works on the energy decay in the correlated regime are very rare [96, 95,
45]. A mode-coupling analysis has been put forward by Brito and Ernst [45], for d > 2. They have
studied the contribution to the energy decay due to unstable modes, obtaining that

E(T) = EHaff(t) + Euu (t) + EnT(t) (529)

where E,,,(t) and E,, 1 are the contributions to the kinetic energy due to macroscopic velocity flow
and to the n — T fluctuations respectively. Brito and Ernst have calculated their contributions to the
energy decay:

Eyy ~ 72 (5.30a)
Enp ~ 1 4271 (5.30b)

and therefore the n — T' term is sub-leading in respect to the u — u term. As a consequence of
(5.30), the decay of the kinetic energy after the homogeneous phase is predicted to be of the diffusive
form ~ 7=%2_ The crossover (internal) time 7,55 is determined by the equality Eraps(1) = Eyu (7).
To obtain the physical time t..,ss is more difficult, as the relation ¢(7) is not clear in the correlated
phase. It must be stressed that in the homogeneous phase the main contribution to the energy decay
is due to the short wavelengths, the standard-elastic range klp > o (see paragraph 5.1.2), while the
diffusive behavior of the non-homogeneous phase is due to the long wavelength of the dissipative range
klo < 7. The predictions of this theory have been checked in d = 2 [45, 175]: it seems difficult
to have good tests of the prediction 7=%/2, MD simulations are quite demanding and rarely give a
sufficient statistics. There is agreement in a window of values of the restitution coefficient r, of the
volume fraction ¢ and of the time 7.

5.1.5 Burgers hypothesis, TDGL hypothesis and a note on pseudo-
Maxwell molecules models

The Burgers hypothesis

In a recent paper, Ben-Naim et al. [22] have studied the cooling granular gas in d = 1, discovering
that, after the homogeneous (Haff) phase, it asymptotically becomes independent of the value of
inelasticity e and maps onto the sticky gas model (that in d = 1 is equivalent to the cooling granular
gas with 7 = 0, i.e. € =9/2 = 1). For such a sticky gas the temperature decays as t~2/3. Moreover,
this gas shows instability in the density and velocity profiles: density clusters and velocity shocks form.
The cooling gas in d = 1 become asymptotically equivalent to a sticky gas [57], for any value of ¢,
because of the formation of clusters: when the cluster size (number of particles belonging to it) has
reached the critical value N.(¢) ~ €1, a particle colliding with the cluster is absorbed, i.e. never
emerges from it. The t~2/3 regime lasts until all the particles have fallen in one big cluster and the
kinetic energy becomes constant. The authors have verified their idea with MD simulations, using a
trick to avoid inelastic collapse: every time two particles collide with an absolute relative velocity lesser
than §, the collision is assumed to be elastic. They have verified that the results of MD simulations are
independent of the value of §. As the sticky gas is described by the inviscid (the kinematic viscosity
v =n/mn — 0) limit of the Burgers equation [199]:

ou ou 0%u
- —u—
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the velocity profile can be predicted to be discontinuous, with shocks (i.e. asymmetric discontinuities
shown in Fig. 5.3 on page 132) in correspondence with the clusters of the gas. The relation to the
Burgers equation is useful also to establish an estimate of the tails of the asymptotic velocity distribution
P(v,t) ~ t'/3®(vt'/3) (independent of ), which reads ®(z) ~ exp(—|z|?). The MD simulations have
revealed very slight deviations from the Gaussian, and the authors have imputed the discrepancy from
the expected behavior to the smallness of the constant in front of |2|?. Finally, Ben-Naim et al. have
conjectured that the Burgers equation describes the flow velocity u(r,t) of a cooling granular gas for
arbitrary values of the inelasticity € in generic d dimensions, i.e.:
611/,' 8’LL1 Bzuj
S = —Uj s+ Vs
ot or; or;
where v is the kinematic viscosity and the solutions are looked in the rotation-free class V x u = 0.
This conjecture implies that the asymptotic behavior of the cooling inelastic gas is independent of €
(as it always falls in the universality class of the sticky gas) and that the upper critical dimension for
the disappearance of the inelastic collapse is d. = 4. The simplest objection to this conjecture comes
from the consideration that in d = 1 the r = 0 case is equivalent to the sticky gas, while in d > 1 the
r = (0 is not equivalent, as normal component of the relative velocity are in principle different from
zero after a collision.

(5.32)

The TDGL hypothesis

In another interesting paper, Wakou et al. [219] have demonstrated that the evolution of the flow
field of a granular fluid, neglecting the convective term u - Vu, can be cast in the form of a Time
Dependent Ginzburg-Landau equation for a non-conserved order parameter

85 me 2o SH[S]
6_ (’Y + DV )S— ED| | S=-V 55T (5.33)
1 oo 1 1 /N2
- 2 _ 2 il 2
HIS] = —3%ISP + 5 DIVSP + =D (ISP) (5.34)

with D = v/w independent of time, and the tensorial order parameter S = Vi (e.g. trS=V- i =
0) @ = u/uvp(t) the rescaled velocity field.
It is useful to report Equation (5.33) in Fourier space:

95k _ _pp2_ Y 2 2 0H[S]
5 { Yo — Dk dv2 Z |Sq| } 1% Sl (5.35)
H[S] = 2V2 Z -0 + DE?)|Si|* + (Vz > |sk|2) (5.36)

The typical form of the Ginzburg-Landau equation of motion for a non-conserved order parameter
can be recognized: 8;¢ = V2¢—V'(¢) with V(¢) = A(1— B¢?)2. The Landau free energy functional
H has a quartic term S* and a quadratic term S2. It differs from the standard Landau free energy in
that the quartic term contains summations over two totally independent wave numbers.

The energy functional has a continuous set of degenerate minima, having the shape of a Mexican
hat. However the above considerations have been made neglecting the convective term of the hydro-
dynamics equations. When this term is added, only subsets of admissible solutions are selected out of
this infinite set of minima. In two dimensions only two distinct minima survive: therefore the d = 2
cooling granular gas, during the formation of instabilities, greatly resembles the spinodal decomposition
for a non-conserved order parameter (Model A universality class, in the Hohenberg-Halperin classifica-
tion [110]).
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The pseudo-Maxwell molecules model

Another approach to the study of cooling granular gas, as we have already discussed, is the study
of the kinetic equation, assuming that some form of (Boltzmann or Boltzmann-Enskog) Molecular
Chaos hypothesis holds. Some authors (Ben-Naim et al [24], Bobylev et al. [33]) have conjectured
the possibility of get an insight on the kinetics of granular gas using a modification of the Boltzmann
equation, i.e. using the Maxwell molecules model with inelasticity, usually referred to as the pseudo-
Maxwell model. The connection between Maxwell model and granular kinetics has been conjectured by
Bobylev et al. on the basis of heuristic considerations. We quote a passage from their article appeared
on Journal of Statistical Physics [33]: the Equation (2.98) “is often considered as the basic kinetic
equation for granular media. On the other hand, this equation is a fairly rough mathematical model
of a real physical process. Even without mentioning rotational effects and deviations from spherical
shape of particles, one can realize that the formula” (2.98) “is very rough outside of the Boltzmann-
Grad limit. This formula certainly does not account for non-Markovian effects of repeating collisions.
Moreover, the model of inelastic scattering based on empirical restitution coefficient is also a very
rough approximation. Thus we have the equation” (2.98) “which is (a) a very rough approximation
from physical point of view and (b) quite complicated equation from mathematical point of view.
These obvious considerations lead to the idea of using a simplified version of Eq. “ (2.98). It must be
noted that Bobylev et al. refer to the Enskog-Boltzmann equation, i.e. to Eq. (2.98) with the Enskog
corrections to the Molecular Chaos hypothesis (and with exact dependence on positions).

The simplification suggested is the following:

|lv —v'| = S\/T(r,t) (5.37)

to be put in the Boltzmann (or Enskog-Boltzmann) equation (S is an appropriate constant). The
assumption (5.37) leads to a dramatic simplification of the collisional integral Q(P, P), which (in the
absence of Enskog corrections) becomes:

1
/dV2/ di {—QP(rl,v'l,t)P(rl,v.'Z,t) — P(r1,v1,t)P(r1,V2,t) (5.38)
V28>0 r

In the Boltzmann equation it appears multiplied by a factor 62S/T(r,t). As discussed in section
2.2, this is analogous to the collisional integral of the Maxwell molecules model, as there is no depen-
dence on the relative velocity in the scattering cross section. This model of kinetic equation is called
pseudo-Maxwell model, as it concerns inelastic hard-core collisions.

Bobylev and co-workers have studied this model obtaining some theorems of existence and unique-
ness of self-similar homogeneous asymptotic solutions and interesting relations among coefficients of
Taylor expansion of the characteristic function for the asymptotic solution. They have also discussed the
hydrodynamics (Euler) equations and their linear stability, finding again long wave-length instabilities.
We discuss some of their result in paragraph 5.3.

It is also noticeable that the pseudo-Maxwell model with the (ideal) assumption of homogeneous
density and perfectly uncorrelated colliding particles is analogous to another model, introduced some
years ago by S. Ulam [208], in order to clarify the emergence of Maxwellian statistics in perfectly elastic
gases. The model consists of a set of NV “energies” with the following discrete evolution: at every time
step a pair of energies is chosen at random and their kinetic energy is randomly re-distributed with the
constraint that the sum is conserved. The asymptotic distribution of energies, independently of the
starting distribution, is Maxwellian. The homogeneous pseudo-Maxwell model can be considered the
inelastic counterpart of this Ulam model.

Ben-Naim and Krapivsky [24] have studied the same model considering scalar velocities (as in
d = 1) in an infinitely connected topology (every particle can collide with every other particle, as in
Ulam model), discovering that the asymptotic solution exhibits multiscaling, i.e. the moments of the
solving distribution increase in time with different exponents, coming to the wrong conclusion that
there is not a scaling solution P(v,t) = ﬁ(t)P(#(t)) We have found a correct scaling asymptotic
solution for this model in d = 1 and verified, with numerical simulations, that it is reached by a very
general class of initial distribution. This is discussed in the third section of the chapter.
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5.2 Models in 1D

Hereafter we shall focus on the physics of rapid granular flows in one dimension [14, 12, 13], which in
spite of its apparent simplicity shares many features with the physics of higher dimensions. We compare
results of MD simulations of the Hard Rods model with those of the inelastic lattice gas model, and
show that the latter reproduces many features of the real one-dimensional gas, in the homogeneous
and, more remarkably, in the inhomogeneous regime.

5.2.1 The models

The Inelastic Hard Rods model

We introduce a system of hard rods (the length of the rods ¢ is not relevant, as already discussed
in paragraph 3.1.1), confined to a ring and colliding inelastically. Two rods collide if and only if they
are at contact and their relative velocity is of opposite sign with respect to the relative position, i.e.
(v = vj)(rs = 15) <.

After a binary collision the scalar velocities of the particles change according to:

, _1+r

v; = v; 5 (v; — vj) (5.39a)
1
vy =wv; + #(vz —vj) (5.39Db)

where 7 is the restitution coefficient, which takes the value 1 for perfectly elastic systems and
0 for completely inelastic particles (in this case, d = 1, equivalent to the sticky gas model). Few
years ago McNamara and Young [158], and Sela and Goldhirsch [197], simulated such a model and
observed a universal algebraic decay of the kinetic energy, E(t) o< t=2 (Haff’s Law [103]), together
with an anomalous behavior for the global velocity distribution, even in the early homogeneous regime.
Furthermore, strong inhomogeneities appeared as the precursor of a numerically catastrophic event,
the inelastic collapse: particles perform an infinite number of collisions in finite time interval [157].

As already discussed, the renewal of interest on one-dimensional granular flows, has been generated
by the recent work of Ben-Naim et al [22]. They have circumvented the inconvenience of the inelastic
collapse, by means of a sort of “regularization”: they assumed that when two particles collide with
an absolute relative velocity lesser than an arbitrary cut-off |v; — v;| < 4, the collision occurs elasti-
cally. This is not too different from the proposed visco-elastic model (see paragraph 2.1.5), where the
restitution coefficient depends on the relative velocity of the colliding objects. Moreover, the authors
have verified that the main results (e.g. the asymptotic energy decay) do not depend on the choice
of the cut-off §. Furtherly, we have checked that these (and other) results can be reproduced using
the visco-elastic regularization, and they are quite independent from the details of the functional form
r(Jv; — v;|). The choice of regularization, i.e. of the value of §, of course is relevant for the length of
the simulation: the system in fact behaves mostly as an elastic gas when a large part of the molecules
have reached a velocity of the order of §. This quasi-elastic final stage is J-dependent.

However this regularizations allows the system to enter into a dynamical regime which was not
investigated in the past (many authors, to prevent the collapse, chose smaller systems, but this pre-
vented also the long wavelength instabilities). As discussed before, during such a regime, the kinetic
energy decays as E(t) o« t=2/3, for any r < 1. A direct inspection of the hydrodynamic profiles, shows
that such a regime is highly inhomogeneous, with density clusters and shocks in the velocity field.
Accordingly, they suggest that inelastic systems behave asymptotically as a sticky (r = 0) gas [57]
which is known to be described by the Burgers equation in the inviscid limit [199]. Such a behavior
reflects the fact that the asymptotics is dominated by the dynamics of clusters of particles, which move
through the system and coalesce, similarly to sticky objects. As already pointed out, one of the main
predictions of the Burgers conjecture is the ~ exp(—|v/vo(t)|®) scaling distribution, which could not
be verified in the work of Ben-Naim and co-workers.



130 CHAPTER 5. INSTABILITY DEVELOPMENT IN COOLING GRANULAR FLUIDS

1OOV T THTUW T THUTW T F‘HTUW T THTUW TTTT ki F TTHTW T TTTHW T TTTHW T B 100
1dMD | ¢ a-0r=0.5| ]
1 \ R o-or=0.9| -
10k E | @ ]
E E 8,
Eo ] . 1
I 1 E Y 410
2| . . r Q ]
—~ 10 ; 23 S g [ \\\ : . 3 ] —
s [t 1 [ 88 1=
L [ ] SEE ]
_3% | 8 h
10°¢ )
F (oo r=0.2 ] ? ? 10
_4k =0 =05 \ [ ) \, b
107E |o-o r=0.99 [ 1d Lattice Gas i
F 2\ | -0.10t } g
i 7 il
5 vl il ol ol vl ol b 10°

10
10° 10" 102t103 10* 10° 10° 191 10°

Figure 5.2: Time behavior of kinetic energy for the Inelastic Hard Rods (left) and for the Inelastic
Lattice Gas (right). The homogeneous Haff stage is evident only for quasi-elastic system, whereas
the more inelastic ones enter almost immediately in the correlated regime. Note the different time
units used (¢ or 7). The Haff law E ~ ¢ 2 ~ exp(—7) is verified for both systems. The correlated
regime presents a behavior ¢~ 2/3 independent of r for the Hard Rods, while appears diffusive (in
collision units) 7'/2 and r-dependent for the Lattice Gas.

The 1d Inelastic Lattice Gas model

Alternatively, one may attack the Boltzmann equation, by assuming a simpler form for the scattering
cross section in the collision integral, i.e. taking the relative velocity of the colliding pair to be
proportional to the average thermal velocity: |v — v'| ~ v/E. This is the so called pseudo-Maxwell
model [33], discussed in detail in paragraph 5.1.5.

The energy factor vV E can be eliminated via a time reparametrization, and one obtains a simpler
equation:

OP(v,T) 1 / v —y*u
—~2 /. p = P P{—— A
) 4 po,r) = 1 [ duptun (1_7* r (5.40)

where v* = (1 —r)/2 and the 7 counts the number of collisions per particle. Eq. (5.40) is the
master equation of the inelastic version of Ulam's scalar model: at each step an arbitrary pair is selected
and the scalar velocities are transformed according to the rule of Eq. (5.39).

This model accounts for mean field behavior, i.e. disregards spatial correlation. Therefore it cannot
give reliable results in the correlated phase that one expects after the end of the Homogeneous Cooling.
Moreover, it does not reproduce the behavior of the Hard Rod model even in the homogeneous phase,
as it is demonstrated in the next section (this in general means that the so-called “homogeneous” phase
is not really homogeneous, even if it is characterized by a Haff-like decay of the energy which, ind > 1
is found only in a non-correlated system). To reinstate spatial correlation we considered the d = 1
version of the Inelastic Lattice Gas model introduced in the previous section. N sites disposed on a
line with periodic boundary conditions have associated a “velocity” v;. At every step of the evolution a
pair of neighboring sites is chosen randomly and undergoes an inelastic collision according to Eq.(5.39)
if (v; —v;) x (i —j) < 0. The latter condition, which avoids collisions between particles “moving”
far from each other, is to be be referred below as the kinematic constraint and plays a key role in the
formation of structures during the inhomogeneous phase. A unit of time 7 correspond to IV collisions
(i.e. to 1 collision per particle on average).
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5.2.2 The decay of energy and the problem of the universal clock

In Fig. 5.2 on the facing page we report the time behavior of the total energy of the system

v}
E= N (5.41)

We use the symbol ¢ to indicate the physical time, while the symbol 7 to indicate the time measured
in number of collisions per particle. In the MD simulations the time can be measured in both units,
while in the evolution of Inelastic Lattice Gas model the only measure of time is 7.

We observe that initially the energy F(7) decreases exponentially in both the models: this corre-
sponds to the law E(t) ~ t~2 in the MD simulation, i.e. to the Haff regime, also called Homogeneous
Cooling. In the following, we discuss how homogeneous is this first regime, studying its structure factor.

After the formation of long range velocity correlations, the decay slows down, and a power law
decay appears for both the models. In the Hard Rods system the decay is of the form E(t) ~ t—2/3
while in the Inelastic Lattice Gas the decay follows E(7) ~ 7~/2, analogous to the decay of energy of
a simple diffusion model.

Moreover, the asymptotic decay of the energy for the Hard Rod model, measured in terms of the
number of collisions per particle, seems to depend on the regularization discussed above (the elastic
cut-off §), so that a reliable comparison between the observed behaviors is impossible.

It is interesting to note that the E(t) ~ t~2/3 law is independent of r (as it is the law E(7) ~ 71/2
for the Inelastic Lattice Gas), while E(7) changes with r. It should be explored the possibility if a
sort of principle of minimum dissipation (with adequate constraints) governs the asymptotic dynamics:
the system organizes itself in order to have a minimum dissipation rate independent of r, and do this
changing its collision rate (which consequently depends upon 7).

In general 7(t) (which makes sense only for the Hard Rod model) is a well defined “universal”
function for the homogeneous regime only: in the inhomogeneous regime 7(t) diverges due to the
inelastic collapse, or depends on the “regularization” of the restitution coefficient.

The problem can be circumvented in many situations, if one assumes the energy, instead of 7, as
the physical clock of both dynamics. This allows a direct comparison of other physical measures, such
as the structure factors or the velocity distributions. The surprising agreement in this comparison is a
nice check of the validity of this “energy clock”.

5.2.3 Velocity and density profiles

A comparison of velocity profiles at instants having the same energy in the two models is presented
in Fig. 5.3 on the next page. The shocks in the velocity profile v(z,t), correspond to high density
clusters. The shocks are discontinuity of the velocity field, characterized by an almost continuous first
derivative of the profile, which is averagely positive: this means that the particles in a shock are almost
all non-colliding, as (v; — v;) % (z; — ;) > 0 almost always. In this frame there are also the so-called
pre-shocks, i.e. parts of the velocity profile that are going to become a shock in the near future, but
are still continuous.

In the second frame, it is shown the profile v(i,t) = v(z;(%)) of the same Hard Rod model, where ¢
is the particle label. The difference between v(z,%) and v(i,t) in the Hard Rod system is in the sign of
large gradients: v(z,t) displays large negative gradients, while v(7,%) has large positive gradients. This
happens because of the density profile: most of the particles are sitting near the negative discontinuity
of the field, so that when the profile is “unrolled” as a function of the particle index, this negative
discontinuity becomes a very large negative gradient, compared to the positive gradient which competes
to few particles.

Finally, the bottom frame displays the v(i,T) profile of the Inelastic Lattice Gas which fairly com-
pares with the analogous profile for the Hard Rod system.

It is important to note that the presence of shocks in the lattice model is due to the kinematic
constraint, since they disappear, together with the Porod’s tails, relaxing the constraint.
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Figure 5.3: Portions of the instantaneous velocity profiles for the 1D MD (top v(z,t), middle
v(i,t)) and for the 1D lattice gas model (bottom, v(é,7)). In the middle frame we display the
MD profile against the particle label in order to compare the shocks and preshocks structures
with the lattice gas model (the dotted lines show how shocks and preshocks transform in the two
representations for the MD). Data refers to N = 2 - 10* particles, » = 0.99 (both models).



5.2. MODELS IN 1D 133

10

410"
= 110
X X
%1 %1

-10°

_ lOl

100 | | | | | |
100 10° 100 100 100 10° 10° 10°
Kk t2° k vVt

Figure 5.4: Structure factors S(k,t) against kt>/® for the 1D MD and against k7'/2 for the 1D
lattice gas model, in the inhomogeneous phase. Times are chosen in the correlated regime, and
in such a way that the two systems have the same energies (MD: ¢ = 15, ..., 316, lattice model:
7 =11,...,601). Data refers to system with more than N = 10° particles, »r = 0.5 (both models).

5.2.4 Structure factors

The Gaussianity of the asymptotic field distribution, and the 7=1/2 asymptotic decay suggest that, in

the lattice model, the scalar velocity field v(¢,7) is governed by a discretized version of the diffusion
equation of the form:
Ov(i,T) 0%v(i, )
5 =V (5.42)

This conjecture is analogous to the one made in the previous section for the d = 2 version of the
same model.

We checked this possibility studying the structure factor S(k,7) = 0(k,7)0(—k,7) where 0(k,7)
is the Fourier transform of the field v(i, 7). In fact, at late times, S(k,7) = f1(kr'/?) scales similarly
to a diffusive process as shown by the data collapse in Fig. 5.4 (right frame). However the form of the
scaling function differs from the Gaussian shape predicted by the diffusion equation.

In the same figure (left) we report the index structure factor of the MD simulation of the Inelastic
Hard Rod model, i.e. the Fourier transform of the correlation function in the index space

C(r,t) = (w(i, t)v(i +7,t)) (5.43)

where v(i,t) is the velocity of the i-th particle. In this case a good data collapse, S(k,t) =
f2(kt*/3), has been obtained.

The comparison between the two data collapses, i.e. between the two scaling forms obtained,
suggests that for both models the correlation length grows as L(t) ~ E(t) or L(7) ~ E(7), confirming
the idea that the physical clock of both system is the energy.

The algebraic tails of the structure factors observed in both models carry important information
about the nature of the growing velocity correlations. In particular the power law behavior S(k) ~ k=2
is due to the presence of short wavelength defects, viz. shocks, as predicted by Porod's law (for example
see [38]).

5.2.5 Distribution of velocities

As discussed above, the conjecture that the Inelastic Hard Rod model falls, asymptotically, in the
universality class of the inviscid Burgers equation (that describes the sticky gas), independently of r,
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Figure 5.5: Rescaled velocity distributions for the 1D MD and in the 1D lattice gas, during the
homogeneous (left) and the inhomogeneous phase (right). In the left frame is also shown the
initial distribution (both models). The distributions refer to systems having the same energy.
Data refer to N = 105 (both models) particles with 7 = 0.99 and r = 0.5 (for the lattice model in
the inhomogeneous regime).

also predicts that the tails of the velocity distribution decay as exp(—(v/vo(t))?) [89]. On the other
hand, an accurate numerical test of this prediction [22] seems problematic, whereas the bulk of the
distribution does not deviate appreciably from a Gaussian. This can be seen in Fig. 5.5, right frame.

This Figure shows again (like in the discussion of the d = 2 Inelastic Lattice Gas) that the asymptotic
velocity distribution is a Gaussian, whereas it deviates sensibly from a Gaussian in the first Haff regime.

To the best of our knowledge, exact analytic treatments of the Inelastic Hard Rod model are limited
to the homogeneous regime, by means of asymptotic solutions of the Boltzmann equation. Caglioti et
al. [25] have found analytic asymptotic solutions of the Boltzmann equation for a 1d inelastic hard rod
gas in the limit r — 1= and p — oo (where p is the density), for general starting distributions. They
obtained a distribution, invariant if v is rescaled with vy(t) which is the superposition of two delta
functions. For MD numerical simulations, the observation of two distinct peaks in the rescaled velocity
distribution was reported by Sela and Goldhirsch [197]. Our measurement agrees with this prediction,
as evident in Fig. 5.5, left frame: it represents a precursor of that singular asymptotic distribution.
However, the appearance of inhomogeneities and, eventually, the inelastic collapse prevent the approach
to the expected limiting distribution.
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5.3 The exact distribution of velocities for the 1D pseudo-
Maxwell model

In this brief section we discuss the pseudo-Maxwell model, which disregards the exact kinetic kernel
|v — v'| in the Boltzmann equation and therefore accounts for a flat scattering cross section. We
give an exact asymptotic scaling solution (“Baldassarri solution” [14, 12, 13]) of the model in d = 1.
The problem in d = 2, has been discussed by Bobylev and co-workers [33]. The found solutions are
compared with the granular models discussed before.

5.3.1 The pseudo-Maxwell molecules

The pseudo-Maxwell molecules model is defined through its Boltzmann-Enskog equation, and not in
terms of a true particle dynamics. This equation reads:

0 0 A
(a +vi6_r,-> P(r,v,t) = S(r, t)/dV2/ di

(v—v3)-h>0
1

X [T—ZP(r,v',t)P(r, vh,t) — P(r,v,t)P(r,va,t)| (5.44)

The prefactor S(r, t) accounts for various terms, e.g. it can be taken proportional to Z(o, n(r,t))/T(r,t)
if the derivation of Bobylev et al. is followed (see paragraph 5.1.5). In this case the Enskog correction
E(o,n) is the pair correlation function at distance o and density n, which averagely takes into account
correlations between the positions (scattering angle) of colliding particles.

The assumption of homogeneity changes the above equation in the following way:

apgtr,t) =5(t) / dvs /( oo di x [%P(v’,t)P(vé,t) —P(v,t)P(vQ,t)] (5.45)

When the velocities are scalar and the S(t) dependence (e.g. the temperature) is absorbed by a
time reparametrization ¢ — 7, the equation simplifies:

% +P(v,7) = 1 _17* /duP(u,T)P (vl _1?,7‘) (5.46)

with v* = (1 —17)/2.

This equation is the master equation for the scalar Ulam model discussed at the end of the paragraph
5.1.5: at each step a pair of velocities v; and v; from a set of IV velocities is chosen and transformed
according to the usual rule of one-dimensional inelastic collisions. It should be noted that the time 7
is proportional to the number of collisions per particles.

5.3.2 The “Baldassarri solution” ind =1

In a stimulating paper, Ben-Naim and Krapivsky [24] considered such scalar model, and obtained the
evolution of the moments of the velocity distributions. They found a multiscaling behavior, i.e.. at
large times

(v™) ~ exp(—Tay,) (5.47)

and the decay rates a,, # nas/2 (they depend non-linearly on n). They argued that such a
multiscaling behavior prevents the existence of a rescaled asymptotic distribution, i.e. that it was not
possible to find a function f such that

fw/vo(7))

P(v,7) > ()

(5.48)
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for large 7, where

v (1) = /U2P(U,T)dv = E(7). (5.49)

On the contrary, we believe that such a “multiscaling” behavior only indicates the fact that the
moments of the rescaled distribution

/ o f(z)da = (") Jul (5.50)

diverge asymptotically for n > 3, and does not rule out the possibility of the existence of an
asymptotic distribution with power law tails.
The Fourier transform of Eq. (5.46) reads

0:P(k, ) + P(k,7) = Plk/(1 - §),71P[k/B,7] (5.51)
It possesses several self-similar solutions of the kind
P(k,7) = f(kuvo(7)) (5.52)
which correspond to the asymptotic rescaled distribution

P(v,7) = f(v/vo(7))/vo(T) (5.53)

Many self-similar solutions do not correspond to physically acceptable velocity distributions. The
divergence of the higher moments implies a non analytic structure of f in & = 0, since

(") 10§ = ()" ) o (5.54)

and represents a guide in the selection of the physical solution.
As shown in Fig. 5.6 on the next page, our data collapse on the function

2

v/vo(T)) = . 5.55

S0n) = (5:59)
corresponding to the self-similar solution [14]

F(k) = (1 + |KI) exp(~|k]) (5.56)

Notice that (5.55) is a solution of Eq.(5.46) for every r < 1, i.e. this asymptotic velocity distribution
does not depend on the value of r < 1, as shown in Fig. 5.6 on the facing page (left frame).

To conclude, we have checked numerically that the asymptotic scaling distribution in Eq. (5.55) is
reached using general starting distributions. We have found that it is reached starting from a Gaussian
distribution, from a uniform distribution and from an exponential distribution.
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Figure 5.6: Asymptotic velocity distributions P (v, T) versus v/vo(7) for different values of r from
the simulation of the inelastic pseudo-Maxwell (Ulam’s) model in 1D (left) and 2D (right). In 1D
the asymptotic distribution is independent of r and collapse to the Eq.(5.55), that is “Baldassarri
solution”. The chosen initial distribution is drawn (same result with uniform and Gaussian initial
distribution). In 2D the distributions still present power-law tails, but the power depends upon
r, as shown in the inset: for » = 0 data are compatible with a = 5, while for larger r, « increases
and for » — 1 tends to a Maxwell distribution. Data refers to more than N = 10 particles.
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5.4 The Inelastic Lattice Gas: outcomes of 2D simulations

In this section we present a model of velocity vectors on a regular lattice [11, 14]: the vectors evolve by
means of binary inelastic collisions. This model seems to reproduce the phenomenology of a granular
gas in the homogeneous phase and, more remarkably, in the first correlated phase, that is when velocity
correlations grow up (development of the shear instability). The further density instability (clustering)
is prevented by the homogeneity of the density which is imposed in our model. Molecular dynamics
simulations of inelastic hard objects are very demanding on space and time scales needed to observe the
shear instability and usually are not satisfactory in terms of duration and statistics, so that information
on structure factors, p.d.f. of physical quantities and energy decay are usually lacking. This lattice
model is a formidable alternative to address all these problems.

5.4.1 The Inelastic Lattice Gas model

The model that we introduce is a lattice gas with constant density. It is constituted by the association
of a d-dimensional velocity field v; with every node of a d-dimensional lattice of linear extension L. N is
the number of nodes in the lattice. The density of the “fluid” is considered constant and homogeneous
throughout the whole system. In this way the dynamics of the gas consists of collisional events only.
Hereafter we report the study performed in two dimensions on a triangular lattice [11, 14]. In the next
chapter we will study the lattice in d = 1. We adopt periodic boundary conditions, so that finite size
effects emerge if and only if the correlation lengths grow up to the size of the lattice, otherwise the
system can be considered “without borders”.

At each step of the dynamics a nearest neighbor pair of nodes (i, j) is randomly selected and the
two velocities are updated according to the rule:

Vi= Vi = O(=(vi — vj) - ) T ((vi = v;) - ) (5.57a)
v} = vy 4+ O(—(vi = vj) ) (vi —vy) - A)a (5.57h)

where i = (r; —r;)/|(r; —r;)| represents the unit vector pointing from site j to i, © is the Heaviside
step function and r € [0, 1] is the normal restitution coefficient. We measure the time 7 using the non
dimensional number of collisions per particle, i.e. a time interval A7 = 1 represents N collisions. In
each inelastic collision (Eq.(5.57)) the total linear and angular momentum are conserved, whereas a
fraction |(v; — v;) - 0i|?(1 — r?) /4 of the relative kinetic energy is dissipated. The inelasticity of the
collisions has the effect of reducing the quantity |(v; — vj) - 1i], inducing a partial alignment of the
velocities. The presence of the © enforces the kinematic constraint that plays an important role in the
development of structures, as shown below.

We note that when the velocity vectors are totally uncorrelated with each other, the evolution of the
single-site probability P(v,t) should obey some kind of closed master equation similar to the Boltzmann
equation. It is important to stress that in the dynamics proposed here, there is no dependence of the
scattering cross section (or the collision rate) upon the relative velocity of the colliding sites. This
means that the master equation should resemble the Boltzmann equation for the pseudo-Maxwell
model introduced in the previous section (see paragraph 5.1.5).

Another consideration must be done, in order to make interesting connections with other fields
of the physics of systems out of equilibrium. The cooling process exhibits striking similarities with
the quench of a magnetic system from an initially stable disordered phase at a temperature Tj to an
ordered phase at a lower temperature Tyyencr. In a standard quench process [38] one usually considers
the process by which a thermodynamic system, brought out of equilibrium by a sudden change of an
external constraint, such as temperature or pressure, finds its new equilibrium state: this means that the
typical processes of phase ordering (expected after the quench) happen while the external temperature
is constant (often equal to zero). In the cooling of a granular fluid one wants to study the relaxation
of a fluidized state after the external driving force (whose role is to reinject the energy dissipated by
the collisions, keeping the system in a statistically steady state) is switched-off abruptly at some time
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Figure 5.7: Energy decay for r = 0.9 and r = 0.2 (10242 sites). The bold dashed line ~ 1/7 is
a guide to the eye for the asymptotic energy decay, while the light dashed line is the exponential
fit corresponding to the Haff law exp(—2vo7). The Haff regime is too short to be observed in the
system with » = 0.2. The two indicated times 7 = 24 and 7 = 860 correspond to the plots of
Fig. 5.15 on page 148.

7 = (. Due to the competition of different configurations with comparable dissipation rates, the system
does not relax immediately toward a motionless state, but displays a complex phenomenology similar
to that observed in a coarsening process.

A last remark concerns the term incompressibility, which cannot be used rigorously in our model.
In fact the continuity equation

on  O(nuy;)
— =" 5.58
8t 67‘1' ( )
states that if the density is constant in space and time, then
8ui
=0 5.59
87'1' ( )
And this is equivalent, in Fourier space, to the equation
k-u=0 (5.60)

i.e.: there are no longitudinal velocity fluctuations, and therefore the correspondent structure factor
vanishes, S| = 0. This does not happen in our model, as the velocity is here only a passive mode,
i.e. there is no coupling with the density (which actually does not exist). Longitudinal fluctuations
can be present even if the fluid has constant density. Of course, we can consider our model as quasi-
incompressible, i.e.: the longitudinal fluctuations of the velocity field are present but are much less
important than the transverse fluctuations, so that the density transport can be neglected.

5.4.2 The decay of energy

One sees from Fig. 5.7 that during the initial stage, the total energy per particle
Y vi(r)?
E(r)=2=—" 5.61
()= &% (5.61)
is dissipated at an exponential rate

E(t) = E(0) exp(—7/THaysy) (5.62)

with T;I;ff = (1-r?)/d, as indicated in formulas 5.6 and 5.5b. The Haff law can be deduced from
Eq.(5.57) imposing that each 'spin’ fluctuates independently of the others. For times larger than 7705,
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Figure 5.8: Data collapse of the transverse (S?) and longitudinal (S) structure functions for r = 0.
and 7 = 0.9 (system size 10242 sites, times ranging from 7 = 500 to 7 = 10*). The wave-number
k has been multiplied by /7. Notice the presence of the plateaux for the more elastic system. For
comparison we have drawn the laws 2% and exp(—z?).

of the order of 7x4sy, the system displays a crossover to a different regime, where the cooperative
effects become dominant and the average energy per particle decay as E(7) ~ 7—1. Such a behavior
agrees with the mode-coupling theory [45] discussed above (see paragraph 5.1.4) and with the behavior
suggested by inelastic hard spheres simulations (IHSS) reported in various papers [175, 45]. As already
discussed, and as shown below, the crossover from one regime to the other is due to the formation of
a macroscopic velocity field, i.e. to the shear instability. This is analogous to the formation of domains
in a standard quench processes of magnetic systems. After the formation stage these regions start to
compete to homogenize: this causes a conversion of kinetic energy into heat by viscous heating. In
the hydrodynamics description of Equation (5.8c), this is due to the third term, that is the term where
the coupling between the stress tensor P;; and the velocity gradients Ou;/0r; appear. The viscous
heating acts against the collisional cooling and leads to a slower decay of the energy.

An interesting observation from Fig. 5.7 on the preceding page is that the smaller the inelasticity,
the higher is the cumulated dissipated energy measured in the second (correlated) regime. This, a
phenomenon observed in inelastic hard spheres simulations [158] and is due to the fact that the Haff
regime (which is more rapid in dissipating energy) lasts more for less dissipative systems.

5.4.3 The structure factors and the self-correlation functions: more
than diffusive behavior

The most relevant information about the spatial ordering process is contained in the equal-time structure
functions, i.e. the Fourier transforms of the velocity correlation function:

St (k,m) =Y VP (k, T)vH (<K, T) (5.63)
k

where the superscripts t,l indicate the transverse and longitudinal components of the field with
respect to the wave vector k and the sum ) ; is over a circular shell of radius k. Such structure
factors, if rewritten in terms of the variable (kt'/2) display fairly good data collapse, apart from the
large k region.

This collapse identifies two characteristic lengths that grow with similar power laws:

LYt) ~ L'(t) ~ 7 (5.64)

Considering the sum rule for the total kinetic energy
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E(r) =Y _[S'(k, ) + S (k, )] (5.65)

k

we observe that in the early Haff (exponential) regime the contribution from the two terms is ap-
proximately equal, whereas for times larger than 7.,,5s and r not too small, most of the kinetic energy
remains stored in the transverse field, while the longitudinal component decays faster, with an apparent
exponent 772

The diffusion scenario

The findings concerning the energy decay E ~ 77! and the growth of Lt!(t) ~ /7, suggest that, if
the observation time is longer than the time between two collisions and if the spatial scale is larger than
the lattice spacing, the system behaves as if its evolution were governed by a diffusive dynamics [219].
Also the measure of velocity distributions (discussed ahead), which seem to be Gaussian in the correlated
phase, encourages such a scenario.

To be more precise, we call diffusive, the following dynamics: let us consider a vector field ¢(r,7)
which evolves according to the law

O 8¢,
or D or?

(5.66)

The explicit solution of this dynamics with a random uncorrelated initial condition shows that

e ¢(r,7) is asymptotically Gaussian distributed

e this field has a variance

(p(x,7) - p(r, 7)) oc 742 (5.67)
e the structure factors S%!(k,7) assume a scaling form S%!(k,7) = s(kL(7)) where L(7) = /7.

e the two-time self-correlation of velocities

Co; (11,72) = (bi(x,71)Pi (r, 72)) (5.68)

assumes the following aging form

C¢.(T1,7'2) 2
- = 5.69
Corlrm) ~ (A1) (5.69)

In order to check our conjecture, we have compared the average self-correlation of the velocity
components

2 vi(T)vi(T2)
N

During a short time transient, the self-correlation function of our model differs from Cy,, since it
depends on 71 — T3, i.e. it is time translational invariant (TT/). Later, C(71,72) reaches the “aging”
regime and depends only on the ratio £ = 71 /7».

This TTI transient regime is similar to what occurs during the coarsening process of a quenched
magnetic system: the self-correlation of the local magnetization a(7y,, 7, + 7) for 7 < 7, shows a
TTI decay toward a constant value mgq (Tquench) that is the square of the equilibrium magnetization,
indicating that the local magnetization is evolving in an ergodic-like fashion. Thereafter the self-
correlation decays with the aging scaling law indicated above. Obviously, when Tyyencn — 0, the TTI
transient regime disappears. In our model the behavior of the self-correlation is even more subtle,

C(m,m2) = (5.70)
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Figure 5.9: Angular auto-correlation function A(r,7,) for different values of the waiting time 7,
and 7 = 0.9 (10242 sites). The graph on the left shows the convergence to the /7, diffusive
scaling regime, for large 7,,. For small 7, a local minimum is visible (for such a quasi elastic
dynamics). In the graph on the right the same data are plotted vs 7 — 7,: note that the small 7,
curves tend to collapse. For higher 7, the position of the local minimum does not move sensibly,
but its value grows and goes to 1 for large 7,

as the cooling process imposes a (slowly) decreasing “equilibrium” temperature Tyyencn, — 0: this
progressively erodes the TT/ regime and better resembles a finite rate quench.
The same dependence on the TT/ manifests itself in the angular auto-correlation:

Arr) = 5 Y cos0i(ra +7) = 0i(r)) (5.71)

Again, for large waiting times 7, this function assume the diffusive 7/7,, scaling form, but for a
(small) fixed 7, displays a minimum and a small peak before decreasing at larger 7 (see Fig. 5.9). The
non-monotonic behavior of A(t,t,) suggests that the initial direction of the velocity induces a change
in the velocities of the surrounding particles, which in turn generates, through a sequence of correlated
collisions, a kind of retarded field oriented as the initial velocity. As t,, increases the maximum is less
and less pronounced.

Another check of the conjecture of a diffusive dynamics comes from the measure of the persistence
exponent. In Fig. 5.10 on the facing page we show the decay N, ~ 7~ of the number N, of sites where
a velocity component never changed its sign up to time 7. The measure of the exponent § = 0.18
agrees with the theoretical prediction for the diffusive dynamics.

More than pure diffusion
In spite of these first results, that seem to give support to the idea that the model dynamics is
purely diffusive, the model is more complex. The main evidence stems from the following facts:

e the Fourier modes interact and an initial single mode state, obtained assuming the initial con-
figuration to be a plane wave, decays into shorter wavelength modes by a mechanism of period
doubling; that is to say, contrary to the diffusion, plane waves are not eigenmodes (see Fig. 5.11
on page 144 and Fig. 5.12 on page 145). Interestingly, the time behavior of energy, for such
peculiar initial conditions (only one mode, long wavelength, excited) is very different from the
observed behavior in the case of a random initial condition: it is well fitted (apart from a quite
short transient) by an exponential as expected in a diffusive system, but also like in the Haff
law, but with a low exponent, i.e. with a very large characteristic time, compatible with an Haff
law with an effective restitution coefficient near 1. This is the signature that this kind of mode
interaction is almost elastic.
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Figure 5.10: Measure of the persistence of the Inelastic Lattice Gas in d = 2, for two different values
of the restitution coefficient. Ny(7) counts the number of sites where the x velocity component
never changed from the starting time of the dynamics up to time 7. The power-law regime
corresponds to the correlated regime (see Fig. 5.7 on page 139). The measured exponent 6 = 0.18
is the persistence exponent predicted for the diffusive dynamics.

e the structure functions do not have the typical Gaussian tails of a diffusive system; this probably
comes from the non-linearity represented by the kinematic factor in Eq.(5.57); the shapes of
SHL(k, ) display three different regions: a long-wavelength region which is diffusive in character;
an intermediate region where the structure functions decay as k~# with 8 ~ 4; a plateau region
where St! decay in time with a power law 7=2 but remain nearly constant with respect to & (for
r>0);

Let us discuss in more detail the different regions of the structure factors. They are in good
agreement with the classification given in paragraph 5.1.2, with the difference that the homogeneous
density enforced in our model changes the analysis of the modes (mainly for what concerns sound
modes).

The diffusive region is in agreement with the dissipative range, where no macroscopic propagation
is expected (diffusive transport is of course not macroscopic).

The existence of the quasi-elastic plateaux is the fingerprint of localized fluctuations which, for
small inelasticity, propagate and are damped less than exponentially. A small r determines a rapid
locking of the velocities of neighboring elements to a common value, while in the case of r — 1, short
range small amplitude disorder persists within the domains, breaking simple scaling of S*! for large
k and having the effect of a self induced noise. This range resembles the elastic range discussed in
paragraph 5.1.2.

The existence of a L=2(7)k™* region in the structure functions is consistent with Porod’s law [38]
and is the signature of the presence of topological defects, vortices in this d = 2 case, a salient feature of
the cooling process. Vortices form spontaneously and represent the boundaries between regions which
selected different orientations of the velocities during the quench and are an unavoidable consequence
of the conservation laws which forbid the formation of a single domain (conservation of linear and
angular momentum).

With the random initial conditions adopted, vortices are born at the smallest scales and subsequently
grow in size by pair annihilation, conserving the total charge. In Fig. 5.13 on page 147 and Fig. 5.14
on page 147 we show a still shot of the velocity field, indicating the presence of vortices. By locating
the vortex cores, we measured the vortex density p,(t), which represents an independent measure of
the domain growth, and in fact it decays asymptotically (7 >> 7.r0s5) as an inverse power of time, i.e.

L,(1) = p;1/2 o 71/2 (5.72)

This is analogous to the vortex diffusion studied in the fluctuating hydrodynamics framework by
van Noije and coworkers [212].
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Figure 5.11: Evolution of longitudinal modes: a sequence of structure factors (vy(ky, t)vy (—kz,t))
at different times for a system of size N = 512 x 512 and restitution coefficient r = 0.5. The
initial condition for the velocity field is a plane wave v, (z,t) = sin(Kyz), v, = sin(Kpy) (i.e. all
longitudinal modes), with Ky = 8k and k¢ = 27/ L is the minimum vector number for this system.
In the last frame there is the time behavior of the energy of the system, which is exponential. The
exponent is compatible with the Haff law with an effective restitution coefficient r = 0.998.
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Figure 5.12: Evolution of shear modes: a sequence of rescaled structure factors
(vy(ksz, t)vy(—Fke,t))/E(7) at different times for a system of size N = 512 x 512 and restitution
coefficient r = 0.5. The initial condition for the velocity field is a plane wave v, (x,t) = sin(Koy),
vy = sin(Koz) (i.e. all shear modes), with Ko = 8ko and kg = 27 /L is the minimum vector
number for this system. In the last frame there is the time behavior of the energy of the system,
which is exponential. The exponent is compatible with the Haff law with an effective restitution
coefficient r = 0.997.
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The vortex distribution turns out to be not uniform for  not too small. Its inhomogeneity is char-
acterized by the correlation dimension ds, defined through the definition of the cumulated correlation
function:

Zz'<j O(R— (r; — rj))

H(R) = —

~ R% (5.73)

where r; are the core locations. For r — 1 the vortices are clusterized (d2 < 2) i.e. do not fill
homogeneously the space, whereas at smaller r their distribution turns to be homogeneous (d2 — 2).

5.4.4 Internal temperature and scale separation

The internal noise observed in the study of the longitudinal and transversal structure factor can be
characterized by means of an average local granular temperature T}:

Ty =(lv = (v)o|*)s (5.74)

where (...), means an average on a region of linear size o.
If we call L(t) a characteristic correlation length of the system, since when ¢ > L(t) the local
average tends to the global (zero) momentum, then

lim T, = E (5.75)

g —00

For o < L(t), instead, T, < E. The behavior of T, in the uncorrelated (Haff) regime and in the
correlated (asymptotic) regime for two different values of r is presented in Fig. 5.15 on page 148.

A very important observation is the following: for quasi elastic systems T, exhibits a plateau for
1 € 0 < L(t) that identifies the strength of the internal noise and individuates the mesoscopic scale
needed by a hydrodynamics description. The local temperature ceases to be well defined for smaller r:
this clearly suggests the absence of scale separation between microscopic and macroscopic fluctuations
in the strongly inelastic regime [93].

5.4.5 Distributions of velocities and velocity gradients

Within the early regime the velocity distribution deviates sensibly from a Maxwell distribution (corre-
sponding to the same average kinetic energy), but displays fatter tails, a phenomenon which mirrors
the behavior of the BK [24] model. The existence of these tails seems to be due to the lack of spatial
correlations, intrinsically absent at all times in their model, whereas negligible in ours up to ¢t.. When
the energy begins to decay as 7~ the velocity distribution turns Gaussian.

Vortices are not the only topological defects of the velocity fields. In fact we observe shocks, similarly
to recent experiments in rapid granular flows[186]. Shocks have a major influence on the statistics of
velocity field, i.e. on the probability distributions of the velocity increments. The probability density
function (p.d.f.) of the longitudinal increment

1 R
A(R) = ;(VH-R —vi) @ (5.76)
is shown in Fig. 5.17 on page 149 for R = 1 (longitudinal velocity gradient) in the main frame,
and for R = 40 > L(t) in the inset. For small R < L(t) the longitudinal increment p.d.f. is skewed
with an important positive tail, whereas for R > L(t) it turns Gaussian. The distribution of transverse
increments

(Vitr — Vi) xR (5.77)

instead, is always symmetric, but non-Gaussian distributed for small R. A similar situation exists
in fully developed turbulence [26].
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Figure 5.13: A (zoomed) snapshot of the velocity field at time 7 = 52 for the Inelastic Lattice
Gas, d = 2, with » = 0.7 and size N = 512 x 512. The time has been chosen at the beginning of
the correlated regime. It is evident the presence of vortices. All the velocities have been rescaled
to arbitrary units, in order to be visible.
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Figure 5.14: Another snapshot of the same system of Fig. 5.13 but at a later time 7 = 535. The

diameter of the vortices has grown up. All the velocities have been rescaled to arbitrary units, in
order to be visible.
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Figure 5.15: The scale dependent temperature, T}, defined in the text, as function of the coarse
graining size ¢ for 7 = 24 (incoherent regime) and 7 = 860 (correlated regime for both choices of 7).
In the early incoherent regime the total energy per particle and 7, remain nearly indistinguishable
for a wide window of values of ¢ (length scales): for o < L(7) the thermal energy becomes much
smaller than the kinetic energy, a clear indication of the onset of macroscopic spatial order. This
becomes evident in the correlated regime. Furthermore, in the correlated regime the more elastic
case presents a short wavelength plateau, indicating a well defined mesoscopic temperature, and
therefore a clear separation between the microscopic scales (the first slope) and the macroscopic
scales (the second slope).
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Figure 5.16: Distributions of z velocity at different times for the same system with r = 0.2
and N = 512 x 512. The distributions are rescaled in order to have unit variance. The initial
distribution is a Gaussian. The distribution becomes broader in the uncorrelated phase (first
regime), and then turns back toward a Gaussian. At the late instants (when the correlation length
has almost reached the finite size of the system) the distribution is still similar to a Gaussian, but
presents asymmetries and peaks.
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Figure 5.17: Probability densities of the longitudinal and transverse velocity increments. The
main figure shows the p.d.f. of the velocity gradients (R = 1). The inset shows the Gaussian
shape measured for R = 40 (larger than L(t) for this simulation: r = 0.2, t = 620, system size
2048?%).

5.5 A synthesis of the cooling granular gas problem

In this section we want to offer a quick reference table on the existing results on the kinetics of cooling
granular gas in d = 1 and d = 2. We review the results on energy decay, velocity distributions and
spatial correlations, indicating if they have been obtained analytically or numerically and specifying the
models used. In particular we have focused our attention on the usual Inelastic Hard Object Model in
d =1 (rods) and d = 2 (disks), the pseudo-Maxwell (Ulam) model and finally the Inelastic Lattice Gas
models that we have introduced. We have also considered the diffusion model (Equation (5.66)) and
the sticky gas model, i.e. the Burgers equation in the inviscid limit (Equation (5.32)).

The energy decay for d=1

Homogeneous | Non-homog.
1d model regime regime
Hard Rods t2=e" t—2/3
Lattice Gas e =172
Diffusion equation / t=1/2
Sticky gas (Burgers) / t=2/3

The Haff regime has been predicted analytically [103] and verified in all Hard Objects simulations.
The energy decay for the correlated regime has been verified numerically by Ben-Naim et al. [22]
and is consistent with the hypothesis of a sticky gas universality class. The fact that the inviscid
Burgers equation and the sticky gas model are equivalent has been demonstrated [57]. The diffusion
equation and the Burgers equation can of course have transient from the initial state to their correlated
asymptotic regime.

The energy decay for d = 2



150 CHAPTER 5. INSTABILITY DEVELOPMENT IN COOLING GRANULAR FLUIDS

Homogeneous | Non-homog.
2d model regime regime
Hard Disks t2=e" !
Lattice Gas e 1
Diffusion equation / t !
Sticky gas (Burgers) / t1

The 77! law has been predicted analytically [45], simulations of the Hard Disks model in the
correlated regime are quite rare and have not verified this prediction in a satisfactory manner [45, 175].

The velocity distributions for d =1

Homogeneous Non-homog.
1d model regime regime
Hard Rods 2 peaks Gaussian
Lattice Gas 2 peaks Gaussian
Diffusion equation / Gaussian
Sticky gas (Burgers) / exp(—(v/vo(t))?)
Boltzmann 2 peaks /

Ulam /(14 (v/vo(t))?)? /

The velocity distribution for the Hard Rods system has been obtained numerically (in the homoge-
neous regime [158, 197], in the correlated regime [14, 12]). The velocity distribution for the Burgers
equation has been predicted analytically [89]. The two peaks in the solution of the 1d Boltzmann
equation have been predicted analytically by Caglioti et al [25], in the framework of an asymptotic so-
lution for the quasi-elastic limit of this equation. An analytic asymptotic solution of the homogeneous
pseudo-Maxwell (Ulam) scalar model has been obtained by us (“Baldassarri solution” [14, 12, 13]),
and very well verified by numerical solutions with Gaussian or uniform initial conditions.

The velocity distributions for d = 2

Homogeneous Non-homog.
2d model regime regime
Hard Disks ~ exp(—v/vo(t)) Gaussian 777
Lattice Gas ~ exp(—v/vg(t)) ? Gaussian
Diffusion equation / Gaussian
Sticky gas (Burgers) / exp(—(v/vp(t))?)
Boltzmann ~ exp(—v/vo(t)) /

Ulam ~ (v/vo(t)) =P /

Numerical simulations of the Hard Disks model have not verified in a satisfactory manner the
exponential tails of the velocity distributions (an interesting 3D experimental measurement of the
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exponential tails has been obtained in [144]). These have been predicted solving the homogeneous
Boltzmann equation [211]. The Gaussian asymptotic distribution is a pure conjecture, based on some
evidence (e.g. Figure 9 of the article by Huthmann, Orza and Brito [114]). The asymptotic solution
of the (vectorial) Ulam model has not been obtained analytically (calculation can be found in previous
chapter, as well as in Bobylev et al. [33]).

The time behavior of the correlation length for d =1 and d = 2, in the correlated

stage
1d 2d
Hard Objects ~t23 |~ ?
Lattice Gas ~T Y2t
Diffusion equation t—1/2 t—1
Sticky gas (Burgers) " 77

The growth of the correlation length for the Hard Rods has been obtained numerically [12, 14],
while in 2d has been predicted analytically [214], with no reliable numerical checks.
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In this thesis we have collected a panoramic of experiments, theories and models concerning the
dynamics of granular systems. The rapid development in the study of granular gases in the last ten
years has been made easier by the strong advancements in the kinetic theories of molecular systems
achieved in the past decades. Many conclusions concerning correlations, breakdown of molecular chaos,
the necessity of going beyond the Navier-Stokes order in hydrodynamics, finite size effects, scaling
laws, boundary layers and so on, have been pointed out in the investigation of molecular systems
under extreme conditions (high shear rates, high Reynolds number, etc.). Turbulence is another field
of Physics where fluids show strong fluctuations, absence of scale separation and consequent scale
dependent constitutive relations, and much more. The study of all these systems has put in evidence
that standard tools of kinetic theory must be replaced by different kinds of analysis: often the study
of stochastic processes or that of dynamical systems has led to important results. All techniques of
statistical mechanics can be of relevance for granular gases: we have used Monte Carlo algorithms, as
well as master equations for simple stochastic processes, probabilistic considerations, mean field models,
kinetic or Fokker-Planck equations, coarsening models and diffusion equations, analysis of structure
factors or persistence; even renormalization group (or mode-coupling) approaches have been used by
other authors. More remarkably, the ability of reproduce essential features of a system with minimal
models which can be more easily investigated (through analytical or numerical but also experimental
efforts) has proven to have a key role in the approach to granular matter, as well as in the general
scientific methodology.

The models that we have studied are in some case near to reality, in some other they must be
considered first steps in a more general comprehension of physical mechanisms. We have probed
the validity of some assumptions (Gaussian equilibrium and lack of short-range correlations) in the
theory of driven granular fluids, using a model of hard objects with inelastic collisions coupled with
an external heat bath. The analogy between the idealized heat bath and the more realistic driving
plates or air fluidizations mechanisms should be understood better, but the agreement between the
properties of the model and the experimental observation is not questioned: a real granular stationary
flow presents a non-Gaussian equilibrium and short-range density correlations which can induce a lack
of scale separation. We have obtained similar results using Molecular Dynamics as well as Direct
Simulation Monte Carlo simulations: this means that the results are robust even if the short-range
velocity correlations are ruled out by force. Measurement of large scale velocity correlations in real
systems [71] have been obtained recently and could give hints on the correctness of some assumptions
in the models: the randomly heated model with the external friction (as introduced by us) does not
predict velocity structures, while the absence of friction induces structures but poses questions on
the fluctuations of momentum and energy. Probably there is not a typical real situation and things
can change from an experimental setup to another. Moreover, the inelastic hard object model with
imposed Molecular Chaos (i.e. using DSMC) has proven to reproduce all the features of typical non-
homogeneous steady granular flows, for example when driven by gravity: here again we have obtained a
fair agreement with experiments, where non-Gaussian distributions of velocities and density correlations
are found. The study of velocity correlations (which always suffer from the use of DSMC algorithm)
is currently at work, in order to be compared with recent experiments. We have also checked the
limits of hydrodynamic theories: there is usually, in the same setup, a region of the system that is well
described by Navier-Stokes-like equations, and at the same time there are boundary layers that need
different (more fundamental) approaches: ballistic flights or strong space-time gradients characterize
these kinetic regions. The problem of boundary conditions is probably one of the more difficult and
opened subjects of investigation in the physics of Granular Flows: it surely deserves more attention.

Cooling granular gases are apparently less connected to real situations, but in turns are more rich of
intriguing phenomena and connections with other field of Physics (such as physics of systems quenched
under the critical temperature, aging systems and so on). More remarkably, they are strongly connected
with driven granular gases: a realistic steady flow should be understood as an alternation of cooling
regions (in space-time) and driven regions, it is very rare that a granular system is subjected to a
truly continuous and truly homogeneous external driving. Therefore some of the correlations expected
in a cooling gas could be found also in a driven gas. As a matter of fact, the physics of cooling
granular gases has still many things to understand: it happens that the homogeneous phase, early
or later, ends and is substituted by a correlated regime. The positions and velocities of the grains
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organize in structures that reduce dissipation. A serious conjecture that involves some kind of principle
of minimum dissipation has not yet been proposed, but it seems a question that needs to be asked.
Our main contribution in this field is the introduction of a lattice gas model with inelastic interactions,
which in spite of its simplicity reproduces many properties of the inelastic hard objects model in its
homogeneous phase as well as in its velocity correlated phase. The model is not capable of going
through the density correlated phase but may be considered in good agreement with the predictions for
the incompressible cooling gas. More remarkably, it shows the expected energy decay and the expected
growth of structure factors by means of a microscopic dynamics, while the existing theories are based
on stability analysis of hydrodynamics (i.e. they are mesoscopic approaches). We also put in evidence
the appearance and disappearance of the separation between kinetic and hydrodynamic scales. This
point deserves a deeper analysis: we could ask if such a scale separation is stationary and, in that case,
if there is a transition in the parameter r (the restitution coefficient) from “quasi-elastic” systems that
have it and “quasi-perfectly-inelastic” systems that do not have. Or otherwise, it could be that the
later formation of new structures (in density), breaks this scale separation for every value of 7. The
study of pseudo-Maxwell models without spatial coordinates (where we have discovered an important
analytical solution) perhaps can be useful for the Physics of granular gases, even if they have been
given results different from MD simulations. The lattice model that we introduced, in fact, is a sort
of lattice version of the pseudo-Maxwell kinetic kernel, that in the cross section disregards the relative
velocity between colliding particles. The goodness of the latter in spite of the badness of the last could
be explained as follows: in the lattice model the particles have the possibility of correlate, i.e. there
can appear regions of neighboring particles with very similar velocities; this means that, apart from
interfaces among these regions, the relative velocities of candidates for collisions are all very similar and
therefore the kinetic term |v — v'| of Boltzmann equation can be disregarded. In the pseudo-Maxwell
model without spatial coordinates, instead, the colliding candidates can have very different velocities
and the effect of disregarding their relative velocity is dramatic.

We are now considering some other issues of the physics of granular gases, a brief list of our actual
studies follows:

e We are investigating the non-equilibrium stationary state of granular gases by means of linear
response theory, probing the possibility of characterizing this state with an effective temperature
that satisfies the Fluctuation-Dissipation theorem and that is different from the Granular Tem-
perature. The necessity of coupling inelastic gases with a thermostat implies the impossibility
of applying the Zero Principle of thermodynamics and therefore that of a standard definition of
temperature as a thermalization parameter.

e We are looking to a better characterization of the Baldassarri solution (perhaps there exists an
H-theorem for it that proves its asymptotic uniqueness), and to a possible analytical study of
the same model in more than one dimensions. In this framework we are studying the connection
between pseudo-Maxwell models and real granular gases.

e We are introducing polydispersity in driven and cooling models (using DSMC simulations): in
this way segregation phenomena appear, as in real situations. The presence of different species
of particles influences also the global properties of the gas.

e We are analyzing the velocity structure factors in the (homogeneously and non-homogeneously)
driven granular gas and at the same time we are introducing a driving mechanism in the lattice
gas model, in order to obtain a comparison between the systems. We are also interested in a
better comprehension of the limits and possible variants of the DSMC algorithm in the context of
granular gases: for example the DSMC algorithm (as it is not a molecular dynamics simulation,
but a Monte Carlo algorithm of solution of the Boltzmann equation) does not take into account
the fact that leaving particles cannot collide, but this seems crucial in the formation of some
velocity structures (for example shocks).
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Appendix A - The Direct
Simulation Monte Carlo

The Direct Simulation Monte Carlo, also known as Bird algorithm, is a simulation scheme useful to
solve the Boltzmann equation for gases. The Boltzmann equation is characterized by a linear partial
differential operator plus the so-called collision integral (see paragraph 2.2.3):

Q(P,P):/W/S (P'P. — PP)|V - fi|dv.dh (78)

It is a five-dimensional integral that makes difficult numerical approximations: if we want to ap-
proximate this integral by a quadrature formula, we need the evaluation of the integrand in N® points
where N is the number of points necessary to well approximate a one-dimensional integral. For ex-
ample, if N = 20, than we must evaluate the integrand in 3.2 - 10° points, at every time step of
our integration algorithm. Particle simulation methods (like the Bird algorithm) avoid this problem by
replacing the density distribution P by a discrete measure of test particles, the so-called “simulation
gas". The number of test particles can be anything between 100 and several millions, depending on
the capacity of the computer being used. The key idea of particle simulations stems from the consid-
eration that the physical reality underlying the problem is a gas with, say, 102® particles and that the
Boltzmann equation is only a mathematical approximation to this reality: the use of this equation is
a drastic reduction of the number of freedom degrees (even if it replaces a finite number of degrees
with a six-dimensional infinite number of them, we can consider the Boltzmann equation the result of
a compression of information), and therefore we can replace it with some other kind of approximation
that reduces the number of freedom degrees. Therefore, in particle simulations we return to the particle
level, but restrict the number of particles in order to make it tractable, and consequently change the
interaction rules in order to make them reflect the influence of the collisions on the behavior of the
gas.

The Bird scheme [29, 30] has been successfully employed for the simulation of rarefied gases for
decades (for example in the calculations for the reentry of spacecrafts). Recently non constructive [218]
and constructive [185] proofs of its convergence to the solution of the Boltzmann equation have been
given.

The scheme consists of the following ingredients:

e Time discretization: time is discretized, i.e. t = j - At and the free flow operator S? (see
paragraph 2.2.1) is approximated by S, ~ 1 + L°At (Euler-type approximation).

e Splitting: the complete evolution of the gas in the time integration step At is divided in two
sub-steps:

P(r,v,(j + 1)At) = P(r, v, jAt) + AtQ(P, P) (79a)

P(r,v,(j + 1)At) = P(S% 5, (r, V), (j + 1)At) (79b)

This means that the particles evolve independently for a time At and then the p.d.f. P is modified
in order to take into account the collision, by evaluating the integral @ (this is the difficult part).
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e Local homogenization (over space cells): the space domain is divided in non-overlapping
cells Cy; the intermediate step in Eq. (79a) is performed on a p.d.f. P which is the spatial
average of P on those cells, i.e.:

Pe,v.jA) = pes [ CeP(w.v.iandy (50)

and therefore also P is homogeneous on the cells C, of volume V(C}). The free flow step in
Eq. (79b) will destroy the local homogeneity. We assume that all the cells C}, have the same
diameter and call it rp (B stays for Bird but also for Boltzmann, so that rp is called Bird radius
or Boltzmann radius indifferently). The local homogenization is important for both practical and
conceptual reasons: it makes more easy (and rapid) to simulate the collisions among particles
and, at the same time, fulfills the Boltzmann idea that the spatial variation of the particle density
over a cell with volume dxdydz could be neglected: it is the velocity dependence of the particles
in such a cell that would make a difference.

Here follows the algorithm, step by step:

1. Evaluate the new positions at time (j + 1)At using the free flow operator, i.e. z;(j +1) =
z;(j) + v; At.

2. In every cell Cy (containing N¢ particles and therefore (A;C) collision pairs) do the following:

(a) reset the “collision clock” tc = 0.

(b) Choose randomly a pair iy, 42 in the cell with probability p;, ;..

Diiis = kailiQ (81&)

Crnta = / dd|(vi, —vi,) - (81b)
52

with k& a normalization constant.

(c) Update the velocities of the particles i; and 5 with the collision rule (for example the one
in Eq. (2.33)), using a random choice of the collision parameter 1.

2V (Ci)

Neoiyio®

(e) go to step 2b until tc > At (this guarantees an appropriate number of collisions, consistent
with the collision integral)

(d) Update the collision clock tc =tc +

3. repeat the step 2 for all the cells.

4. go to step 1 and advance the time t =t + At.

We have used a slight different scheme where the particles in the cells have a fixed a-priori probability
p. of colliding during a time step At: every particle is checked for collision, throwing a random number
in the range [0, 1); if the number is lesser than p. then the particle is admitted for collision (it is particle
i1) and a collision mate i5 is chosen in the cell with probability p;,;,. In a homogeneous situation with
rp of the order of the mean free path, this guarantees that the mean free time is about At/p.

To study more dense situations, alternative schemes have been proposed that take into account
spatial density correlations in a way consistent with the Enskog correction to the Boltzmann equa-
tion [90, 165, 166].



Appendix B - Coeflicients of
granular hydrodynamics of 2D

Inclined Plane Model

In section 4.4 the hydrodynamics of the first model is studied. The equations with the transport
coefficients calculated by Brey et al. [43] are used. The coefficients needed in our case are the two
thermal conductivities x and p appearing in the expression of the heat flux

q=—-kVT — uVn (82)

and the coefficient ¢ of the dissipative term

—CkpT. (83)

In reference [39] the coefficients are given for the case d = 3 (d is the dimension of the space).
We have taken the coefficients for d = 2 from an unpublished (to our knowledge) work of Brey et al.
They have been subsequently published it in [43] and we summarize their results here:

k= K*(r)ko(T) (84a)
b= ()R (T) (84b)
¢=c( )ngf (84c)

where ko(T) and 1o(T") are the heat conductivity and viscosity coefficients respectively for elastic
hard disks. In the limit » — 1 the numerical coefficient k* tends to 1, while p* and ¢* vanish. We
have:

3/2m1/2
mkgT)/?
no = {kET) 7 o \/% (85b)

The expression for the numerical coefficients are the following:
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. 1+ c*(r)
= () — 4 (r)
X0 (0 + i)
E ) =3¢ ()
¢ = %(1 —r?) (1 + %c*(r))

) = (1+7) (E B - 6r)c*(r)>

win (1 —7r)(1-2r2)
) = S =)

In section 4.4 we have used the following re-definitions of the above coefficients:

(86a)

(86b)
(86¢)
(86d)

(86¢)

(87a)
(87Db)
(87¢)
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A brief note on the opening
citation

The phrase “In girum imus nocte et consumimur igni“ is a fascinating latin phrase whose origin is
not clearly known. It means “We go making circles in the night and are consumed by fire”. It is a
palindrome: in fact it is equal if read from the end to the beginning. It has been used by Guy Debord
as a title for one of his movies. Guy Debord (1931-1994) is the author of La société du Spectacle
(1967). He has been a theorist of total criticism. He has criticized modern urbanization, inventing
psycho-geography and the theory of derive (i.e. “inspired random walk™). He has criticized art and all
its conventions conceiving the détournement (i.e. free use of everybody’s art to create new art, with
the demolition of the concept of author and that of intellectual property, let’s say “open art” well before
“open source”...). He has criticized cinema, making some movies (his cinematographic corpus amounts
to seven works, almost all shorts) composed by collages of pieces of other movies, photographies, and
his own melancholic shootings, with his voice as the only comment, expressing his own political, artistic
and philosophical ideas of total destructuration. He has criticized whole life at every level for its passive
spectacularization that can absorb and make inoffensive any form of revolution, founding the movement
of Situationism. In 1953 he has written on a wall of rue de Sein, in Paris, the phrase “Ne travaillez
jamais”, that is “Never work™. He has committed suicide on the 30h of November, 1994.

What has to do this phrase (and Guy Debord) with this thesis? It is a habit that physicists, feeling
in debt with literature and art in general, open their works with duct citations that have “something” to
do with their research. Of course someone can find that this phrase contains the principles of granular
systems: there is movement and dissipation (someone else could even assert that “circularity” has
something to do with vortices). | prefer to think that this citation has nothing to do with this thesis.



