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Abstract The non-cutoff Boltzmann equation can be simulated using the DSMC method,
by a truncation of the collision term. However, even for computing stationary solutions this
may be very time consuming, in particular in situations far from equilibrium. By adding an
appropriate diffusion, to the DSMC-method, the rate of convergence when the truncation
is removed, may be greatly improved. We illustrate the technique on a toy model, the Kac
equation, as well as on the full Boltzmann equation in a special case.
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The Boltzmann equation describes the evolution of the phase space density of a gas. It is
a nonlinear equation in many dimensions, which makes it difficult to treat by e.g. finite
difference methods. The classical way of solving the Boltzmann equation numerically is by
means of Monte Carlo simulation. The method was first described by Bird (see the book [4]),
but since then many variations on the theme have been published [2, 23, 25, 29].

Very briefly, the DSMC-method can be described as follows: The gas is represented by
a finite (although sometimes rather large) number of particles. The time evolution is then
carried out by alternating a transport step, in which the particles move independently with
their own velocity, and a collision step. The spatial domain of calculation is divided into cells
which should be large enough that it typically contains a not too small number of particles,
but still small enough to take into account the spatial gradients in the problem.

The collision step is then carried out in each cell separately as a jump process in R¥",
where n is the number of particles, and the jumps occur as the velocity change in clas-
sical collisions between randomly chosen pairs of particles. The collisions conserve en-
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ergy and momentum, so the jump process actually takes place on {(vy,...,v,) € R |
Yu=uecR Y vi=W}

The simulation can be understood as a sampling of the solution of a Poisson driven
stochastic differential equation. In the original DSMC methods, the rate of the underlying
Poisson process was always taken to be finite, but there are at least two reasons for con-
sidering infinite (or very large) collision rates. The first one occurs when the density of the
gas is very large in a cell, i.e. when 7 is very large. One way of handling that situation is
to sample the velocity distribution at the end of a collision step as a suitable mixture of a
distribution as the one that results from a moderate number of collisions and the equilibrium
distribution, which is a Maxwellian [25-27].

The other case derives from the fact that many realistic collision models correspond
to long-range potentials, which effectively gives rise to an infinite collision rate. The vast
majority of collisions only change the velocities marginally, and so the rate of change of
momentum due to collisions is finite.

To carry out a Monte Carlo simulation in this situation, one may truncate the jump
process so as to obtain a finite collision rate. It has been proven [10, 13, 14] that truncated
Monte Carlo methods converge as the truncation is lifted, and this has also been illustrated
by numerical experiments. However, we have found that in certain cases, in particular when
the stationary solutions are far from equilibrium, the jump rate must be truncated at a very
high (and so, costly) level to get an acceptable accuracy.

We propose here a method to replace the small jumps by an appropriate diffusion, and
show by example that this gives an important improvement of the accuracy compared to just
ignoring the small jumps. This has been inspired by the works [1, 30], where this technique
is proposed for simulating Lévy processes in R”.

There are, of course, other methods than the Monte Carlo methods, for solving the Boltz-
mann equation, and in particular there are fast methods based on the Fourier transform, that
have been used successfully for the non-cutoff situation [11, 12, 22].

This study was motivated by the difficulty of obtaining accurate estimations of the non-
equilibrium stationary state for a non-cutoff collision kernel, and of the theoretical results
in [5], where the one-dimensional Kac equation with a Gaussian thermostat was studied.
Also in this paper, the main part is devoted to the Kac equation. The diffusion term is then
a Brownian motion on the sphere $”~', and the approximation is very straight forward.
We describe the method in some detail for this case. However, from a conceptual point of
view, the method is not restricted to one-dimensional models, and we have also carried out
numerical calculations for the Boltzmann equation with a thermostat and Maxwellian non-
cutoff collisions. In that case, the diffusion model is more complicated (it is essentially the
Balescu-Prigogine model for Maxwellian molecules [18, 33]), and the actual calculation is
carried out somewhat differently, as described in Sect. 3.

In [34, 36], it is shown that, contrary to the Kac equation, the Boltzmann equation with a
thermostatted force field only has trivial stationary states, and hence it is only interesting to
compare the evolution of the solutions. At the end of the paper, we present some numerical
results for this model.

We note, finally, that for non-Maxwellian molecules the situation is rather different, and
then it may in some cases be more appropriate to go the other way around and to approximate
the diffusion process by a non-cutoff collision process [7].

1 The Kac Equation, the Master Equation and Monte Carlo Simulations

We consider a system of n particles that are entirely characterized by their one-dimensional
velocities v;, i =1, ..., n. These velocities undergo random jumps,
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(Vs ey V) Uy o e, )
= RijkoWisee oy Vjyee, Uy ont, Uy)
=(vi,...,vjc080 —vgsinf, ..., v;sinf + v cosh, ..., v,),
1<j,k<n,0e€]l—mm] (1)

These jumps occur independently with a rate proportional to
n~'b(0)do. )

This is the Kac model of a dilute gas [17]. In the original paper, b(9) = (27)~!, i.e. all
rotation angles 6 are equally probable.

We note that the jumps are rigid rotations in a plane spanned by a pair of velocities,
and hence it is clear that the kinetic energy, W = 5 Ly~ =1 V] 2 is preserved, and therefore this
describes a jump process with values in §”~!(+/2W). It is convenient to choose 2W = n.

Another important thing to notice is the factor n~! in (2); this implies that for the rate
of jumps that involve a particular velocity, e.g. vy, asymptotically does not depend on the
number of velocities, n. However, in many physically realistic cases, the rate of jumps de-
pend on the rotation angle, approximately as |#|~'+® where « € [0, 2[. This implies that
the total jump rate for the vector v= (v, ..., v;,..., U, ..., U,) is infinite. We speak about
non-cutoff models as opposed to the cutoff models where b is replaced by some function b
such that /7 b(6)do < co.

This jump process may equally well be defined by the master equation, which de-
scribes the evolution of a phase space density under the process. We let W(z,:) €
C([0, oo[, L'(§"(y/n))), and assume that ¥ (0, -) is a non negative density on S" ' (/n).
Then W satisfies the equation

oW (t,v) = Z / (W"(t, Rjx—oV) —W"(t,v)b(0)do, 3)

l</<k<n -

which is known as Kac’s master equation. The superscript n denotes the number of variables
in the model, and this corresponds to the number of particles in a cell. Kac proved that if one
considers the family of master equations for ¥,, n =0, ..., 0o, with initial data W that is
symmetric with respect to permutation of the variables, and such that the marginal densities
\IJ]:',O(U, ..., ;) satisfy

lim W} (v, ..., v) = lim ]_[ (). 4

Then also the time evolved density W" (z, v) factories into a product of one-particle marginals
f(t,v)=W](z,v), and that f (¢, v) satisfies the so-called Kac equation

o f =Q(f. 1), &)

where the collision operator Q
0w = [ [ (e)sw) - sz bO)do .. ©
RJ—m

@ Springer



298 J Stat Phys (2008) 130: 295-312

and where
V', v)) = (vcosH — v, sinf, vsinb + v, cos ). @)

Compared to the real Boltzmann equation, the Kac equation is very easy to analyze math-
ematically, and we refer to [9, 21] for some of the basic results concerning existence and
uniqueness of solutions, trend to equilibrium, etc.

From a numerical point of view, the connection between the jump process described
in (1) and (2) and the Kac equation, is that one may regard

1 n
- > b0 ®)
j=1

as an approximation of the probability density f(z,v), and it has been proven for many
different cases that (8) does indeed converge to f (¢, v) (see [3, 28]).

The solutions of (5) converge to equilibrium exponentially as ¢ increases to infinity, the
equilibrium solution being a Gaussian function with mean zero. It is of interest to study
situations where the stationary solution is not an equilibrium state. This is the case e.g. in
kinetic models for dissipative systems (see e.g. [6, 8, 15]).

Another example comes from molecular dynamics and the introduction of thermostats,
and which is used here as a test case for the Monte Carlo method with Brownian approxi-
mation.

The basic model is the one described in the beginning of this section, with a vec-
tor v € R”, that jumps according to (1). The difference in the thermostat model is that the
velocity field is accelerated by a constant force field E = E(1, ..., 1), which is projected on
the tangent plane to the sphere §"~'(y/n). This means that between jumps, the a velocity
component v; satisfies

d
—vj(z)=E<1— ©)

dt = )

PILI
Y’

The physical interpretation is that each particle is accelerated by the same, constant, force
field of strength E, but that a force field depending on the whole system of particles keeps
the total kinetic energy fixed. The model is described more in details in [34, 36], where
also the corresponding Kac equation is derived and analyzed. This Kac equation takes the
form

0 b
3—f+E—((1—§(t)v)f)=Q(f, 5, (10)
t dv

where
§(t)=/vf(v,t)dv- (11)
R

The collision operator, Q is defined as before, in (6). The stationary states to this equation
are far from Gaussian. One can show that for an integrable kernel, f fﬂ b(0) db, the stationary
state becomes singular for sufficiently large values of E (see [35]), whereas in the non-cutoff
case, the stationary state is C* (see [5]). The latter case is really the motivation for the work
presented in this paper, because it proved very difficult to get accurate numerical results
using a truncated kernel.
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2 Brownian Approximation

The evolution of the n-particle system (including a thermostatted force field of strength E)
can be described by a stochastic differential equation driven by a Poisson random measure:

! e-v(s)
v(t) = v(0) + E/O (e T NOE V(S)) ds

+ Z A[ﬂAj,k(Gj.k)v(s_)N(ds,d@M). (12)

1<j<k<n

Here A (0) is the n X n-matrix

1 0 ... 0 0 ... 0 0

o1 --- 0 0 ... 0 0

00 --- cos#—1 .-~ —sinf@ --- 0 O
Ajp@)=1: : : : : SRR P (13)

o o0 - sin 6 <. cosf—1 --- 0 O

o o0 - 0 0 .. 1 0

00 --- 0 0 .0 1
e=(1,1,...,1) e R", and N(ds, d6) is a Poisson random measure with intensity measure

n~'b(0) dé dt. In the non-cutoff case,

b(®) ~ 16|+ (14)

near 6 =0, and with 0 < o < 2, this implies that the total jump rate is infinite.
The Brownian approximation consists in replacing N (ds, d6) in (12) by a truncated mea-
sure N, (ds, d6) with intensity measure n~'b. () d6 dt, where b is defined by

be(0) = min(b(8), b(€)), (15)

and adding a Brownian term to compensate for the truncated part.

The explicit form of a stochastic differential equation whose solution is a Brownian
motion on an n-dimensional sphere S"~!(r) can be found e.g. in [31], or in @ksendal’s
book [24]:

X(t)=X(0)+/ krW(X(s))ds+/ Vo (X (s)dW(s), (16)
0 0

where {W (#)} is a standard Wiener process in R” with mean zero and whose covariance is
the identity matrix. The matrix o projects the dW onto the tangent plane to S"~!(\/n) at X,
its elements being given by

(x) =8, — Yk
0 (%) = 810 = T (17)
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The drift term ry is

n—1 x

> W (18)

rw(x) = —

The diffusion rate u is computed so as to match the second moment of the truncated part of
the jump measure:

p=pe = 221" o) — bey 02 a0, (19)
n—12J_,

When b(0) = |0|1+%), we find

2n I+a ,_
= T e, 20
M= 130—0)¢ (20)

Details of this calculation will be found in [32], where also the rate of convergence is
analysed. One result is that while the generators of the processes corresponding to (14)
with a truncated kernel converges with rate €27, the convergence rate is €3~ when the
Brownian term is added. When « is close to 2, the improvement is significant.

Adding the force term, like in (12), gives

V(1) = v(0) + / (Fen V() + r (V(s))) ds + / o (v(s) dW (s)
0 0

+ 3 [ aneoveonds.as, @)

1<j<k<N

e-v(s)
[v(s)[2
Sjk —vi(®)ve(t) /Iv|?, and where N, is a Poisson random measure with intensity measure

n1b.(0)do dt.

where rr,(v(t)) = e — v(t) = I'(v)e, I being the matrix with elements I';; =

3 The 3n Dimensional Master Equation and the Boltzmann Equation

The master equation that corresponds to the full Boltzmann equation and with an added
thermostatted force term is [36]

n a
B V4D o (F = Fj wil¥"(t,v)
i=1 !
2
== Z /Z(W"(r,Rj,k,wv)—\y"(r,v))b(e)dw, (22)
1<j<k<n?®

where in this case, v € R¥, and where R j .k, 18 an operator that models the collision of two
particles,

(vj, ve) > < 2 7 T 5

vitue v —ud vitue vy _Uk|w>
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In b(6), 6 = arccos( - =4
=

weletv=(vi,...,v,), wherev; € R3, j=1,...,n. The non-cutoff case again corresponds
to allowing st b(0) dw to diverge. The force field is F = (E,0,0), and j = % Z;'.:] v;. At
the level of the master equation, the Brownian approximation corresponds to truncating the
non-cutoff jump rate, and replacing the truncated part by a suitable diffusion term. For the
Kac equation, the diffusion is just the one given by the Laplace-Beltrami operator on the
sphere §”~!, but here it is rather the Balescu-Prigogine operator for Maxwellian interactions

(see [18, 33]),

). To keep the notation similar to the one-dimensional case,

"
— D (@, = 0oy — ul Py, (B, = By,), (23)
J#k

zz"

ik and u is a constant depending on the level of trunca-

where P} is the 3 x 3-matrix I —
tion.

Given this expression, one can write a stochastic equation much like (21). However, from
a computational point of view, it does not seem to be efficient, because of the effort needed
to compute o d W. An alternative, that gives good results at much lower computational cost,
is to replace (23) by

H 2pl
~ 2}; 3y lv; = vel’Py_,, ) (24)
J#

which corresponds to adding a Brownian motion R;dW; € R? to each velocity, where
R;-er = uz#k(h)j — v’ I — (v; — V) (v; — v)"). The matrices R; can be expressed in
terms of moments and v;, and hence the computational cost is proportional to the number of
particles. The increments (R; dWj, ..., R, dW,) still need to be projected onto the tangent
space of the manifold of constant energy and momentum, but that is an operation that can
be carried out in time proportional to the number of particles. Some numerical results are
given in the following section.

4 Numerical Experiments

The numerical experiments have been carried out in the most direct way, with no large effort
to make the code efficient. The large jumps have been simulated by computing exponentially
distributed time intervals with rate proportional to n ffﬂ 5(9)419. At the end of such an inter-
val, a random pair (j, k) is chosen and the jump is effectuated by rotating the vector (v;, vy)
by a random angle 6 distributed according to 5(8)/ ffn b(6)de.

In the intervals between the large jumps, we solve (21) using a simple explicit Euler
method with a step size that depends on .. The step size is taken to be a given fraction of
the typical rate for the truncated jump process. We have not made a rigorous analysis that
would help in choosing the step size, rather we have numerically tested that the choice gives
relevant answers.

We have computed uniformly distributed pseudo-random variables using the routine
DLARAN from the LAPACK package [19] and to compute normally distributed random
variables, we have used the ziggurat method of Marsaglia and Tsang [20].
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Velocity distribution
0.8 T T T T T
—— FDM E=3.0 f=2.0
— — &=0.2, Brown
07H — & .2, no Brown i
: £=0.02, no Brown
0.6
0.5
0.4
0.3
0.2
0.1
0
-2.5
Velocity distribution (detail)
T T T T
— FDM E=3.0 B=2.0
— - &=0.2, Brown
—- £=0.2, no Brown
065 £=0.02, no Brown i

04! I I I I I
0.4 0.6 0.8 1 12 1.4 1.6

Fig. 1 Simulation results using different values of truncation: the velocity distribution, and an enlargement

As initial data, we have taken 1 (8,1 + 8,—_1).
We have no exact solutions to compare the results with. However, taking the Fourier
transform of the time independent Kac equation, i.e. (10) considered without ¢, gives
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Fig. 2 Simulation results using different values of truncation: time evolution of some of the moments

equation

~ [~ 1 T ~ ~ ~
fé+ l—f(a?) =—— | (f(&cost)f(&sinb) — f(0)f(£))b(O)dH, (25)
vé EyE J_;

where y is the stationary current, which can be explicitly computed. Equation (25) can
be solved accurately numerically using a finite difference method, combined with the
built-in ODE-solvers of Matlab™. Numerical results obtained in this way were pre-
sented in [5], where also a detailed mathematical analysis of the non-cutoff Kac equa-
tion with a thermostat can be found. Although no rigorous error analysis has been car-
ried out, we consider this finite-difference solution to be an accurate solution to the sta-
tionary problem: a fine discretization was used, and the method was found to converge
well.

Another test for the accuracy is to compare the evolution of moments. Also here we
do not have any exact results to compare with, but as with other Boltzmann like equa-
tions of Maxwell type (i.e. models where the collision rate does not depend on the relative
velocity of the colliding particles), one can write a closed system of ordinary differential
equations for the first moments m; = f f(v,Hv* dv, and this system can then be solved
accurately with a numerical ODE-solver. We have used Matlab™ to solve the following
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Velocity distribution
0.8

T T
— FDM E=3.0 B=2.5
— - &=0.2, Brown
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 3 Simulation results using different values of truncation for a stronger singularity: the velocity distrib-
ution, and the evolution of moments. Here the effect of the Brownian correction is more evident
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Velocity distribution
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Fig. 4 Simulation results using different values of the number of particles. The simulation is repeated more
times to get comparable results. As few as 50 particles gives a rather good agreement, but as few as five or

even three particles are clearly not enough
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Velocity distribution (detail)
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Fig. 5 The evolution between jumps is computed using a simple forward Euler method. The results here
show that the time step is not critical
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- — —¢e=05
£=0.01 |
€=0.5, Diff.

3 3.5

Fig. 6 Simulation of the Boltzmann equation: the distribution of the first velocity component vy, i.e. an
approximation of [pa f (v, 1) dvy dvg atr =0.06

system:

k—1
l’l"lk = Ekmk,1 - Ekmlmk — Akmk + E Bkjmk,jmj,
=1

rLe
A= | (1—=cosfo —sin*0)b(6)de,

—7T

g
By = (’;)/ cos*/ 0 sin’ 0b(6) do,

T

1
m(0) = S (1 + (=Db). (26)

In the numerical calculations we have used b(0) = |6|~'~¢ for different values of 8 =
o+ 1 €]1, 3[, and different values of the force parameter E € [2, 5]. We have also varied n,
the number of particles, and the time step used in solving the SDE, (21).

The first series of results, presented in Figs. 1, 2 (an enlargement), and Fig. 3 (for a
stronger singularity) shows how the results depend on the level of truncation, and compares
this with the result from using a much truncated model but with a Brownian correction. The
parameters used were E = 3.0, 8 = 2.0, n = 2000, and € = 0.2, 0.02,0.002. The time dt
used in the Euler method for approximating the SDE was here taken to be 0.0001 x dty,
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£=0.5, Diff.
— Exact

0.5 1 1.5 2 25 3

121 — — —&e=05 4
£=0.5, Diff.
— Exact
10 1 1 1 1 1 1 1 I I
0 0.1 0.2 0.3 0.4 23.5 0.6 0.7 0.8 0.9 1

Fig.7 Evolution of the moment Mg ¢ o with truncation at € = 0.5, with and without the diffusion correction.
The moments for the Boltzmann equation are given as a reference. The enlargement shows that although the
reference curve and the curve with the diffusion correction almost coincide, they are not identical

where dfty corresponds to a displacement of order € from the Brownian motion. This is ex-
cessively small, and we will see below that it is far from necessary to get an accurate result.
The calculation was then repeated 200 times to reduce noise. We see that € = 0.2 together
with a Brownian approximation compares very well with a simulation using € = 0.002 with
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9

4
— — —&=0.5
£=0.5, Diff.
— Exact
3 | | | | I
0 0.5 1 1.5 2 25 3

Fig. 8 Evolution of the moment My o with truncation at € = 0.5, with and without the diffusion correction.
The moments for the Boltzmann equation are given as a reference

no approximation. The estimates in [32] give a convergence rate of €3~# without the Brown-
ian correction, and a rate of €*~# with the Brownian term added. Hence it is not surprising
to see that, when the singularity in the crossection b(#) is stronger, the influence of the
truncation and of the Brownian approximation is much more important.

Figure 4 shows results for different values of n, the number of particles used in the
simulation. There are at least two reasons for using a large value of n, when simulating
kinetic equations: first, the Boltzmann equation itself assumes a limit of infinitely many
particles, and secondly, a large value of n reduces the noise when computing moments or
other functions. In this series we have taken n x number of simulated trajectories >~ const,
and very large in order to obtain a noiseless result. The calculations show that in fact it is
not necessary to use a very large number of particles to find a good agreement, n = 50 is
quite enough, both to get a reasonable agreement of the distribution functions and of the
evolution of moments. However, with a small number of particles, it is necessary to repeat
the calculations many times to avoid excessive noise in the result.

The last example for the Kac model, Fig. 5, shows some simulations that illustrate the
influence of the time-step in the Euler method for solving the SDE (21). The reference time
step is so large that the mean step is of the order €, and the figure shows that both for
computing the distribution function and the evolution of moments, it is not necessary to
decrease the step size much below the reference value to get a good result.

The simulation is carried out in very much the same way for velocities in R?, the main
difference being the in which the diffusion is added. To compute the matrices R;, we have
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1.4

I — — —&=05

€=0.5, Diff.
Exact

0 I I I I I
0 0.5 1 15 2 2.5 3

Fig. 9 Evolution of the moment M, ( > with truncation at € = 0.5, with and without the diffusion correction.
The moments for the Boltzmann equation are given as a reference

used routines from the Gnu Scientific Library [16] to evaluate the square root. This is rather
time consuming, and the code spends a major part of the time doing this; still the method
is faster than just using a smaller truncation, also before any attempts have been made to
making the code efficient.

In this case we do not have an alternative method for computing the velocity distribution,
but rather we compare the velocity distribution with a calculation with very small truncation.
Because we are dealing with the case of Maxwellian interactions, there is a closed set of
equations that describe the evolution of moments for the limiting Boltzmann equation also
here.

All calculations were carried out with a constant force field F = (1, 0, 0), and the number
of particles was n = 500. The initial data was 5 (8(1 0,0) + 8(=1,0,0)-

The first graph, Fig. 6 compares the appr0x1mat10ns of

/ f(v)h vy5v15t)dvydvza
R2

with and without the diffusion correction, and a reference solution obtained by carrying out
a simulation with a very small truncation of the crossection.
We also compare the evolution of moments of the form

Jx  Jy
Mj, .. @)= E :kavk}vh
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with the moments (computed as the solution of the closed ODE-system) for solutions to the
limiting Boltzmann equation,

j,t j,V jz
/R3 f(vx,vy,vz,t)voxvo},v()zdvx dvy dv,.

We consider the solutions to the ode’s to be exact. Hence Figs. 7, 8 and 9 show the evolution
of Me.0.0(t), Maoo(t), and M, ,(t), respectively, for a strong truncation of the collision
term & = 0.5, with and without the diffusion correction, and compared with the moments for
the limiting Boltzmann equation.

5 Conclusions

The paper presents a method to compute accurate solutions to non-cutoff Boltzmann equa-
tions in the non-cutoff case, by approximating the small jumps by a diffusion. We have
presented numerical examples showing that it works well, and gives accurate results.

There are several open issues that merit being studied. From a numerical point of view,
of course one would have to find good means of choosing n, the level of truncation, and an
efficient method for solving (21).

Some results that aim at putting the method on a solid theoretical ground will be pre-
sented in [32].

References

1. Asmussen, S., Rosifiski, J.: Approximations of small jumps of Lévy processes with a view towards
simulation. J. Appl. Probab. 38, 482—493 (2001)
2. Babovsky, H.: On a simulation scheme for the Boltzmann equation. Math. Methods Appl. Sci. 8, 223—
233 (1986)
3. Babovsky, H., Illner, R.: A convergence proof for Nanbu’s simulation method for the full Boltzmann
equation. SIAM J. Numer. Anal. 26(1), 45-65 (1989)
4. Bird, G.A.: Molecular Gas Dynamics. Oxford University Press, London (1976)
5. Bagland, V., Wennberg, B., Wondmagegne, Y.: Stationary states for the non-cutoff Kac equation with a
Gaussian thermostat. Nonlinearity 20(3), 583-604 (2007)
6. Bobylev, A.V., Gamba, I.M., Panferov, V.A.: Moment inequalities and high-energy tails for Boltzmann
equations with inelastic interactions. J. Stat. Phys. 116(5, 6), 1651-1682 (2004)
7. Bobylev, A.V., Mossberg, E., Potapenko, L.LF.: A DSMC method for the Landau-Fokker-Planck equation.
In: Proc. 25th International Symposium on Rarefied Gas Dynamics. St. Petersburg, Russia, July (2006)
8. Brilliantov, N.V., Poschel, T.: Kinetic Theory of Granular Gases. Oxford University Press, Oxford (2004)
9. Desvillettes, L.: About the regularizing properties of the non-cut-off Kac equation. Commun. Math.
Phys. 168(2), 417440 (1995)
10. Desvillettes, L., Graham, C., Méléard, S.: Probabilistic interpretation and numerical approximation of a
Kac equation without cutoff. Stoch. Process. Appl. 84(1), 115-135 (1999)
11. Filbet, F.,, Pareschi, L.: Numerical solution of the Fokker-Planck-Landau equation by spectral methods.
Commun. Math. Sci. 1(1), 206-207 (2003)
12. Filbet, F., Mouhot, C., Pareschi, L.: Solving the Boltzmann equation in N log N. SIAM J. Sci. Comput.
28(3), 1029-1053 (2006)
13. Fournier, N., Méléard, S.: Monte-Carlo approximations and fluctuations for 2D Boltzmann equations
without cutoff. Markov Process. Relat. Fields 7, 159-191 (2001)
14. Fournier, N., Méléard, S.: A stochastic particle numerical method for 3D Boltzmann equations without
cutoff. Math. Comput. 71, 583-604 (2002)
15. Goldhirsch, L.: Inelastic kinetic theory: the granular gas. In: Topics in Kinetic Theory, pp. 289-312.
AMS, Providence (2005)
16. GNU scientific library. See http://directory.fsf.org/GNU/gsl.html

@ Springer



312 J Stat Phys (2008) 130: 295-312

17. Kac, M.: Foundations of kinetic theory. In: Proceedings of the Third Berkeley Symposium on Mathemat-
ical Statistics and Probability, 1954—-1955, vol. III, pp. 171-197. University of California Press, Berkeley
(1956)

18. Kiessling, M., Lancellotti, C.: On the Master-Equation approach to kinetic theory: linear and nonlinear
Fokker-Planck equations. Transp. Theory Stat. Phys. 33, 379-401 (2004)

19. LAPACK: Linear Algebra PACKage. Available at http://www.netlib.org/lapack/

20. Marsaglia, G., Tsang, W.W.: The ziggurat method for generating random variables. J. Stat. Softw. 5(8),
1-7 (2000)

21. McKean, H.P.: Speed of approach to equilibrium for Kac’s caricature of a Maxwellian gas. Arch. Ration.
Mech. Anal. 21, 343-367 (1966)

22. Mouhot, C., Pareschi, L.: Fast algorithms for computing the Boltzmann collision operator. Math. Com-
put. 75(256), 1833-1852 (2006)

23. Nanbu, K.: Direct simulation scheme derived from the Boltzmann equation. J. Phys. Soc. Jpn. 49, 2042—
2049 (1980)

24. (ksendal, B.: Stochastic Differential Equations, 6th edn. Springer, Berlin (2003)

25. Pareschi, L., Russo, G.: Time relaxed Monet Carlo methods for the Boltzmann equation. SIAM J. Sci.
Comput. 23, 1253-1273 (2001)

26. Pareschi, L., Trazzi, S.: Numerical solution of the Boltzmann equation by time relaxed Monte Carlo
(TRMC) methods. Int. J. Numer. Methods Fluids 48, 947-983 (2005)

27. Pareschi, L., Wennberg, B.: A recursive Monte Carlo method for the Boltzmann equation in the
Maxwellian case. Monte Carlo Methods Appl. 7, 349-357 (2001)

28. Pulvirenti, M., Wagner, W., Zavelani Rossi, M.B.: Convergence of particle schemes for the Boltzmann
equation. Eur. J. Mech. B Fluids 13(3), 339-351 (1994)

29. Rjasanow, S., Wagner, W.: Stochastic Numerics for the Boltzmann Equation. Springer Series in Compu-
tational Mathematics, vol. 37. Springer, Berlin (2005)

30. Rosinski, J., Cohen, S.: Gaussian approximation of multivariate Lévy processes with applications to
simulation of tempered and operator stable processes. Preprint

31. Stroock, D.: On the growth of stochastic integrals. Z. Wahrscheinlichkeitstheorie Verw. Gebiete 18, 340—
344 (1971)

32. Sundén, M., Wennberg, B.: The Kac master equation with unbounded collision rate. In preparation

33. Villani, C.: A review of mathematical topics in collisional kinetic theory. In: Friedlander, S., Serre, D.
(eds.) Handbook of Mathematical Fluid Mechanics. North-Holland, Amsterdam (2002)

34. Wennberg, B., Wondmagegne, Y.: The Kac equation with a thermostatted force field. J. Stat. Phys.
124(2-4), 859-880 (2006)

35. Wennberg, B., Wondmagegne, Y.: Stationary states for the Kac equation with a Gaussian thermostat.
Nonlinearity 17, 633-648 (2004)

36. Wondmagegne, Y.: Kinetic equations with a Gaussian thermostat. Doctoral thesis, Department of Math-
ematical Sciences, Chalmers University of Technology and Goéteborg University, Goteborg (2005)

@ Springer



	Brownian Approximation and Monte Carlo Simulation of the  Non-Cutoff Kac Equation
	Abstract
	The Kac Equation, the Master Equation and Monte Carlo Simulations
	Brownian Approximation
	The 3n Dimensional Master Equation and the Boltzmann Equation
	Numerical Experiments
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


