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Abstract

An asymptotic preserving scheme is efficient in solving multiscale problems where both kinetic
and hydrodynamic regimes co-exist. In this paper we extend the BGK-penalization based asymp-
totic preserving scheme, originally introduced by Filbet and Jin for the single species Boltzmann
equation, to its multispecies counterpart. For the multispecies Boltzmann equation the new diffi-
culties emerge due to: 1) the breaking down of the conservation law for each species; 2) different
time scalings of convergence to the equilibriums for disparate masses. We select a suitable local
Maxwellian—which is based on the mean velocity and mean temperature—as the penalty function,
and justifies various asymptotic properties of this method, for both the multispecies Boltzmann
equation and a disparate masses system. This results an asymptotic-preserving scheme for the
multispecies Boltzmann equation that can capture the fluid dynamic limit with time step and mesh
size much larger than Knudsen number, yet the numerical method does not contain any nonlinear
nonlocal implicit solver. Numerical examples demonstrate the correct asymptotic-behavior of the
scheme.

1 Introduction

In kinetic theory, the Boltzmann equation is a fundamental equation to describe the evolution of
rarefied gases. In this paper, we are interested in numerical solution of the Boltzmann equation for
multispecies gas mixture. The most basic example is high altitude gas, which could be modeled as a
binary mixture of Oxygen and Nitrogen. Other applications of gas mixture may come from nuclear
engineering or evaporation-condensation.

One of the difficulties in numerically solving the Boltzmann equation comes from the varying
Knudsen number, which describes the ratio of the mean free path over a typical length scale such as
the domain size. When the Knudsen number is small, the collision term becomes numerically stiff.
When using an explicit scheme, to guarantee the numerical stability, one has to resolve the small
scales to avoid instability, and this causes tremendous computational cost. On the other hand, it is
very difficult to use implicit schemes because of the nonlinear and the nonlocal nature of the collision
operator.

The Chapman-Enskog expansion for the Boltzmann equation yields the compressible Euler or
Navier-Stokes equations in the limit of vanishing Knudsen number. Generally speaking, numerically
solving the hydrodynamic system is much more efficient, so when the Knudsen number is small, one
can just solve this set of equations in lower dimension. However, in the zones where these macroscopic
models break down, one comes back to solve the Boltzmann equation. This domain decomposition
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approach has attracted a great amount of attention [2, 3, 8, 9, 20, 23, 30, 32, 39, 40]. The main
difficulty there is to determine the matching interface conditions between two different domains in
which different physical models are used.

Another approach, the one we are going to pursue in this paper, is called the asymptotic pre-
serving method. This method dated back to 90s from the last century and has been widely used in
time dependent kinetic and hyperbolic system since then. This method focuses on looking for simple
and cheap solver for the Boltzmann equation that can preserve asymptotic limits from the micro-
scopic to the macroscopic models in the discrete setting, which means that the numerical solution to
the Boltzmann equation should converge to that of the Euler when the Knudsen number vanishes.
Compared with multiphysics domain decomposition method, this framework only solves one set of
equation: the microscopic one. In the hydrodynamic regime, it becomes a robust hydrodynamic
solver automatically without resolving the small Knudsen number or switching to the macroscopic
model. As summarized by Jin [26], an AP scheme for kinetic equations should have the following
features:

e it preserves the discrete analogy of the Chapman-Enskog expansion, namely, it is a suitable
scheme for the kinetic equation, yet, when holding the mesh size and time step fixed and letting
the Knudsen number go to zero, the scheme becomes a suitable scheme for the limiting fluid
dynamic Euler equations;

e implicit collision terms can be implemented efficiently.

There are also several variations of the AP property, including weakly-AP, relaxed-AP, and
strongly-AP, defined as follows (see [15] and also a recent review [27]):

o weakly-AP. If the data are within O(e) of the local equilibrium initially, they remain so for all
future time steps;

e relared-AP. For non-equilibrium initial data, the solution will be projected to the local equilib-
rium beyond an initial layer (after several time steps).

e strongly-AP. For non-equilibrium initial data, the solution will be projected to the local equi-
librium immediately at the next time step.

In general, the strongly-AP property is preferred, and was the designing principle of most of the
classical AP schemes [25, 5]. The relaxed-AP was a recently introduced concept in [15] which was
shown numerically to be sufficient to capture the hydrodynamic limit when the Knudsen number
goes to zero. The weak-AP is often a necessary condition for the AP property, since many non-AP
schemes do not satisfy this property, namely solutions initially close to the local equilibrium can move
away. See discussion in [15].

Several AP schemes have recently been designed for the Boltzmann equation for one species. One
approach was to use the micro-macro decomposition method [33] (see its multispecies extension in
[28]), yet the main difficulty remains to design an efficient implicit collision term, which is necessary for
numerical stability independent of the Knudsen number. An earlier approach introduced by Gabetta,
Pareschi and Toscani uses the truncated Wild Sum [17]. For a simple BGK model it was realized by
Coron and Perthame in [7] that an implicit BGK operator can be integrated explicitly, using the basic
conservation properties of the BGK operator. Utilizing this property, Filbet and Jin introduced the
BGK penalization method for the Boltzmann collision operator [15]. The main idea is to subtracting
the Boltzmann operator by a BGK operator, and then add the BGK operator back. Only the latter
BGK operator is treated implicitly, while the complicated Boltzmann operator is solved explicitly. The
entire scheme is implemented explicitly, yet the numerical stability is independent of the Knudsen



number and the relaxed AP property was achieved (which was verified numerically). This BGK
penalization idea, in the space homogeneous case, agrees with the Wild Sum approach [17], but
for space inhomogeneous case, they differ and one can find a different implementation using the
exponential Runge-Kutta method, see Dimarco and Pareschi [12], resulting a strongly AP scheme
with positivity. A rigorous justification of the AP property of this methodology for hyperbolic systems
with stiff relaxation was carried out recently in [16]. The BGK penalization method has also been
extended to Fokker-Planck-Laudau equation [29], the quantum Boltzmann equation [14], and the
quantum Follke-Planck-Landau equation [24].

In this article, we generalize the BGK-penalization idea of Filbet-Jin to the multispecies Boltz-
mann equation. Several new difficulties arise here. First there are several possible choices of the local
Maxwellian and one has to determine the one that suits our needs. Secondly, to justify various AP
properties one needs to prove that the velocities and temperatures of different species equilibrate, a
property one does not encounter for the single species Boltzmann equation. Finally we also demon-
strate that this method can also be used for gas mixtures with disparate masses, which arises in
ion-electron evolution problem in plasma [21, 4, 38].

This paper is organized as follows: we will describe the Boltzmann equation for the multispecies
system and one of its related BGK models in section 2, including their theoretical properties. In
section 3, we will give details of the numerical scheme. This is followed by section 4 where we prove
various AP properties of the scheme. In section 5, we discuss the disparate masses system. In section
6, we show several numerical examples.

2 The Multispecies Models

2.1 The multispecies Boltzmann Equation

The Boltzmann equation describes the evolution of the density distribution of rarefied gases. The
Boltzmann equation for the multispecies system is given by [13]:

Ofi+v-Vafi=Qi(f, 1), t >0, (x,v) € R xR, (2.1)
with
N
k=1
Qult. 1)) = [ [ (Fifhe = i) Bsllo = vl . (2.20)

where for each species i, (); stands for its collision, which is the summation of @Q;x, the collision
between the ith and the kth species, Bj;; is the collision kernel, which in general depends on the
pre-collisional relative velocity ¢ = v — v,, and a unit vector 2. For Maxwell molecule, the collision
kernel only depends on the angle w = arccos %, i.e. Bj; = Bjp(w); f/ and fj. are distributions for
species ¢ and k respectively at the post-collisional velocities v’ and v/, which satisfy:

244
v =v—H (g- D)0, (2.3a)
i
QL;
vl = s + Hik (g-Q)Q, (2.3b)
my,
with g = T::ﬁi{fk being the reduced mass and m;, m;, being the mass for species 7 and k respectively.

Deduction of the velocity change (2.3) is based on momentum and energy conservations:

/ /
MU + MEUsx = MU + Mg,

mi|v]? + my|ve]? = mv')? + myg|vl)?.



2.2 Properties of the multispecies Boltzmann equation

We define the macroscopic quantities for species i: n; is the number density; p; is the mass density;
u; is the average velocity; FE; is the total energy; e; is the internal energy per particle; 7; is the
temperature; P; is the stress tensor; and ¢; is the flux vector, given by:

n; = /fidvia pi = mn;,
pill; = mi/vfidv7
1 1
Ei = 2 ZU, +n2€1 = 2 i/|U‘2fidU7
d
ez-*g =5 fzv—uzl dv, (2.4)
P = / v — ;) — u;) fidv,
1
2

/ (v — ui)lo — wf? fidv.

We also define global quantities for the mixture: the total mass density p, the number density n, the
mean velocity u, the total energy F, the internal energy ne and the mean temperature T' = %6:

M S
. p
Pl = Z piti, (2.5)

q
E= fnT—l— |u|2 ZE

2.2.1 Conservation

In the gas mixture system, for each species, the mass is conserved, but not the momentum and
energy. Namely, taking the moments of the collision term, one multiplies it with ¢ = m; [1, v, %|v|2]
and integrates in velocity and gets:

<miQ; > = /mz’Qz’(f)dU =0,
<mpQ; > = /min(f)dv = 2pixarning[ug — udl,
k=1

< %mﬂﬂ@i > = / %|v|2Qi(f)dv

n 2
, .
= Z 2myxikning [<M> <|uk —u*+ 2— +2— ) + Lk <(uk — ;) - U — 2z>] )
my; m; my; my;

k=1

where Y, = [(cosw)?Bix(w)dw for Maxwell molecules. The details can be found in [1].
Based on these formulas, when taking moments of the Boltzmann equation, we get evolution of
the macro quantities (taking 1D Maxwell molecule for example):



Ospi + Oz (piu;) =< m;Q; >= 0, or O + Oz (nju;) = 0,

1
N(piwi) + O (P + piud) =< mjvQ; >= Z E 2Bignin ik [ur — ugl, (2.6)
%

1 1 2
OLE; + Oz (Eiu; + Piui + gi) =< §mi|U!2Qi >= = 2Byniny, ( Hik ) (a+b),
€ A m;my

where a = (mpug + miu;) - (ug — u;), b = 2(ep — e;). However, the total momentum and total energy
are still conserved:

Owp + Oz (pu) = 0,
1
O(pu) + Ox( EZ P; + % piu;) 6 EZ < mv;Q; >= 0, (2.7)

1 1
oE + 890(2 Eu; + ZPZUZ + qu) = g Z < imngz >=0.

2.2.2 The local Maxwellian

The local equilibrium is reached when the gaining part and losing part of collision for each species i
balance out, namely Q;(f) = 0 for each i. It is given by:

fi:Mi:ni<

. d/2 mi\vfﬂ\2
QTZZT) e (2.8)

where T is the mean temperature and @ is mean velocity defined in (2.5). We call this Maxwellian the
“unified Maxwellian” because the macro quantities are given by those for the entire system instead
of those for the single species.

2.2.3 The Euler limit

Expanding f; around the unified Maxwellian (2.8), the standard Chapman-Enskog expansion shows
that at the local equilibrium, the collision term vanishes, and the system gets to its Euler limit [1]:

Opi +V - (piu) = 0,
Or(pu) + V- (pu®u + pTT) = 0, (2.9)
OE +V - ((E+ pT)u) = 0.

2.3 A BGK model

The BGK operator is a classical approximation for collision term. There are several BGK models,
but most of them either suffer from the loss of positivity [18], or fail to satisfy the indifferentiability
principle [22, 37, 19]. Positivity guarantees that the distribution function is always positive, and
indifferentiability requires that when different species share the same mass, equations of the system
should be consistent with the single species Boltzmann equation. We choose the BGK model proposed
by Andries, Aoki and Perthame [1], the one that guarantees the indifferentiability principle and
positivity.
The model reads: b



with v; being collision frequency and ]\A/.fl being a Maxwellian:

vi= ) niXik
k

— ms; a/2 _milfiﬂiIQ

M; =n; ( L) e i (2.11)
2nT;
where the macro quantities for M are given by:
1 n
Vit — Vit = < UQ@ >= E ; 203k Xk TNk [uk — ui], (2.12&)
~ 1
v,Bi —viE;, = < imiUQQi > (2.12b)
= Z Qmixiknmk <lk> <”U,k — ’U,Z"2 + 27]f + 2Z> + ﬂ <(uk — ul) s U; — 21> .
pt m; mE o omi) o m mi

i- = (2@1 - pﬂf) /(n;d) as usual. The way M is defined is to capture the moments of the collision
Q. Note that the right hand side of equation (2.12a) is just a linear operator of u. For later reference,
we define a matrix L by:

2 N i Z '7

R (2.13)

Dok —2Wik Xk, © = ]
Apparently, L is a symmetric matrix with each row summing up to 0, and all elements not on
the diagonal are positive. Since LL is a symmetric weakly diagonally dominant matrix, thus it is
semi-negative definite, i.e. all its eigenvalues are non-positive. Equation (2.12a) turns out to be
Vill; — ViU = mi(Lu)Z For later convenience, we also define the following notation: for any non-
singular matrix A, we use A(A) to denote its spectral radius:

A(A) = sup (IXi(A)]), (2.14)

where \;(A) are eigenvalues of A.
Similar results can be carried out for e: when u is known, the right hand side of (2.12b) is linear
on e.

Remark 1. Equation (2.12a) holds componentwise for vector u; so L should be acted on each
component of u;.

We also mention another type of Maxwellian, which is defined by species’ own macro quantities
u; and T;. We call it the “species Maxwellian”:

m; d/2 7mi|§_“i|2
Mi =Ny (27‘[‘T> e 2T; . (215)
7

Remark 2. M; — f; could not be used as a BGK operator. In the multispecies system, one has
to introduce some mechanism into the collision term that captures the influence between species.
M; — f; gives no communication between the species, so it cannot be used to express the multispecies
collision.

3 An AP Scheme for the multispecies Boltzmann equation

In this chapter, we derive our AP scheme for the multispecies Boltzmann equation. Our idea is based
on BGK-penalization method proposed by Filbet and Jin [15].



3.1 The time discretization

Here we adopt the same strategy and write our scheme as:

1l L(f)— P! +1
e PR I (L I i)

(3.1)

The superscript [ stands for the time step. And P is chosen to be the leading order expansion of Q:

P =3(M - f). (3.2)
A simple algebraic manipulation on (3.1) gives:
ef! + AH(Q! — B, — f1)) — eAtv -V, f! + BHIAEM,

I+1
fi+:

e+ BIHIAL

The three macroscopic quantities that define M come from solving the Euler equations for the entire
system described in details below.

3.2 The computation of !

Numerically integrating system (2.7), one gets:
nitt =nl - At/v Vo fldv,
(pu)! Tt = (pa)t — Athi / v @ - Vafldv,
i

s
EHt = Bl — AtZ/Q’vav Vo fldv,
1

2El+1 _ (pﬁ2)l+1

Al4+1
T - nl+1 ’

where the flux term is computed in section 3.4. Now M s given by (2.8).

3.3 The collision term )

We use the spectral method introduced in [36] to compute the collision term @;. Use a ball B(0, S)
to approximate a compactly supported distribution f. Then we periodize f on v € [—L,L]d with
L > (3++/2)S. L is chosen much larger than S to avoid non-physical collision at different periods of
periodized f. Define the Fourier Transform as:

f(kiz) = / f(v;2)e*do,

1 . .
flvz) = Gy zk: f ks z)e*”.

Plugging into the collision term (2.2b):

Que = / / B [l fhe — fifie] dupdn = Qs — Q3.



with

2d

W= //B”“ <2L) [ZZf p;0)e™ fi(g w)e'™ ] dv.dn,
2d

ik = //Blk (21L> [;%:fz'(l?;x)eimfk(% w)eiq”*] dv.dn.

Taking the 1D Maxwell molecule for example, the post-collisional velocities are

2my m; — mg 2my.
V=v— (v —vy) = — v+ Vs,
m; + Mg m; + myg m; + myg
, m; — mg 2m; m; — Mg
U, =0+ ———(v— ) = v — Vs
m; + mg m; + myg m; + myg

Plugging in Q;;, one gets:

2m; . my mi;—mp
(riFmg P+ iy Y / G P T D] gy,

One can also write Q as a summation of its Fourier modes = (%) > QlJr W where
l+ _ ilv
1k - /sze dv
2m; . 2m m;
Pt g—v (D= i @)U
2L 2d Z fpfk / m; +mk mi+my d'U e mitmg m; +mk dU*

= Bix Z fipfk sinc(a) sinc(b),

p.q

where a = ([ Ep + mff;nkq — 1)L, and b = (mﬁfy’j%p — momkq)L. The FFT and the inverse FFT
are used to speed up the computation.
The computation for @} is much simpler in this special case: Q;; = f; f B frdvy, = fingBig.

After getting all Qix, Qi = > ), Qik-

3.4 The flux term v -V, f;

Here we show computation in 1D. Use v0, f; ; to denote the flux term for species 4 for grid point x;.
A shock-capturing finite volume method we use is [34]:

1
00ufi; = v(fly = fj1) = visen(v) = v)(hoij, — hoij-1), (33)
where v = 7, h is mesh size. j; is chosen to be j for v > 0 and j+1 forv < 0. 0;; = Mgb” where
¢ij is the slope limiter. For the van Leer limiter, it takes value as ¢(0) = %@ and 6, ; = %

reflects smoothness around grid point ;.
The computation for the flux term in higher dimension can also be found in [34].

4 The AP Property of the Time Discretization

The time discrete scheme (3.1) is written as:
I+1

41 gl L_ ([ — L e
fi f+ Vol = Q; — B(M; fz)+5(Mz

-5
At € € '

(4.1)



We will show below that this method is weakly-AP for general Boltzmann collision operator, and
relaxed-AP for the BGK model given in section 2.3. Below we always assume that At > ¢, and we
use the linear operator L defined in (2.13), A(A) in (2.14), and denote I as the identity matrix. We
also define:

out=ub —al, Tl =T'-T, (4.2)

and
pl,O,. . .,0
o= | 2 (4.3)

0,...,..., PN

4.1 Weakly-AP
Lemma 1. If §ul = O(¢) and 0T} = O(e) for Vi, then sul™ = O(¢) and 6T/ = O(e).
Proof. Rewrite scheme (4.1) as:

l+1 l l
Ji i -+ A torpar Mt T (4.4)
Take the first moment on both sides. On the left hand side, one gets (p;u;)* — (p;)!*, while on

the right hand side, the first term is O(e). The second term gives:

At 1 1 l
i ; = 2Xik ik i -
6—|—5At<vaZ> 6—|—5At§ Xk Pk inug [uy, — w;)
At ! !

The third term gives:
< mzv(ﬂﬁ — fH>=p (u - ul> = O(e).

So the entire right hand side is of O(¢), thus the term on the left hand side, (p;u;)*' —(p;a)+1 = O(e),
i.e. ul™ = O(e). Similar analysis can be carried out for 7. O

Theorem 1. The method is weakly-AP; namely, if Mi — ff = 0(e), then ]\/IZJrl It =0(e).

Proof. Since Mﬁ — fl = O(¢), both Pi(f!) and Q;(f') are of O(e). Plugging back into the scheme

(4.1), one gets fi — Mé“ = O(e). O

4.2 Relaxed-AP

Lemma 2. When At < 1, in the limit of ¢ — 0, if 5 > %A(g_lL), then there 3V, such that VI > N,
sut = O(e).

Proof. We prove the scheme for 1D case. The proof for higher dimension can be carried out easily.
One can take moments of the numerical scheme (4.1):

+1 ! 1
(pu) - (pu)” OZ/UQ mfldy = E(Lul + Booul — Bt isul Y,
= (e + BAY) s = ((5 +BAY D + AtL) sul + ¢ ((pﬂ)l - (pa)l“) — cAtd, / v mfldv,

= (e + BAY) s = [(g + BAY) (QZH + O(At)) + AﬂL} sul + O(e),



where L@ = 0 and o' = ¢! + O(At) is used.
After some simple algebra, one can rewrite the previous equation as:

Sult! = []1 A7) TIL + O(At)} sul + O(e)

Define «,, as:
= []1 + 87 o IL + O(At)} . (4.5)

Since the eigenvalues for I are non-positive, if one chooses 5 > %A(g_ll), given small enough At,
|A(ay,)| < 1, thus in the limit of ¢ — 1, du would decrease till O(g), and we get our conclusion.
Similar idea can also be found in [15]. O

The same analysis can be carried out for 7.

Theorem 2. For ¢ < 1, AN, such that VI > Ny, M} —Mﬁ = O(e), and ]\A/[/Zl —Mﬁ = O(e).

Proof. 1t is a straightforward conclusion from the lemma above, and from the definition for M in
(2.11). 0

Remark 3. Up to now, we have shown that M; approaches to M; for general Boltzmann collision
operator. Rearranging scheme (4.1), one gets:

gt e BAL)(f — DT + AtQ! . eI — 'y — eAtv -V, f (46)

N £+ BAt £+ BAt ' '
The second term is of O(g). So, one can get relaxed-AP only if Q being negative whenever f — M is
positive can be showed. We can prove this for limited form of Q, say the BGK operator introduced
in section 2.3. Later in section 6 we will show that numerically the scheme is relaxed-AP for the

collision defined in (2.2).
Theorem 3. The scheme is relaxed-AP for BGK operator @ = 1/(]\7 —f).
Proof. Plug in the definition for @, (4.6) writes:

l

—
l+1_ﬂl+1:é‘+ﬁAt—VAt LT vAt(M' — M) 0
/ cvpar )t A TO0©
e+ BAt—VAL, ,  —i
= (f*— M 0
P =TT + 0(e)
The second equality comes from Theorem 2. Define:
€+ BAt — vAL

= = 4.7
aM e+ BAL (4.7)
and we call it the convergent rate to the unified Maxwellian M. In the limit of ¢ — 0, if one has 8 > 5
then || < 1, thus |f — M| keeps diminishing till reaching to O(e), and we get relaxed-AP. O

5 Disparate Masses

This section is for the system of gas mixture with disparate masses in homogeneous space. The
mathematical problem was first pointed out by Grad [21], and has attracted great interests since
then. The fundamental example is plasma, for which, the basic derivation can be found in [4, 38].
For these systems, it is the different time scalings for different species to reach to the equilibrium
that make the problem difficult. Generally speaking, the light species should be able to get to the
equilibrium faster. Analyses of the scaling of the collision operators have been done both based on
postulate physical consideration [31, 6] and using formal derivation [10, 11].

10



5.1 Theoretical rescaling analysis

We will make use of the rescaling used in [10, 11] where they get the scaling ratio of collision for
heavy particle over that of the light one is O(e), e = y/my/my and the sub index H and L are for
the heavy and the light species respectively. The system is written as:

{atfH = Qu = Qun + Qur = [ (e — fafore) dve + [(fhff — fufr) du, 51)

Ouft = QL =Qrr+ Quu = [(fi fi. — fufo) dves + [(fir fi — fu fr) dvn.

Considering that fy is much narrower than f; given that the two species have similar temperature
at initial time (Figure 1 gives an idea on how the two distribution functions look like at the beginning),
one needs to define © = ? and fy(v) = fu(%) to stretch fy to a function that has similar variance

as fp. We will skip the details and only adopt the results from [10, 11] where the authors get

Initial Distribution, at left boundary, mass ratio is 3:0.3

—-— 1st species
2nd species

0.8

o bl o e
> o o N

Distribution at left boundary
o
w

02 / ‘
]

Figure 1: Distribution for heavy species is much narrower than that of the light species

Quu/Qur/Qru/Qrr = O(e)/O()/1/1, which means that Qn/Qr = O(g). For convenience, we
write both Qf and @, as O(1) term, then the system turns out to be:

{atfH = £Qun,

(5.2)
Ofr = QL.
where 7 is the time scaling parameter.

Remark 4. The inhomogeneous problem gets even harder to deal with if different species have
different spatial rescaling coefficients. Numerically it makes little difference: one just needs to add
the flux term v - V; f term to the homogeneous scheme.

5.2 The Numerical Scheme

In order to capture the long time behavior, the scheme we design to solve (5.2) is:

41 f[{[ 65

VA %<€<% = By = fi) + — (M = £, (5.3a)
AR A B L B, i1 e b
T = (@ BOML = f)) + (M - ), (5.3b)

where 8 = O(1).

Theorem 4. This scheme gives a correct discretization to the problem in both time scales: O(%)
and O(E%)

11



e at 7 = O(1) time scale, the scheme is first order consistent to & fy = Qu, and f] is an O(e)
approximation of Mp;

e at 7 = O(E%) time scale, both f4 and f! are within O(e) of the unified Maxwellians My and
M, respectively.

Proof. To prove the second statement:
At this time scale, 7 = O(¢?), the system turns out to be:

atfH = %QHa
Ol = 5@

By the same arguments as in the previous sections, one gets:

{MMH=0@,
fL —ML = 0(82).

To prove the first statement:
At this time scale, 7 = O(¢), system (5.3) can be written as:

O fur = Qu,
O fr = 1Qr.

. . —l . .
The scheme still gives le — Mj;. One just needs to show that the scheme gives a correct
discretization of the equation for fi too. Write (5.3a) as (set 7 = ¢):

L _
B = Q= B(Mi — Jir) + BOMg™ — ).
Rearrange it, one gets:
I+1 !
w —fu I AL g ( 141 I )
pu— —_— M - M .
At C 1+5AtQH+1+BAt H H
The second and the third terms on the right are both of order At, i.e. the scheme gives a first
order discretization to O fir = Q. O

6 Numerical Examples

For comparison, the examples chosen are similar to those in [28]. We also perturb the data on the
macro quantities. For all the examples below: when ¢ is not very small so that solving the Boltzmann
equation is still possible by using the basic explicit scheme with resolved mesh, we compare numerical
results of the new AP scheme with the forward Euler scheme, and when ¢ is unbearably small for the
forward Euler, we compare results given by the new scheme with its Euler limit. To solve the Euler
equations, we used the CLAWPACK Euler solver [35].

6.1 A Stationary Shock

In this example, we show numerical solution to a Riemann problem of two species. The analytical
solution to the Euler equation is a shock with zero speed. Here the subscript stands for data to
different species.

my = 1,m2 = 1.5,77,1 =Ng = 1,U1 = 1.8,11,2 = 1.3,T1 = T2 = 0.325, if x < O;
my =1,me = 1.5,n1 = ng = 1.401869, u; = up = 1.07, Ty = T» = 0.8605, if z > 0.
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The initial distribution for f is given by summation of two Gaussian functions, so it is far away from
the unified Maxwellian M,

2
fE=0) = Ae B, (6.1)
i=1
where
n |B
Bl :B2: 4E—2pup2(1+/€2)7 A1 :A2:§ ; and C’l—u:u—Cb:/{u. (6.2)

In the numerical experiment, we choose £ = 0.2. Az = 1072 and At is chosen to satisfy the CFL
condition: 1073 in our simulation. Numerically we check the followings: 1. Does the new AP scheme
give the Euler limit when & goes to zero; 2. Does the AP scheme match well with the forward Euler
method with relatively fine mesh when ¢ is big. We first show in Figure 2 that as € goes to zero,
the numerical solution converges to the Euler limit, to be specific, the stationary shock in this case.
In Figure 3, we show that the AP scheme matches very well with the numerical results given by the
forward Euler method for € = 107!, Then we show in Figure 4, that given an initial data far away
from the unified Maxwellian, f converges to M quickly with e = 107°. This verifies that the scheme
is relaxed-AP numerically. Figure 5 shows that smaller ¢ gives faster convergence to the equilibrium
state for velocities.

6.2 The Sod Problem
In this example, we compute the Sod problem. Initial data is given by:

mi1=mo=1n; =1,n0 =12,u1 =0.6,u0o = —0.5,1T7 =15 = 0.709, if z < 0;
mi1 = My = 1,711 = 0.125,77,2 = 0.2,u1 = —0.2,1@ = 0.125,T1 = T2 = 0.075, if x> 0.

The initial distribution is given by the same formulas in (6.1) and (6.2) with x = 0.2. For all ¢,
choose Az = 1072 and At = 1073. In this problem, m; = ma, so we first show the numerical
indifferentiability in Figure 6, that is: computing the problem as a multispecies system gives the
same result as computing the single-species Boltzmann equation. In Figure 7, we show that as e
goes to zero, the numerical solution converges to the Euler limit. For ¢ as big as 10~ and 1072, we
compare the results with those of the forward Euler with a fine mesh. They match well as shown in
Figure 8. In Figure 9, we show for ¢ = 10™%, as time evolves, the distribution function f converges
to the unified Maxwellian M. This numerically verifies the relaxed-AP property. In Figure 10, we
show evolution of u with different . Apparently different species gradually share the same velocity,
and the smaller ¢ is, the faster the convergence is.

6.3 A Disparate Masses Problem

In this example, we deal with the ion-electron evolution problem. Define ¢ = , /%, we want to verify

that the light species gets close to the unified Maxwellian M, faster than the heavy one. We show
an inhomogeneous problem with the following initial data:
mpg — S,mL = 0.0S,UH = O.7,uL = O,TH = TL = 2.5,nH = l,nL =1.2.

The initial distribution f is given the same as in the previous two examples, but with C; and Cs
defined by: C1 —u =u— Cy = k. We choose k = 0.5. In Figure 11, we show several snapshots of the
distributions of two species at different time steps. In Figure 12, we show how velocities of the two
species converge toward each other.

Acknowledgements. The second author would like to thank Dr. Cory Hauck and Dr. Bokai Yan
for stimulating discussions.
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Figure 5: The Stationary Shock problem. The three figures above show velocities u; and uy at
xr = —0.5 as a function of time for ¢ = 107!, 1072 and 107 respectively. The smaller ¢ is, the faster
the velocities of the two species converge to each other. Noted that the time scales for three figures
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Figure 8: The Sod problem. For ¢ = 0.1,0.01, time T = 0.1, we compare the results given by the
new scheme and the forward Euler method. They match well.
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Figure 9: The Sod problem. f; converges to the unified Maxwellian M as t increases. Initially, f; is
far away from M. e = 1074 6f = f — M in the figure.
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Figure 10: The Sod problem. The three figures show velocities u; and uy at x = —0.3 as a function
of time for € = 0.1,0.01, and 107> respectively. The smaller ¢ is, the faster the velocities of the two
species converge to each other. Noted that the ending time are different for three figures.
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Figure 11: The disparate masses problem. Initially, both species are far away from the unified
Maxwellian M. At T = 0.025, the light species is already very close to M while the heavy species
is still far away from Mpg. At T = 0.075, both species are close to their final distributions. We use
the distribution at T'= 0.1 as the steady state. The figure on the right is a zoom-in.
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Figure 12: The disparate masses problem. The velocities for the two species converge to each other.
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