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Abstract

In this second progress report we expand upon our previous report and preliminary work.
Specifically, we review some work on the numerical solution of single- and multi-species
BGK-type kinetic equations of particle transport. Such equations model the motion of fluid
particles via a density field when the kinetic theory of rarefied gases must be used in place of
the continuum limit Navier-Stokes and Euler equations. The BGK-type equations describe the
fluid in terms of phase space variables, and, in three space dimensions, require 6 independent
phase-space variables (3 for space and 3 for velocity) for each species for accurate simulation.
This requires sophisticated numerical algorithms and efficient code to realize predictions over
desired space and time scales. In particular, stable numerical methods must be designed to
handle potential discontinuities (shocks) and rarefaction waves in the solutions coming from
conservative advection terms and, in addition, numerical stiffness owing to diffusive particle
collision terms. Furthermore, the particle interaction terms are non-local in nature, adding yet
another layer of complexity, and the interaction length scales of the non-local terms may be
orders of magnitude different, when multiple particle species are involved. In this report, we
outline strategies for generating efficient and stable numerical algorithms and code, including
the use of (i) stable high-order finite volume methods, (ii) fully implicit and implicit-explicit
(IMEX) time integration techniques, (iii) adaptive time-phase-space multi-level methods, (iv)
discrete velocity methods, and (v) moment equation methods. The preliminary codes, which
will be demonstrated herein, are built in the commercial software package MATLAB for quick
and easy prototyping, but will later be translated into production software using modern open

languages.
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Chapter 1
Introduction

The Navier-Stokes and Euler equations, with which most computational fluid dynamicists are
familiar, are used to describe the evolution of a fluid under the assumption that the constituent
particles move in, essentially, lock-step motion. In other words, fluid particles with small space
separation are assumed to have nearly identical velocity vectors. To be precise, suppose that
the mean free path (diffusion length scale) of particles is denoted X, and the characteristic
spatial size of the problem is denoted L. The Knudsen number is defined as K, = A\/L.
When K, < 1, the diffusion length scale is too small to resolve accurately, and, in fact, the
individual motions and interactions of constituent particles can be coarse-grained (averaged
out) without significant loss of fidelity [29]. Indeed, the Navier-Stokes equation, which is
applicable in this physical regime, is a highly successful and accurate model.

However, when K, = O(1), the Navier-Stokes equation is no longer valid, and particle
interactions must be taken into account. Particles with small space separation could move
in entirely contrary directions, and, in this regime, the Boltzmann transport equation is an
important model of particle evolution [29]. It describes the distribution of particles as a
function of time, space (d = 3 dimensions), and velocity (d = 3 dimensions). The three
dimensions of space and three dimensions of velocity comprise what is known as phase space.
The Boltzmann equation is complicated not only by the high dimensionality of phase space
but also the highly nonlinear, highly nonlocal nature of the collision (particle interaction)
operator.

The Vlasov-Boltzmann equation for a single species dilute gas is given as follows:

%—kV-fo+a-V,,f:Q[f](x,v,t), (1.1)
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where f is the density of particles at position x with velocity v at time t; and a is a particle
acceleration determined by an external field, for example, an electric or magnetic field. The
Boltzmann transport equation results from setting a = 0. The derivation of the equation is
a straightforward exercise using the chain rule. In particular, the total time derivative of the

distribution f can be realized as

d d
d of dx; of dv; oOf
Ef(x, v, t) = 2 G_XIE +;6_\/,E + Bt
of
= V-fo—i—a-V.,f-f-a.

Thus, the Vlasov-Boltzmann equation may be constructed via the following law: the total
time rate of change of the distribution is equal to the collision (frequency) operator. In other

words,

%f(x, v, t) = Q[f](x, v, t).

The Boltzmann collision operator, Q[f], requires much more physical insight for a clear
derivation [29], involving certain conservation principles, in particular. Therefore, we will

content ourselves by only stating its generic form (for d = 3 dimensions):

Qi vt = [

R3x

S2[f (x,v,t)f(x, v, t)—f(x,v,t)f(x, v, t)] B(lv—v.| o)dedv,,

where B is the collision kernel describing interactions between particles, and o is the unit
vector in the scattering direction v — v,. The velocities of the two interacting particles before
collision, v' and v’, can be expressed in terms of the velocities of the particles after collision,

v and v,, via the expressions

, vVt |v—v*\a_ , vty |v—v
2 2 2 2

The computation of the Boltzmann collision operator is very expensive. For the 3D case,
the (5 dimensional) integral must be computed at every value of (x,v) in phase space.
Additionally, the integral cannot be evaluated analytically, except for the simplest of cases
(e.g., Maxwell molecules, with carefully prepared initial conditions). Thus, computation of
the collision operator is usually the most expensive part of computing numerical solutions of
the Boltzmann equation. For this reason, Monte Carlo methods are generally preferred for

numerical simulation [24]. Unfortunately, these are slow to converge, as is well known. What
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is worse, for the Ns-species case, there are N2 collision operators that must be considered.
Thus, a simpler, less costly approximation is typically desired and implemented.

The Viasov-BGK equation — BGK stands for the names Bhatnagar, Gross, and Krook,
who introduced it 1954 [I] — is a model derived by approximating the Boltzmann collision

operator with a simpler nonlinear, nonlocal relaxation operator of the form

QECKIfl(x, v, t) = AM(M¢(x, v, t) — f(x, v, 1)), (1.2)

where A = % is the collision frequency between particles, 7 > 0 is a characteristic time, and

Mgy is the Maxwellian, which is defined using the moments

1 1
n(x, t) ::/ fdv, u(x,t) = —/ fvdy, 0(x,t) = —/ flv—ul*dv, (1.3)
Rd Rd nd Rd

n

as

Me(x, v, t) .= M[f](x,v,t) =n (2_;lr9> : exp (—%) , (1.4)

Here we have normalized the model so that the mass of the particles is unity. The space-time
fields n, u, and 6, are the macroscopic (coarse grained) number density, bulk velocity, and
temperature, respectively, and the energy density is given by E(x, t) = 2 [o, f|v|?dv. Using
this approximation drastically reduces the computational cost of the simulation of dilute gases,
and recovers both equilibrium and streaming behavior of the Boltzmann equation in collision-
dominated, and collision-free limits. The BGK collision operator also satisfies conservation
and entropy properties of the Boltzmann operator, as we show below. Of course, the basic
design and principle of the BGK approximation is that the density, f, should relax over
time toward the Maxwellian, and, clearly, at this state, the collision operator gives a zero
contribution.

However, the BGK collision operator does not capture some important properties. First,
it fails to capture the correct Prandtl number (essentially the ratio of viscosity to thermal
conductivity), largely because the collision rate is velocity independent. As a result, the
model may not agree with the compressible Navier-Stokes Equations that are derived from
the Boltzmann equation in high collision regimes. A number of generalizations of the BGK
model have been proposed to deal with this shortcoming. These include the ES-BGK [12] and
Shakov [28] models, which incorporate extra degrees of freedom. The model of Mieussens and

Struchtrup [18] incorporates a velocity dependent collision rate, which improves the capture
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of the correct Prandtl number. These models give a more physically realistic model, but
cause a substantial increase to computational costs.
To summarize, the single-species Vlasov-BGK equation has the form

f
%—i—v-vxf-l—a-vvf:)\(lwf(x, v,t) —f(x, v, t)), (1.5)

and, in analogy to the previous setting, the single-species BGK equation results from setting
a = 0. When, in equation , the acceleration is determined by an electric field, according
to the model

a(x, t) = —xV,®(x, t),

where x > 0 is a constant, and
—Ad(x, t) = n(x, t),

the resulting model is known as the Vlasov-Poisson-BGK equation.

Numerical methods for the BGK family of equations have been proposed and analyzed
extensively. The discretization of phase space is costly, and there are challenges that occur
in high-collision regimes. First, the BGK operator becomes stiff as the collision frequency
becomes large, so an implicit approach is desired for this term, to avoid unacceptably small
time steps. In a seminal paper [5], it was shown that a Backward Euler step could be applied
in an explicit manner, allowing stable time stepping for a wide range of collisional regimes.
Taking advantage of this, the paper [24] introduced an implicit-explicit (IMEX) Runge-Kutta
scheme based on [20], treating the convection term explicitly and the collision term implicitly.
Second, stable and accurate high-order conservation schemes are required for the convection
terms. For example, Pieraccini and Puppo [24] use a high-order weighted essentially non-
oscillatory (WENO) finite volume scheme, though high-order flux-limited schemes perform
well, as we show, and are easily scaled to higher dimensions.

Most of the numerical schemes for the BGK equation, including the one that we focus on
here from [24], lose the exact conservation of mass, momentum and energy at the discrete
level, and, additionally, the entropy dissipation at the discrete level. This shortcoming is
overcome in the work by Mieussens [16, [17]. Exact conservation is obtained by computing a
discrete equilibrium function, which requires the solution of a nonlinear system of 5 equations
for the BGK model and a nonlinear system of 10 equations for the ES-BGK model at each

grid point in space. Another challenge is to recover consistent numerical solutions of the
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Euler and Navier-Stokes Equations for compressible flows, which can be derived from the
BGK model using a Chapman-Enskog expansion [29].

In some situations, an explicit treatment of the advection terms in the BGK equation —
even while giving the collision operator an implicit treatment — can lead to a method that
requires excessively small time steps for stability and accuracy [7]. This can happen when
there are long time scales that lead to incompressible equations in the high collision limit,
or in problems for which the maximum velocity in the computational domain is significantly
larger than the fluid speed of sound. A fully implicit approach can be taken to address these
issues. This is common for time dependent kinetic equations in radiation transport contexts,
and has been considered for electron transport problems [7]. Fully implicit methods for dilute
gases and collisionless plasmas have been proposed in [7]. These approaches use sophisticated
iterative methods to manage the cost and memory requirements of the implicit update.

In this progress report, some background for BGK-type models is presented. We do
not conduct an extensive review but give the reader (especially those unfamiliar with kinetic
equations) a gentle, albeit brief, introduction. In Section [2.1] we introduce the single species
BGK Equation. We describe some basic theory (Sections —, deriving conservation
and (mathematical) entropy dissipation properties. Finite volume implicit-explicit (IMEX)
Runge-Kutta (RK) numerical methods are presented in Section [3 We give some preliminary
simulation results in Section[3] for problems including the Sod shock tube benchmark and two-
stream instability. In Section [5, we give a brief introduction to multispecies BGK models in
order to explain some numerical challenges for such equations. Section[f] describes asymptotic
dynamics of the space homogeneous multispecies problem. We conclude the report with a
brief summary of preliminary work and near future work in Section [/ A prototype 1x1v
MATLAB code for the Sod shock tube problem is contained in Appendix [E|.



Chapter 2

Single Species BGK Kinetic Models

2.1 Basic Properties of Solutions

In this section, we describe some basic theory for the single species BGK equation [1I, 29],
namely,
of
a‘i‘\/'vxf:}\(/\/lf_f). (2.1)
The existence of nonnegative solutions to the (single species) BGK equation was proved for
x € R? by Perthame (1989) [22], and on bounded domains by Ringeissen (1991) [26]. Unique-
ness of mild solutions for the (single species) periodic (in x) case was shown by Perthame
and Pulvirenti (1993) [21], and extended to the full space, x € R?, by Mischler (1996) [19].
Beyond questions about existence and uniqueness of solutions, it is important to have
a firm grasp of the properties of solutions to BGK-type equations, since it is vital to build
numerical approximation schemes that respect analogous features at the fully discrete level.
Herein, we review conservation and entropy dissipation solution properties, and, later, we

discuss how these are used in the design of numerical schemes.

2.1.1 Collision Invariants

Let us begin with an important property for the well-definedness of the model. In particular,

the temperature is non-negative, since f is nonnegative. To see this, consider

Proposition 2.1.1. /f f : Q x RY x [0,00) — R is non-negative, then n is nonnegative.
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Consequently, since
d 1 5
—n(x, t)0(x,t) = = lv —u(x, t)|°f(x, v, t)dv >0,
2 2 Rd

the temperature is also nonnegative. Furthermore, the temperature is related to the other

moments via the relation
1 > d
E(x,t)— En(x, tlu(x, t)|c = En(x, t)0(x, t).

Proof. The first assertion is clear from the definition of n. The second assertion is clear
from the fact that n and f are nonnegative, and by the definition of the temperature. Next,

expanding the right-hand side in the definition of the temperature, we have

gn(x, t)0(x, t) = %/Rdw— u(x, H)]*f(x, v, t)dv
:%/ \v]2f(x,v,t)dv—u(x,t)-/ vi(x, v, t)dv

+M/Rdf(x, v,t)dv

= E(x,t) —u(x, t)-u(x, t)n(x, t) + %n(x, Hlu(x, t)|?

~E(x.t)— %n(x, Alu(x, D).

The proof is complete. [ |

For convenience, we define (-): LY(R?;RP) — RP by

9) = [ aw)dv

Therefore,

n(x, t) 1
n(x, tu(x, t)| = <f(x, v,t) | v > .
E(x, 1) Zlv|?
Thus, the macroscopic density, n, momentum, p := nu, and energy density, £, may be viewed
as the first three moments of the particle distribution function f. The first three moments

of the collision operator are equal to zero. This gives us some conservation properties, as we

show below.
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For convenience, let us define

p(x,t) = [n, nu, E]" : RY x Rt — R9*+?;

1 T
m(v) = [1, v, §|v]2] : RY — R+

and

a(x,t)::{ln<( N )—’”’25 E]T:Rde+—>Rd+2.

276)d/2 20°'6' 6

Then, succinctly,
= (fm), and Ms = exp (a - m(v)).

Indeed,

B n |u|? u-v

exp (a - m) = exp (In ((2%9)0'/2)_ 29)exp<T)exp(
(N (Y (“ Y e (-2
“Mome) TP\ T 29 )P\ ) O T g

B 1 d/2 _1’ - |2
=n 70 exp 20 u "4

Lemma 2.1.2. The following equality holds:

1
<(Mf—f)m):< v (Mf—f)>:0

Iv®
2

<

Proof. 1. First we show that

/Mde:/ fdv.
Rd Rd

n lv — ul?
Mg dv = e — d
Re /R (2n0)° Xp( 26 ) ’

n
- e (

By definition,

(2.4)

(2.5)

(2.7)

(2.8)
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Consider the substitution

d
— 1
s=2"Y — 4s= ) dv = dv=(26)%ds. (2.9)
(20)2 (20)2
The integral becomes
Mydv = — d/ exp(—|s]?)(26)2 ds
RY (2m0)z Jre
26
n( )Qd/ e_|5|2d
m2(20)2 Jre
n d
fr— —g . 7'('2
T2

(2.10)

as desired. Note that we have used the definition n = [, f dv, and the fact that in d

dimensions, the integral [, e ¥ dx = 7. We will use this frequently.

2. Next we show that
/ VMde:/ vidv. (2.11)
Rd Rd
Following a similar line of work, we have
n v — ul?
vM dv:/ Vv exp (— ) dv
/Rd ' e (2m0)% 26
2
S— /vexp B L (2.12)
(2m6)% Jro (26)2 '
Using the substitution in (2.9)), the integral becomes
n 1 d
vM; dv = / 20)2s 4+ u ) exp(—|s|?) - (20)2 ds
| vm g Jo (2901 + ) (i) - 20
20)2
— % [(20)5/ se 1" ds + u/ e ls” ds]
m2(20)> R RY
= id [(29)5/ se 1 ds + u/ e Is” ds} : (2.13)
T2 Rd Rd

10
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Let us deal with the first term in (2.13)). One can easily show that

/ xe Xdx =0 — se s’ ds = 0.

0 R4

Therefore, we have

n lel2 nu d
/VMde——d u/e's| ds:—d-7r2:nu:/vfdv.
Rd T2 Rd T2 RY

3. Finally, we show that

2 2
/%M,rde %fdv. (2.14)
First, observe that J
|s|2e7 1" ds = Eﬂ%. (2.15)
Rd

(To see how to prove such results, see Appendix . Now, using the substitution in
(2.9)), and the same integration techniques on the LHS of ([2.14)),

lv|? 1 n /
/ 2 /\//de—2 (27m6)2 v

1 —u
=5 L /I + (v —u)le 4 v

(270)*%
n 5 > lv—ul?
=——— [ (-luP+2u'v+|v—u)e = dv
2(2mH)2
—nlyl2 ¢
= —n|u| ~(2 9)2/ e P ds + —2n(29)z uT/ [u+ (29)55] e 1" ds
2(2m0)% RY 2(2m0)> RY
20)2"1
+ —n( ) - / Is|2e 1" ds
(2m0)2 Jre
—nlul? g_i_n|u|2 o4 2n0 d o4
= T2 —Tr2
278 7 o 2
d
2
== —né
n|ul K
:/ v ’2fd (2.16)
]Rd 2
where the final line follows from Proposition and the definition of the energy
density, E.
The proof is complete. [ |

11
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Definition 2.1.3. We say that a function g(v) is collision invariant /ff

(g(v) (Mg —1)) = /R g(v) (Ms — f) dv =0.

From the last Lemma, we observe that 1, v and |v|? are collision invariant. Of course,
any linear combination of these functions will also be collision invariant. We will use this fact
later.

Let us introduce some further notation.

Definition 2.1.4. Suppose that p € R° and q € Rt. Then the vector outer product p @ q is

a matrix in RS*t whose components are precisely

[p® Q]/J = piq;.

Multiplying the BGK Equation by the vector m = [1, v, %|v|2]T and integrating, we get

expressions for the conservation of mass, momentum, and energy, respectively.

Lemma 2.1.5. Suppose that f is a non-negative solution to the BGK equation, that is, the

Vlasov-BGK equation with a = 0. The following conservation equations hold:

0

5" + V- (nu) =0, (2.17)
%(nu)+vx-(nu®u+P) =0, (2.18)
%E#—VX‘(Eu—l—Pu—l—q):O, (2.19)

where

P::/ (v—u)®(v—u)fdv

is the pressure tensor and )
q = —/ v —ul’(v —u)fdv
2 Rd

is the heat flux.

Proof. 1. Multiplying the BGK equation by 1 and integrating, we have

/Rd [%+vx . (vf)} dv = /Rdx(/wf — f)dv (2.20)

@%(/Rdfdv>+vx~(/wvfdv)20 (2.21)

12
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0
= 50 + V- (nhu)=0. (2.22)

This verifies the first equation, which is an expression for the conservation of mass.

2. Next, multiplying by v and integrating, we have

/Rd {v%%—vx.(v@vf)} dv:/Rd vA(M; — f)dv (2.23)

<:>2(/ vfdv)+Vx~</ v®vfdv):0. (2.24)
51‘ Rd Rd

The first term is equal to 0;(nu), as desired. It remains to show that
/ vvidv=nu® u+P.
Rd
Writing v = u+ (v — u), gives

/dv®vfdv:/d[u+(v—u)]®[u+(v—u)]fdv

= d[u®u+u®(v—u)—|—(v—u)®u+(v—u)®(v—u)]fdv

:nu®u+P+/

Rd

u®(v—u)fdv+/ (v—u)®ufdv. (2.25)

Rd

The last two terms in the above expression are equal to zero:

u®/ (v—u)fdv:u®[/ vfdv—u/ fdv}:u®[nu—un]:0.
R RY RY

Putting it all together, we obtain the second equation, an expression for the conservation

of momentum.

3. Finally, multiplying by %\v|2 and integrating, gives

1, [0f _ Lo
/Rd§|v| (wa.(m) dv—/Rd§|V| (M — ) dv (2.26)

8 1, 1, B
= E(/Rdjvlfd‘/)—kvx.(/ij vfdv)—O. (2.27)

13
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The first term is equal to 0;E, as desired. It remains to show that
1o
—|v|"vfdv =Eu+Pu+gq.
Rd 2

Writing v = u + (v — u), gives

1 1
/—|v|2vfdv:—/ lv?[u+ (v —u)] fdv
Rdz 2 Rd

1 1
:u/ —|v|2fdv+—/ lv]*’(v — u)fdv
Rd2 2 Rd

:Eu+%/Rd[u+(v—u)]T[u+(v—u)](v—u)fdv

1
= Fu+ 5/ [ul? +2u" (v —u) + |v—ul’] (v—u)fdv
Rd

2 1
:Eu—i—M/(v—u)fdv—i—/ uT(v—u)(v—u)fdv+—/ lv—ul?(v—u)fdv
2 Rd Rd 2 Rd

1
:Eu+q—|——|u|2</ vfdv—u/ fdv>—|—/ u'(v—u)(v—u)fdv
2 Rd Rd Rd

1
=Fu+q+ §|u|2 (nu — un) +/ u'(v—u)(v—u)fdv
R

:Eu—f—q—i—/RduT(v—u)(v—u)fdv. (2.28)
It should be easy to see that

u'(v—u)(v—u)=[(v—-u)®(v—u)u.
Thus, the final term in the above Equation is

/duT(v—u)(v—u)fdv: (v—u)®(v—u)ufdv

- <Rde (V—u)® (v— u)fdv) u

= Pu. (2.29)

Putting it all together gives the third equation, which is an expression for the conser-
vation of energy.

The proof is complete. [ |

The conservation laws/properties above are reminiscent of those involved with the deriva-

14
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tions of the Navier-Stokes and Euler equations. In fact, using the Chapman-Enskog expansion
method one can show that in the limit as A — oo, or 7 — 0, one recovers macroscopic Navier-
Stokes and/or Euler equations as formal limits, under certain assumptions [27), [32, 31, [29].
These limits can even guide in the design of stable numerical methods for the macroscopic
models [32].

The following is an even simpler consequence of the collision invariance of m stated in
Lemma [2.1.2] Its proof is omitted.

Proposition 2.1.6. Suppose that f is a non-negative solution to the BGK equation. Then,

Oi(fm) + V(v ® mf) =0.

2.1.2 Space-Homogeneous Problem

Suppose that the density function is spatially homogeneous and/or particle advection may
be neglected in the system. In this case, the distribution function f satisfies the space-

homogeneous problem
of

at
This is a first order integro-differential equation (IDE), which can be solved using the inte-

= A(Ms — ). (2.30)

grating factor method.

Lemma 2.1.7. Suppose that f is a solution to the space homogeneous problem ([2.30)). Then

f(x,v.t)=eMf(x,v,0)+ (1 — e ) Me(x, v,0). (2.31)

Proof. We begin by proving that 22 =0 = 22, % = 0, and 2% = 0. We will make frequent

use of Lemma 2.1.2

1. First, we show that % = 0. Utilizing the IDE,

0 212
—n=— fdv —d = A Ms—f)dv="0. 2.32
atn at R rd O V= /Rd (M )dv 0 (2.32)

2. Next, we show that % = 0. Using the quotient rule on the definition of u =1 [, fdv,
and the fact that 2 = 0 gives

]_ d d _O ]_
ou_ 9 / fvdv = (7) oo oev dv :—/ A(M¢ — f)vdv
Rd

||§

ot 8t n n2 n 0. (233

15
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3. Next, we show that 22 = 0. Recall that $n6 = E — in|u]? < 6 = 25 — L1|u|?. Using
the quotient rule, and the fact that 22 = 0 and ¥ = 0, gives

06

2(&)(n)-0 2 ;ou 2 lv|?
R R Ul - B SR L el (2.34)

4. Next, to show agff = 0, we use the temporal invariance of n, u, and 8, as shown above,

o _ -4 9 -4 _l _ 2 -1
aMf(X, v,t) = (2m) 5t {n(x, t)0(x, t) 2 exp ( 2|v u(x, t)|“6(x, t) )}
— 2n) % [0 % exp (~Ljv — upo?
= (2m) [ate exp( 2|v u|“o )
d 4:2 00 1 S
+ n(x, t) (—5)9 3: &P (—§|v—u] 0 )

-4 1 2p-1) 0 1 29-1
+ nb 2exp( 2|v ul-6 )at[ 2]v ul-6

=0. (2.35)
5. So far, we have =0= %, % =0, and % = 0. To finish, we use these properties
to solve the IDE. Rearrangmg (2.30), gives
df
pr + A =M.

Multiplying by the integrating factor, e*t, and applying the product rule in reverse, gives
% (eMF) = AMeer.
Integrating with respect to t, we have
eMf =C+ A/ eMMe(x, v, t)dt,

Since My = Mg¢(x, v, t) is constant with respect to t, M¢(x, v, t) = M¢(x, v,0). Hence,
it can be pulled through the integral sign:

eMf = C + AMg(x, v,O)/e“dt

= C + M(x, v,0)e™. (2.36)

16
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Plugging in t = 0, and rearranging gives an expression for the constant term:
e’f(x,v,0) = C+ e’M(x, v,0) (2.37)
<— C=f(x,v,0)— M(x,v,0). (2.38)

A

Putting everything together, and multiplying by e™*t, we have the following solution to

the space homogeneous problem:

f(x, v, t) = e M (f(x,v,0) — Me(x, v,0)) + M¢(x, v,0)
= e Mf(x,v,0) + (1 — e ™) M¢(x, v,0). (2.39)

Since we have the true solution to this space homogeneous problem, this allows us to test

the accuracy of the code on the right hand side source term. Initial tests are performed in
Section 3.5

2.1.3 The H-Theorem

In this section, we discuss a very important solution property for the BGK equation, namely
the entropy dissipation property. This is a key stability concept that should, in some way, be

preserved in numerical approximations. We start off this section with a definition.

Definition 2.1.8. Suppose that f : Q x R x [0, 00) — [0, 00) is a particle density function.
The object

H[f](x, t) := /Rd f(x,v,t)In(f(x,v,t))dv

is called the H functional or kinetic entropy. We say that a flow is entropy-dissipative or
entropy-stable iff, for every 0 < t; < t; < o0,

/QH[f](x, t)dx < /QH[f](x, t;) dx.

We will need the following technical lemma.

Lemma 2.1.9. For any x,y € (0, 00)

(In(x) =In(y)) (x =y) = 0.

17
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Proof. Observe that the function g(x) = xIn(x) is strictly convex on [0, 00). In fact, for any
x€(0,1),
1
1/
=—->0.
q'(x) = >

By Taylor’'s theorem, for any x, y € (0, 00),
XIn(x) = yIn(y) + (n(y) + D(x = ) + 50 = ¥F = yIn(y) + (n(y) + Dlx - ).
for some £ between x and y. The inequality above can be rewritten as
xIn(x) = xIn(y) > x —y.
Reversing the roles of x and y, we have
yin(y) —ylIn(x) >y — x.
Adding the inequalities, we have
(x =y¥)(In(x) = In(y)) = 0,

which is the desired result. [ |

Lemma 2.1.10. The function In(Ms) is a collision invariant, that is

/ In(Mf) (Mf_ f)dV:O

Proof. We already know that 1, v, and |v|? are collision invariants, as are any linear combi-

nations of these functions. Using (2.3)), (2.4)), and (2.5]), we have

In(M¢) = In (exp(a- m)) = - m = In ((27rg)d/2> - ;e)u’ '

and it follows that In(Mf) is also a collision invariant. [

Theorem 2.1.11. Suppose that f : Q x RY x [0, 00) — [0, 00) is a solution to the spatially

homogeneous BGK problem, that is,

of 1
&—;(Mf—f),

18
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where T > 0 Is a constant. In particular, let us assume that f has no variation with respect

to X, I'.e., CX’ —0 }hen

Proof. Observe that

%H[f](t) = /Rd%(ln(f) +1) dv

_ l/ (My — £) (In(F) + 1) dv

T

= l/ In(f) (Mg —f) dv

T

To finish the proof, we use that fact that In(My) is a collision invariant, that is
/ In(Mf) (Mf_ f)dV:O
Rd
Thus

%H[f](t) = %/R (In(f) = In(M¢)) (M — ) dv

= [ n(M) — () (M — ) dv <0,

where in the last step we used the fact that

(In(x) =In(y)) (x =y) >0, V¥x,y € (0,00).

More generally, we have

Theorem 2.1.12. Suppose that f : Q x R? x [0,00) — [0, 00) is an Q-periodic (spatially
periodic) solution to the BGK equation, that is,

1
8tf+v'fo=;(/\//f—f),
where T > 0 Is constant. Then

O:{fIn(f)) 4+ Vy - (vfIn(f)) < 0.

19
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and

d
— [ HI[f <0.
at |- [fldx <0

In other words, solutions of the BGK equation are entropy dissipative.

Proof. Similar to the last proof, but using Lemma [2.1.5, we have

SeHIAe) = [ S n(r) 1) av

of on
—/Rdaln(f)dVvLa
on

1
—;/Rd(Mf—f)In(f)dv—/RdV-foln(f)dv+a

= l/ (Mg — f)In(f)dv — V / vfln(f)dv+/ vi-Vy(In(f))dv + on
T Rd Rd Rd at
1 on
:—/ In(f) (Mg —f) dv — Vy - viin(f)dv + = + Vi - (nu)
T Rd Rd at
1
= —/ In(f) (My — f) dv — V / viin(f)dv.
T JRrd R4
Therefore,
1
Gt/ fin(f)dv+ Vy / viin(f)dv = —;/ (f = Mg)(In(f) — In(M¢))dv < 0.
Rd Rd Rd
In other words,
B:(fIn(F)) + V- (vFIn(f)) <O0.
Using the Q-periodicity of f and integrating over €2, we have
1
dt/ / fin(f)dvdx = ——/ / (f — M¢)(In(f) — In(M¢)) dvdx < 0,
Q Jrd T Ja Jrd
and the proof is complete. |

Finally, we have

Theorem 2.1.13. Suppose that

f.: QxR?—= [0, 00)

20
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Is a given Q2—periodic distribution. Let
P, = [n*v n.uy, E*]T )
be the vector comprised of the first three moments of f,, that is,
n.(x) 1
p.(x)= |[n.(X)u.(x)| = <7§(x, v)| v > , VxeQ.
E.(x)
The Q—periodic temperature, 9,, is defined via
1 >, d
E.(x) = §n*(x)|u*(x)| + En*(x)é*(x).

The Maxwellian, as usual, is defined using the macroscopic densities as

_ (1N v—uf?
M.(x,v) = n, (27r0*) exp (_2—9*) :

Consider the admissible class of distribution functions defined as

A, ={g: QxR = R | g isQ-periodic, g>0, and (mg)=p,},
where, recall,
1 T
m(v) = [1, v, EMQ] R — RIT2,
Then, M., f. € A,. In other words, A, is non-empty. For every g € A,,

HIM,](x) < H[g](x), Vxe€Q.

In other words, the Maxwellian is the minimum entropy distribution out of the set of admissible

distributions that gives rise to the macroscopic density p,.

Proof. Let us first show that M, € A,. Clearly M, is nonnegative and -periodic. The fact
that (mM,) = p, follows from Lemma [2.1.2] Thus M, € A,. Next, we prove the inequality.
Let g € A, be arbitrary. We may write M, = M, since g gives rise to the same macroscopic

fields as f,. Define h(s) := sIn(s). This function h is convex on (0, ), as is easy to show.
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Its first two derivatives are
! 1! 1
h'(s) =In(s) + 1, h(s):g>0, Vs> 0.

Thus,
h(s) > h(t) + H(t)(s—1t), Vs, te(0,00).

It follows that

h(g) = h(My) + h/(Mg)(g — Myg)
= h(Mg) +In(Mg)(g — Mg) + g — M,.

By Lemma |2.1.10],

/Rdh(g)dvz/Rd h(Mg)dv+/Rd|n(Mg)(g—Mg)dv+/Rd(g_Mg)d.,:/Rd (M) dv.

This shows that, point-wise in €2,
Hlgl = H[M,] = H[M.],

and the result is proven. |

We should point out that workers in equilibrium thermodynamics and non-equilibrium
thermodynamics generally prefer a definition of entropy that sees the entropy increasing as
a function of time. But, for historical reasons, in the mathematical and numerical theory
of the Boltzmann and the BGK equations, the prevailing definition of entropy is such that
it is decreasing in time. In any case, this is simply a matter of a sign difference, and the
mathematical dissipation property is an important marker for the design of numerical methods.
In particular, a numerical approximation scheme should satisfy, if possible, some discrete
form of entropy dissipation. However, designing fully discrete approximation schemes that
theoretically satisfy discrete dissipation (as determined by a rigorous proof) is a challenging
task. The papers [16), [I7] address this issue for the single species BGK equation, but, this
dissipation property comes at a rather high computational cost. Thus, it is not clear from
the outset that it is practical to pursue this property from the theoretical point of view. On
the other hand, checking the dissipation property numerically for benchmark simulations is

certainly a worthwhile endeavor.
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2.2 Discrete-Velocity BGK Models

Discrete velocity BGK models are constructed under the assumption that the velocity space
is partitioned into discrete, allowable states. This discretized velocity space could be finite or
countably infinite, in principle. But, typically the velocity space is constructed so that it is
finite and approximates well the density of particles, f, for a given physical case, meaning that
the velocity points might clustered around particular velocity values. To make the discussion
simple, we will restrict our attention to the d = 1 case. The general case is constructed

similarly.

2.2.1 Discrete-Velocity BGK Maodel in One Space Dimension

Let us make an analog model in one space dimension (d = 1) with discrete, rather than

continuous, velocities, along the lines of the papers [16], [I7]. Suppose that h, € (0,1) and

j € N. Set .
e frene-3) e

J={-J+1,---J}.

where

Note that the simple structure of V7, with uniformly spaced points arranged symmetrically
about 0, is used only for simplicity, and we may choose it in a more general fashion. In any

case, set
1 T
ms(J) = [ijyzlvjlﬂ , VieJ.

Define, for g : J — R¢
<g>] = Zgjhv-

eJ
Let us define the admissible class of solutions.

Definition 2.2.1. Suppose that 2 = [a, b] C R and
fr.:QxJ —]0,00)
is a given Q2—periodic discrete-velocity distribution. Let

pr.=[nganz iz Ez.]’
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be the vector comprised of the first three discrete-velocity moments of f7 ., that is,

ng..(x)
pr.(x)= nz.(X)uz.(x)| ={fr.(x, - )mgz),, VxeQ (2.40)
Ez.(x)

The admissible class of discrete-velocity distribution functions, subordinate to p;, or

f7 . Is defined as the set
Az = {gj QxJ =R ‘ g7 is Q-periodic, g7 >0, and (mzgs)7; = pj,*} _

We need the following technical lemma.

Lemma 2.2.2. Suppose that the moment vector p; , is realized from an Q2-periodic discrete-

velocity density as above. Fix x € Q = [a, b], and define the function K : R® — R via

K(B) = K«(B) = (exp(B-my))s =B ps.(x). VBER

K () is smooth, convex, and coercive and, therefore, has a unique minimizer, B, € R3, which

satisfies the nonlinear equation

(exp(B, - my)myz) s = ps.(x).

Proof. Clearly, K is smooth. To see that it is convex, consider the first two functional

derivatives. The first derivative is computed via
LB+ 5m) = L (exp(B - my) explsn - mp))s — (B +sm) - pr.(x)
ds sn = 4s exp J)EXp(sn -my)) s ds sN) - Pg (X
= (exp(B-mz)n-mgexp(sn-myz)) 7 —n- pg.(x).

Thus,

LK@ +sm)| = lenB-mo)n m))s - py.0)

=n-{{exp(B -mz)mz) s —ps.(x)},

and we can write
VK(B) = (exp(B-mz)my) s — p7.(x).
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Further,
d? p _
ds2 B +sm) = E<exp(ﬁ “mg)n-mgexp(sn-mgy))s
= (exp(B-my) (n-mgz)exp(sn-my))y
=n' [(mgmjexp(B-my)exp(sn-mg))s]|n.
Thus, ,
d
qeKB+sm)| = n' [(mymjexp(B-myz))s]n,

s=0

and we write

Hk(B) = (mymj exp(B-myz))7,

which is the 3 x 3 Hessian matrix, of course. This matrix is positive definite, since

n' HkB)n = {((n-myz)>exp(B-myz))s >0,

for every B € R3, for every n € R3 := R3\ {0}. It follows that K is convex.

Now, let us prove that K is coercive. Assume that @ € S%2 = {x € R? | ||x||, = 1}. To be
precise, we will show the following: for every M > 0, there exists a number R = R(M) > 0,
independent of B, such that if s is any number satisfying s > R, then it follows that

K(sB) > M,

where, of course,
K(sB) := (exp(sB-my)) s —sB - ps.(x).

Fix a vector B € 52, and suppose that for this vector, for some j, € 7,
B - mz(jo) > 0.

Then,
K(sB) = h,exp(sB - my(io) — 5B - py,.(x) " +oc.

In fact, by continuity, there is an g > 0 and a constant C; > 0, such that, if a € B(B, g)
then,
a - mj(jo) >C; >0,
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so that
K(sa) > h,exp(sCy)) —sa - ps . (x) AL RN

To sum up, given any M > 0, there is an Rg = Rg(M), such that, if s > Rg, then
K(sa) > M,

for all @ € B(B, €3).
Again, fix a vector B € S?, and suppose that for this vector, for all j € 7,

Now, we know that
B-ms;()=0, VieJ <<= pB=0,

but B # 0, since ||B||> = 1. Therefore, for some j; € 7,

B-mgz(j1) <O.
It follows from (2.40|) that
ﬁ ' pJ,*(X) <0.

Consequently,
K(sB) = hyexp(sB-m(i1)) — sB - p..(x) "5 +o0.
In fact, there is an gg > 0, such that, if a € B(B, €g), then
a-ms(j;) <G, <0,

and
a-ps.(x)<C3<O.

Hence,
K(sa) > —sC; "5 4 0.

To sum up this second case, given any M > 0, there is an Rg = Rg(M), such that, if s > Rg,
then
K(sa) > M,
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for all a € B(B, €p).
Observe that

s?c | B@B.ep).

Bes?
the object on the right being an open cover. Since S? is compact, there is a finite sub-cover.
In other words, there are finite points B, --- ,By € S? such that

N
s?c|JB@B.ep).
=1
Let M > 0 be given. Set
R(M) = max Rg, (M).

If s > R(M), it follows that
K(sB) > M,

for all B € S2. Since R(M) is independent of B, K is coercive.
Since K is smooth, strictly convex, and coercive, it has a unique minimizer, 3, € R3 that

satisfies
VK(B*) = <exp(ﬁ* : mj)mj>j - pj,*(x) =0.

The proof is complete. |

Remark 2.2.3. The compacness argument is required above because, without it, it is not
clear that

R(M) = sup Rg
pes?

is finite, which is needed for our definition of coercivity.

Lemma 2.2.4. Suppose that Q2 = [a, b] C R and
fj:QXj%[0,00)
Is a given Q2—periodic discrete-velocity distribution. Let

.
ps=I[ng. nguz, Ez] ,
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be the vector comprised of the first three discrete-velocity moments of f, that is,

ng(x)
p7(x) = |nz(xuz(x)| = f7(x, - )mz);, VxeQ. (2.41)
Ez(x)

Fix x € [a, b], and define
Mgr(x.j) = explag(x) -ms()), VieJ,
where a7 r(x) € R3 is the solution to
(exp(ag r(x) - mz)myg) s = ps(x),

which is guaranteed to exist, uniquely, by Lemma[2.2.2. Then

0= h(Mgr(x.i) = f7(x.9), (2.42)
e

0= Z hovi (Mg £(x,5) = f7(x.))), (2.43)
e

0= hsluP (M) — f(x,1). (2.49)
i€eJ

This may be expressed succinctly as
(mz(Mgr(x, -) = f7(x, ))>j =0. (2.45)
Furthermore, the function In(Mz.¢) is a discrete-velocity collision invariant, that is
(In(Mg.r) Mg r—1f7))7=0. (2.46)
Proof. Identities - follow immediately from the definition. Since
In (Mz.¢(x.)) = In (exp(ag r(x) - ms(3))) = az.(x) - ms(),

identity (2.46]) also follows. |

28



January 29, 2024 E. Habbershaw and S.M. Wise

Theorem 2.2.5. Define, for all f : Q2 x J — [0, 00), the discrete-velocity entropy functional
H7[f](-) = (fIn(f))7: Q2 — [0, 00).

Let As . be the admissible class of discrete-velocity distribution functions, subordinate to a
given discrete-velocity distribution f7, : 2 x J — [0, 00), so that Az . is non-empty. Then,
there is a unique function My . € Ay .. such that

Hy Mg (x) < Hzlgl(x), (2.47)

for all g € Ay ., for all x € 2. Furthermore, at every point x € 2, there is a unique vector
a7, (x) € R® such that

Mg.(x.)) = exp(ag.(x) - ms(j), VieJ.
Proof. Fix x € [a, b]. Define
Mg.(x.)) = exp(ag.(x) - ms(j), Vie T,

where a7, (x) € R? is the solution to

(exp(ay .(x) -mz)mz) s = ps . (x),

which is guaranteed to exist, uniquely, by Lemma [2.2.2] This definition shows that the
function M5, € A7.. Thus, to conclude, we need only show that

Hgz [Mg.](x) < Hzlg](x),

for all g € A7 .. The proof follows that of the continuous-velocity case.
Let g € Az, be arbitrary. We may write My, = M 4, since g gives rise to the same
macroscopic, discrete-velocity fields as f7 .. Define h(s) := sIn(s). This function h is convex

on (0, ), and it follows that

h(g) > h(Mg4) + h,(MJ,g)(g -~ Mygyg)
=h(Mgg) +In(Mgg)(g—Mgg)+9— Mgy
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By Lemma 224
(h(9)) 7 = (h(Mg.g)) 7+ (IN(Mgg)(g = Mygg)) s+ (9 —Mgg) ;= (h(Mygg)) ;-
This shows that, point-wise in ©,
Hzlgl = HyMg4l = Hs[My.].

and the result is proven. [ |

Definition 2.2.6. The 1+ 1-dimensional discrete-velocity BGK model /s defined as follows:
given an |a, b]-periodic function fy : [a, bl x J — (0, 00), find f : [a, b] x T x [0, T] — (0, 00)
such that f(-, -,0) = fy and

Ocf (X3, ) + viOkf(x,), t) = A(Mg¢(x,i, t) — f(x,j, t)), YieJ, Vxelab], (2.48)

where
Mgr(x,j, t) =explagr(x, t)-mz(4)), VieJT,

and az ¢(x, t) € R3 is the solution to
(exp(agf(x, t)-mz)mz)s = (f(x, -, t)mz) 7.
We have the following result concerning the solutions of the discrete-velocity model.
Theorem 2.2.7. Suppose that Q = [a, b] C R and
f:QxJx[0,00)—[0,00)

is a given Q—periodic solution to the discrete-velocity BGK model. Define, for all x € |a, b]

and t > 0, the discrete-velocity entropy density via

Hz[f](x, t) = (f(x, -, t)In(f(x, -, t)) 7.

Then, for all x € [a, b] and t > 0,

%(mjf(x, ',t)>7+%<V(')me(X, 1)), =0; (2.49)
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and
0 0
3t (f(x, -, t)In(f(x, -, 1), + Ix (v()f(x, - t)In(f(x, -, 1)), <0. (2.50)
Consequently,
c(/jt H7[f](x, t)dx <O. (2.51)

Proof. The proofs are analogous to the continuous-velocity cases. Equation ([2.49)) follows
directly from (2.45). To prove inequality (2.50)), observe that

aatHJ[f] <g (In(f) + 1)>J

<— In( )>j - % (F)7
= LMy~ F)In(F))y — (B In(F))y — B (vF),
_ % (IN(F) (Mos — F)) 5 — B (VFIN(F)) 5
= L (0n(F) ~ (M) (M — 1))y — 0 (v (1),
= (M)~ In(F) (Mars — ) — B (vFIn(F)

< =0 (vfin(f)),,
where we used the fact that
(In(x) =In(y)) (x =y) =0, Vx,y € (0,00).
Finally, using the Q2-periodicity of f and integrating over €2, gives ([2.51)). [ |

2.2.2 Space-Homogeneous Discrete-Velocity Model

Similar to the continuous velocity case, we can make the following definition:

Definition 2.2.8. The space-homogeneous, 1-dimensional discrete-velocity BGK model
is defined as follows: given the function fy : J — (0,00), find f : J x [0, T] — (0, 00) such
that f(-,0) = fy and

0:f(j, t) =AMy (. 1) - (. 1)), Vied, (2.52)
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where
Mz (. t) = explas¢(t) - ms(4)), VieT, (2.53)

and az ¢(t) € R® is the solution to
(exp(agz(t)-mz)mg)s =(f(-, t)mz)s. (2.54)
Theorem 2.2.9. Suppose that
f.J x][0,00) — (0,00)

Is a given solution to the space-homogeneous discrete-velocity BGK model. Define, for all

t > 0, the discrete-velocity entropy via
Ha[f1(t) = (F(-. &) In(f (- 1))

Then, for all t > 0,

2 im0y, =0, (2.55)
and 5
a(f(-,t)ln(f(-,t)»jgo. (2.56)
Consequently,
My =0, vieyg (257)

Proof. The proofs are again analogous to the continuous-velocity cases. Equation ([2.55])
follows directly from (2.45]). To prove inequality (2.56]), observe that

0

el = (57 0n(n) 1))

R e N e

of 0
2 In(f)>j + Er: (f) s

=— (Mg r—1F)In(f)),
(In(f) Mg r—1)) s
((In(f) =In(Myzr)) (Mgr—1£)),

= (M) ~ () (Mo — )5
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where we used the fact that
(In(x) =In(y)) (x —y) >0, Vx,ye€(0,00).

Finally, (2.57)) follows from (2.53)) and (2.54)), using (2.55)). [ |
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Chapter 3

Numerical Approximations for the Single
Species Case

In this chapter, we consider the numerical approximation of the BGK model for the d = 1 case.
Therefore, phase space is two-dimensional, with one dimension for physical space and one for
velocity space. It is not necessary to equate the dimensions of velocity and physical space,
but this is a common practice, and, for the purpose of describing the numerical methods, one
does not lose much generality using such simplifying assumptions. We call the present case
the 1x1v case. The methods that we describe in this section are scalable, meaning that, as
more phase-space dimensions are added, the methods themselves change only slightly. The
biggest obstacle for high-dimensional numerical simulation is the added number of degrees
of freedom that accompany an increase in phase-space dimensions. Of course, this increase

can be significant, since real-world phase space has 6 dimensions in the model.

3.1 Finite Volume Space and Velocity Discretization

Since the Vlasov-BGK equation is a nonlinear conservation-like law, shocks (discontinuities)
and rarefaction waves can form and propagate in the solution. Thus, the integro-differential
equation does not necessarily hold in the classical (strong) sense. In this case, finite volume
methods, which are based on the integral form of the differential equation, are typically more
appropriate and simpler to use.

First, we truncate the velocity space so that it is finite in size: V' = [—Viax, Vimax], Where
Vmax > 0. This limits the range of velocities that may be approximated, but, as we will see,

does not generally affect the accuracy of approximation as long as vma.y Is chosen sufficiently
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large. We note that it is not necessary to make a symmetric truncation about zero velocity,
and sometimes it is not advantageous to do so. This is only done for simplicity of presentation.
In similar fashion, let us assume that 2 = [—L, L], with L > 0.

Let us define
2Vmax

N, '

2L
hy = N and h, =

and then set
xpo=—L+{—1/2)hy and v, = —Vpax + (£ —1/2)h,,

where £ can take integer and half-integer values. To discretize phase space, we break the
rectangular 1x1v domain, €2 x V/, into a two dimensional grid of cells with finite volume, and
approximate the cell average of the function. €2 x V' C R? can be written as the union of the

cells:
Ny, Ny Ny, Ny Ny, Ny
X v
QxV= U G = U G x U [xi_%,xpr%] X [vj_%, vj%} : (3.1)
i,j=1 i,)j=1 i,j=1

with the point (x;, ) at the center of cell Ci; = i x C. Next, we define

— 1

fii(t) =f(x v, t) = T Jon f(x,v,t)dxdv. (3.2)
i j ixcy

The integral form of the Vlasov-BGK equation is

0:f1;(t) + |Cu|/ (Ox(vf) +0,(a(x, t)f)) dxdv = — / Me¢(x, v, t) dxdv — Afi;(t),
(3.3)

where we have assumed that the acceleration of particles due to the external field, a, is

|CIJ’

independent of velocity. Let us define the flux function, F, via
F(x, v, t) = [vf(x, v, t),alx, t)f(x,v,)]" = [F(x, v, t), G(x, v, t)]"
where
F(x,v,t)=vf(x,v,t), G(x,v,t)=a(x, t)f(x,v,t).

Define

1)(t) / Mf(X v, t) dxdv.

|C1]|
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Applying the Divergence Theorem,

_ _ — 1
atfi,j(t) + >\f1;(t) — >\M1](t) = _h h /Cv (F(Xi_|_1/2, v, t) — F(Xi_1/2, v, t) dv

i

1
- / (G(x, Viprya ) — G(X Y1ja ) dx.  (3.4)

X

Now, ([3.4)) is exact. To gain a practical numerical method, we must make some approxi-
mations. Let us first approximate the flux integrals:

1 F(Xit1/2, Vi, t) — F(Xi—1/2, v, t
/ (F(Xi+1/21 v, t) = F(X-1/2, v, t) dv =~ Ginay . 1) SRV ) (3.5)
hehy Jeo s
1 G(X, Vir1/2, t) — G(X, V10, t
hyh / (G(x, Vigry2, t) = G(X, Vio1yo, t) dx = i e )h i bor )- (3.6)
X'ty CIX v

To approximate the density function on the cell Ci;, we use piecewise linear reconstructions:
pii(x, v, t) = Fi;(t) + o5 (x = x) + o, (v — ),

with the 8-minmod slope limiter,

o = mmod (Pt i) e (FasFin) g (Fa=Ta)) o

a;j:minmod<(—"“2h 2 1) 6" (—'1 — 1) 0 <—"“h ’>) (3.8)

where 6%,6" € [1,2]. Note that for three real arguments, the minmod function is defined by

min{x,y,z} if x,y,z>0
minmod(x, y,z) = ¢ max{x,y,z} if x,y,z<0.

0 otherwise

The reconstructions make the density approximation multi-valued at the cell edges, a fact
that we use to our advantage in the numerical approximation. Using the reconstructions, we
define the density at the midpoints of each cell edge as follows:

7614_,1/2,1(75) = pii(Xis1/2, v, 1), ﬁil/Q,j(t) = Pit1,i(Xir1/2. Y, £),
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and, likewise,
f;;+1/2(t) = pij(%, Yir1/2, £, f{fjﬁrl/z(t) = Pijt1(X, Vit1/2, t).
Next, the exact fluxes are replaced by numerical fluxes of the form

and
G (X vir/z, t) & G(FTy o(8), Fiiy (1) =t Gigaya(2).

We use a simple upwind strategy to construct the numerical fluxes:

ViiJ:l/Zj(t) if v>0

/?i+1/2,j(t) (1+1/2,( ), 1+1/2,( ) = 1+1/2](t) ity < O' (3.9)
Gisr1/2(t) = G(fif 1 (). i (1)) = %, ) 51/2(1) ff a6 1) 2 ° (3.10)
a(x, t) 1;+1/2(t) if a(x,t)<0
We can write the approximation scheme to this point as follows:
Orfiy(t) + AFi(t) — AM,;(t) = 1+1/2;(t) - Fio124(t)
_ Gij1ya(t) — - Gij-1/2(t) +E (), (3.11)

where E,-J—(t) is a local truncation (approximation) error.
Finally, to complete the spatial discretization of the Vlasov-BGK equation, we need to

approximate the Maxwellian. For this we use the following:

m(t) = hy qu(t) (3.12)
u(t) = % Z W (t), (3.13)
8(t) = o5 S Iuiy(e) ~ ()P (314)
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2
W, (t) ~ My (t) = ﬁ exp (_%> | (3.15)
Since we are replacing integrations by midpoint quadratures, we lose the collision invariances
that we enjoyed at the continuum level. But, for the purpose of approximation, we will
continue to assume that these invariances still exist at the discrete level.

We conclude this section by stating the spatially discrete approximation to the Vlasov-
BGK equation:

 Figay2(8) = Fimayo(2)
hy

_ Gijr1/2(t) — Gij1/2(t)
hy

thi,j(t) + A?lj(t) - )\Mll(t) -

+ Eiy(t), (3.16)

where Em(t) is a local truncation (approximation) error.

3.2 Implicit-Explicit Runge Kutta Time Stepping

In this section we introduce an implicit-explicit (IMEX) Runge Kutta (RK) method for inte-
gration in time that was proposed in [24]. The convection part is treated using an explicit
method, while the collision part is solved using a diagonally implicit method. We will work
with the phase-space continuous problem first, in order to take advantage of the collision
invariants, before moving to the phase-space discrete problem. Let us rewrite the original

Vlasov-BGK equation as
0
Ef(x, v,t) =TI[f](x, v, t)+ Q[f](x, v, t)
where T represents the transport term, and @ represents the collision term:

T[fl(x, v, t) = —vOo,f(x,v,t)—a(x, t)0,f(x,v,t), (3.17)
Q[f](x, v, t) = A Ms(x, v, t) — f(x,v,t)). (3.18)

The general v-stage IMEX Runge Kutta scheme (diagonally implicit) is one of the form

s—1 s
y(s) _ yn + Atz 5s,rT[y(r)] + Atz as,rQ[y(r)]' s E {1, ce v[/}, (319)
r=1 r=1
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Yl =y AtZEsT[y(S)] + Afz bsQ[y™)], (3.20)
s=1 s=1
where as ES, asr, bs are taken from the following Butcher tables, respectively:

¢l A c| A
%f b7 (3.21)

The matrix 7& for the explicit part, is strictly lower triangular, and A is lower triangular.

To run the algorithm, for each stage, we first calculate

s—1 s—1
P =y ALY A T+ ALY 8, Q). (322)
r=1 r=1

We then rearrange the terms in the final sum to find an expression for y() :

y =70 4 Ata QLY

= S/\(571) + Atas,s)\(l\/ly(g — y(s)) (3.23)
= (14 Atas Ay =y Y + Atag AM, (3.24)
1 Atas A
(s) — S(s—1)
— = T M. 3.25
Y =i ata ) T Tt htaaa (3.25)

Note that we need to compute the Maxwellian M, ), which involves the current stage. This
seems to present an issue. However, using the collision invariances properties in (2.1.2]), we

can circumvent this. In particular,

1 1 1

/d v | y®dv = /d v j/*51)dv+Atasvs>\/d v | (M —ydv
R R R
v[? v[? v[?
1
=/ v |y Padv. (3.26)
d
S\ vp

Since the first, second, and third moments of y~ are equal to those of y(®), the two
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Maxwellians at these stages are equal:
My(s) = Mj}(s—l).

Therefore, we have the explicit update formula

~(s-1) Atag s\

oo _Atassh
1+ Atas A

With the above expression for y(*), a convex combination of y*=Y and M1, the IMEX-RK

scheme can be completed without any complicated inversions.

3.3 Fully Discrete Scheme

When we discretize velocity space, we lose the collision invariances at the discrete level; this
Is because velocity integrals are replaced with midpoint rule quadrature, in addition to the
fact that the velocity space is truncated. It follows that breaks down. Nevertheless,
we will assume that the phase-space discrete analog to holds so that stages may be
updated in an explicit fashion.

Suppose that ﬁ‘} Is an approximation of the cell average of the density field over cell C;
at time t" ;= t"~! + At. Similarly, we denote by ﬁgl) the £ stage of the IMEX-RK scheme

with respect to £5. Define

FQlp—FC . G2.,,—GE
7O . /2] i-1/2j  Yij+1/2 1'1_1/2, 308
& hy h, (3.28)
o ._ ] O
Qiy = MMij — £5), (3.29)
where the fluxes ’Eiil/z,j and @Ejﬂ/z are computed with respect to the cell-centered approx-

imation ﬁ? and O is a stage iteration or a time step index. The fully discrete Maxwellian is

computed via

N,
e=hS (3.30)
=1
hy o
u’ = n—é Z vif, (3.31)
i j=1
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N
h,
0 = &Y Il — 1, (3.32)
1 =1
n- (\/~ — u.D)z
o _ i _\7 i
Then we compute
AR f"+AtZas T +AtZa5 QW (3.34)
1 Ata >\
f(s) _ 7?(5 1) s,s /\/14(.5_1) .
VT T At T Ataoa (3.35)
fii = £ +AtZ’5Jff) +At> " bQY, (3.36)
s=1 s=1

where /\7/5?” is the discrete Maxwellian computed with respect to the fully discrete approxi-

mation 7/‘;5_1). This completes the description of the fully discrete scheme.

3.4 Poisson Solver for Vlasov-Poisson-BGK Equation

For the Vlasov-Poisson-BGK equation the acceleration a is determined by an electric field as
follows:

a(x, t) = —x0xP,

where x > 0 is a physical constant and ® is the electric potential determined via
—0uxP(x, t) = n(x, t),

subject to appropriate boundary conditions.

First let us consider Dirichlet boundary conditions:

(D(X]_/Q = —L) =, ®(XNX+1/2 = L) = 6 (337)
Using the standard three-point stencil approximation, we have, fori=2,--- , N, — 1,
1
T’ [Pis1 — 20 + Diq] = ;. (3.38)
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The boundary conditions are specified at the peripheral edges of the domain, —L = x;,, and
L = Xp,+1/2. As is standard, we use the average of the ghost cell and neighboring interior
cell. That is, we use the approximations

O+ by

5 — CDO =2a — CDl, (339)

and we cancel the term ®g in the stencil approximation. The first equation in the approxi-
mation thus becomes
— ®y + 30, = h2n; + 20 (3.40)

Using a similar procedure for right boundary condition, we have
CDNX+1 = 26 — (DNX, — _(DNX—l + 3CD/\/)< = h)2(f7/\/x + 25 (341)

Putting this all into a matrix system, we must solve

3 -1
0% h2n + 2a
-1 2 -1 o 2
n
-1 2 -1 ? e
: = : . (3.42)
Dy, h2np, —
1 2 -1 q’i* ' o N;;ﬁ
n
1 3 N x ' Nx
This system is symmetric positive definite (SPD) and always has a unique solution.
Next, we turn our attention to the case of Neumann boundary conditions:
do do

In this case, using a second-order approximation at the boundary, we must solve matrix system

1 -1
Cbl hfnl—hxa
-1 2 -1 0 -
n
1 2 -1 2 X2
| = : . (3.44)
by h2ny.
_1 2 _1 Nyx—1 xTTNx—1
L1 Dy, hfn/\/x—l—hxﬁ
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This is a symmetric positive semi-definite (SPSD) system. It has a unique mean-zero solution,

that is, a solution satisfying
Ny Ny
hey =0, ifandonly if A Y m=a—p.
i=1 i=1

This is the discrete analog of the standard continuous compatibility conditions for unique
solvability.

Given ﬁ? we compute the accompanying macroscopic density,

and then the associated electric potential ¢, as described above. Once the discrete potential

is available, the acceleration may be approximated via

] _ CDEH _ (DiD
dit1/2 = —Xh—'
X

3.5 Sample Computations and Accuracy Tests

In this section, we report on several numerical tests showing accuracy of the numerical im-

plementation.

Relaxation Test

This first test is designed to confirm that the BGK operator is calculated correctly for the
single species case. We consider, in particular, the space homogeneous case: the IPDE
becomes the following IODE:

& — N(M;—f x,v,t) € Q2 xV x[0,00
gt = AM(Mr — 1) ( ) [0, 00) | (3.45)
f(x,v,0)=fo(x,v) (x,v,t) e QxV x{t=0}
Recall that as shown in Section [2.1.2] the exact solution is
f(x,v,t)=eMf(x,v,0) + (1 — e ) M(x,v,0). (3.46)

For the first test, we chose a function of the form fy(x, v) = b(v)g(x), where b(v) is a
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compactly supported C* function, with nonzero values on v € (=2, 2). In particular, we use

the function g(x) = e . Consider the function

e_|X| 5(v2+4) exp<v2sz4) . if v c (_2v 2)
f(x,v,0) = (v2=a)? (1+exp(35)) .
0 otherwise

Observe that

n= / f(x,v)dv = g(x)/ b(v)dv = g(x) = e ™,

Note that b(v) is an even function:

5((—v)? +4) e (252
(v -4 (1o (252))
 5(vV+4)ep (—25) exp (%)
(- (e (—29)° [ew (25
5(v2+4) exp (%)
(v —4)2 (exp (25 + 1))
= b(v).

b(—v) =

Therefore, the function h(v) = vb(v) is odd. Recall that when integrating an odd function
over an interval that is symmetric about the origin, one obtains a zero integral. This means
that u= 2 [ vfdv =0.

The energy density moment is not as easy to compute analytically, so we have found a

numerical approximation:
1
E = 5/ V2fdv &~ 0.3713094964845¢ X!
|4

The code is run with A = 1 up to a final time tg = 1. The error is calculated by taking
the difference of the true solution minus the computed solution. The computational and true
solutions are given in Figures and [3.3] respectively. The errors are on the order of 107°
when a mesh of size N, = 128, N, = 130 is used. The plot of the error is given in Figure

B4
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Contour plot of f, in the Velocity/Space Domain, for Time t = 0

0.35
03
4
0.25
2
0.2
>0
0.15
0.1
-4
0.05
I .
5 -4 2 0 2 4 6
X

Figure 3.1: Initial condition function (“bump function™).

o

o

Contour plot of computed f, in the Velocity/Space Domain, for Time t = 1 Contour plot of true solution f, in the Velocity/Space Domain, for Time t = 1
6
035 035
4
03 03
025 2 025
N 02 >0 02
015 015
2
01 01
-4
005 005
6
- 4 2 0 2 4 6
X
Figure 3.2: Numerical Solution Figure 3.3: Theoretical Solution
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Contour plot of true solution f, in the Velocity/Space Domain, for Time t = 1

-2

-4

-6

Figure 3.4: Error between theoretical solution and computed solution. This is the theoretical
solution minus the code solution. (N, = 128, N, = 130.)
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For the second test, we set fy(x, v) to be the sum of four Gaussians, centered at (x, v) €
{(£2,£2)}. See Figure 3.5 The trapezoidal rule is used for the initial moments. The code
is run with X = 1 up to time tg = 1. The error is calculated by taking the difference of
the true solution minus the computed solution. The computed and true solutions are given
in Figures and (respectively). The errors are on the order of 1073, when N, = 64,
N, = 256, and are shown in Figure [3.8]

Contour plot of f, in the Velocity/Space Domain, for Timet=0

0.9

0.8
0.7

2
106
105
104

-2
0.3

0.2

0.1

Figure 3.5: Initial condition function (sum of four Gaussians).

Contour plot of computed f, in the Velocity/Space Domain, for Time t = 0.99938 Contour plot of Theoretical Solution, , in the Velocity/Space Domain, for Time t = 0.99938

6 055 6 055
05 05
045 4 045
0.4 ).
2
0.35 0.35
03 !
>0
025 025
02 »
0.15 0.15
0.1 -4
0.0 0.0
6
6 4 2 0 2 4 6 6 4 2 0 2 4 6
X X

Figure 3.6: Numerical Solution Figure 3.7: Theoretical Solution
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Contour plot of error, in the Velocity/Space Domain, for Time t = 0.99938. Nv = 256

6 1

-9

o

h+]

[
-y

]
r

- -4 2 0 2 4 6 %107

Figure 3.8: Error between theoretical solution and computed solution. This is the theoretical
solution minus the code solution.
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Sod Shock Tube (Euler Equation Limit of BGK)

The Sod shock tube test is a standard test. Formally, in the collision limit as A — oo, the
BGK equation is asymptotically equivalent to the Euler Equations. (That is, f converges
to the Maxwellian My, and the moments n, u, 6 follow the Euler equations.) Thus, we may
test the ability of the code to solve the Sod shock tube problem, by letting A be large (or
equivalently, letting 7 = A™! be small), and setting the initial conditions appropriately. For
the test, we set A = 10* (7 =107*).

The BGK equation in 1 dimension is

of of

To test our IMEX code, we compared the profiles of the number density (n = [ fdv),
bulk velocity (u = ([ vfdv)/n), pressure (P = n6), and internal energy (E = 16) to the
theoretical solution, worked out using the book by Toro [30]. We set the phase-space domain
equal to Q x V = [-0.75,0.75] x [-10, 10]. Since the moments are calculated over R?, then
we must have a function that integrates to approximately the same value, when restricting
RY to the computational velocity domain (in this case, [-10,10] C R). That is, we must

/Rd f(x,v, t)dv%/vf(x, v, t)dv,

where V is the truncated velocity domain. Using [—10, 10] gives a reasonable approximation,

ensure that

as we show.
The setup for the Sod problem is a contact discontinuity separating gases of differing
density and temperature, and zero velocity. Thus, for the Sod problem, the initial condition

for the particle density is a piecewise Maxwellian with the following values:

ny 1.0 nrg 0.125
w|l=100]|, xe(-0.750), ue | =1 00 |, xe(0,075). (3.48)
0, 1.0 Or 0.8

That is, the initial condition function (contour plot shown in Figure [3.9)) is given by

L0 _exp <_'V2Zf_§)‘2> x € [-0.75,0], v € [~10, 10]
fo(x,v) = y/2m(1.0)

L2 exp (-1529)  x€(0,0.75], v € [-10,10]

(3.49)
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Figure shows the moments of the numerical/computed solution at time tg = 0.20.
The profiles of the solution seem to follow the correct values (as computed, using the Toro
book, [30], for reference).

0.35

10.25

0.1

0.05

Figure 3.9: Contour plot of Sod initial condition function.
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Figure 3.10: Numerical (Blue, BGK, X = 10%) and Theoretical (Orange, Euler) Solution for
Sod Shock tube problem. («y = 3) at final time tr = 0.20.

o1



January 29, 2024 E. Habbershaw and S.M. Wise

Square Pulse Rotation

Consider the Vlasov Equation in 1 dimension:

of of of
tv—+a— =

Setting the acceleration term to a = —x results in a system where an initial distribution is
advected counterclockwise, along circular characteristics around the origin. For constructing

the characteristics curves, we have the system of ODEs:

dt
=1 (3.51)
dx
- = 3.52
gs =V (3.52)
dv

The first equation gives t = s, and the remaining two form a system of two coupled ODEs:

X=v (3.54)
V= —x. (3.55)

Taking the derivative of the first equation, and plugging in the second equation, we have
X=v=—-x <= X+x=0. (3.56)

The solution of this equation is

x(t) = ¢y cos(t) + csin(t). (3.57)
Thus,
v=—x=—ccos(t) — csin(t). (3.58)
Integrating gives
v(t) = —cysin(t) + ¢ cos(t). (3.59)

Putting these together, we have

x(t) = ¢y cos(t) + cosin(t) (3.60)
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v(t) = —cysin(t) + ¢ cos(t). (3.61)

This is a circle of radius y/c? + ¢3, traversed clockwise around the origin in the (x, v)-plane.
Figure shows an image of four square pulses rotated counterclockwise, until the final

time tg = 75 is reached, representing a quarter rotation.

Figure 3.11: Rotation Problem: 8;f + vO,f — x8,f = 0. Grid = 4007
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Two Stream Instability (Vlasov-Poisson)

The next test that we performed is known as the Two-Stream Instability Test, and the present
version is taken from Section 5.1.2 of [7]. In this test, two streams of electrons interact and
create a highly filamented vortex. The test is designed to assess the code’s ability to capture
fine structure and examines only the advection piece of our equation (the Vlasov-Poisson

equation):
Of +vof + EO,f =0, (x,v, t)€[-2m2m] x [-27, 27| x [0, 00) (3.62)
where
e _ _ 1
—0ux® =—(n—"n), E=-0,9, n:/fdv, n:—/fdv. (3.63)
€o VI Jv

For our test runs, we used % = 1. The initial condition function for the test is

f(x,v,0) = \/\/82_7r (2 — COoS (g)) e (3.64)

The test uses periodic boundary conditions in x, and zero flow boundary conditions in v.
Figure , taken from [7] shows the plots of the solution at t = 5 and tr = 45. Figures

and show the results of running the code until tr = 5 and tg = 45, respectively.

For these plots, we used 8002 grid points; this is twice the number of grid points as in the

paper (400%). We find good agreement with the computed solutions.
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10.12
0.08
0.04
0.00

(c) t =45.0

Figure 3.12: Two Stream Instability test case. Figure taken from Garrett & Hauck paper.

Contour plot of f, in the Velocity/Space Domain, for Time t = 4.998 Contour plot of computed f, in the Velocity/Space Domain, for Time t = 45
2/ 03 2/,,
» M ots == —
Figure 3.13: Code generated solution at Figure 3.14: Code generated solution at
t =5. t = 45.
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Landau Damping (Vlasov-Poisson)

This test is from Section 5.1.3 of [7]. To perform the test, the Vlasov-Poisson equation
is solved and the L2 norm of the electric field is computed at each time step. The initial

condition function is

1 V2
f(x,v,0) = — (1 + acos(kx)) e z, 3.65
(x,v.0) = ——( (k) (3.65)
where @ = 0.01, k = 0.5. According to the paper, with these parameters, the L2 norm of the
electric field should decay exponentially at a rate of —0.1533. Figure [3.15| shows the plots
taken from the paper. Figure [3.16] shows the result from our code and indicates qualitative

agreement.

107 5 10 107 :
© 107 = s | |
E . €107 oAU A 2107} {
5 ‘. I ONA A & | |
e’ L€ £ | :
g | \ | N &8, | |
2 10 ’ I I a 8 A

Wr—s 15 15 3 B %0 W35 3 B % W15 15 3 B

Time Time Time
(a) Linear (b) Linear (c) Nonlinear
At =0.1 At=1.1 At=1.1

Figure 3.15: Landau Damping test case. Figure taken from Garrett and Hauck [7], with
permission.
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10 Log-linear Plot of L2 Norm of Electric Field
T T T T

10

10

'
[$)]

Log of L? Norm of Electric Field
)

=)
&
T
L

10-7 1 | 1 I 1

Figure 3.16: L2 norm of the electric field.
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Chapter 4

Discrete-Velocity Numerical Methods for
the Single Species BGK Problem

Let us start with the standard discrete-velocity BGK problem first. After that, we will consider

the space homogeneous case.

4.1 A Fully Explicit Scheme

Let us again consider the d = 1 case. In other words, for simplicity, we will assume that the
dimension of physical space is one and the dimension of velocity space is one. We will work
under the assumption that velocity space is discrete and the discrete-velocity Maxwellian is
computed via optimization. In other words, our starting model is the following:

Ocf (X, 5, t) + viOcf(x,j, t) = AX(Msr(x,i, t) — f(x,j,t)), YieJ, Vxelab], (41)

where
Mgr(x,j, t) =explagr(x, t)-mz(4)), VieJT,

and a7 ¢(x, t) € R3 is the solution to
(explag(x, t) -mz)mgz)y = (f(x, -, t)mz)s.
For simplicity, we assume that the discrete velocities satisfy

1
vjzhv(i—i), jeJ, J={-J+1,--,J}
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Definition 4.1.1. The first-order explicit discrete-velocity scheme is defined as follows:

At 7~
figﬂ - ft‘; - h_x <F(Xi+1/2v v, t) — F(X1 12, Vi, t )) + — (/\/ln )

where
M = exp(e - mz(j)),

and a! € R s the solution to
(exp(e - mg)myz) s =(f"mg) 7.
The first-order numerical flux is obtained via a simple upwind methodology:

N ) wEY ify >0,
F(Xit1/2, v, t") = _
Vifi 1fy <0,

Based on our construction, we have the following result:

Theorem 4.1.2. Suppose that ff; >0, forallje J, and all1 <i< N,. Then, for alln € N,

hy Z<mj( )Y, = hy Z<mj( )R, (4.2)

Additionally, provided that the CFL condition

At( +maxu>
T jed hy

holds, it follows that, for alln € N, j € J, andi € {1,2,---, Ny}, £ > 0. Furthermore, for
alln € N,

hy Z<In 5 < hy Z<In )£, (4.3)
In other words, the scheme is entropy-stable.

Proof. For v; > 0, the scheme can be written as

n . Aty At
fy =15 - hxl (£5 — £ )+_ (M = £5)

Aty At At\/]n At n
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At ArY Aﬂw\,l At

For v; < 0, the scheme is

Atv: At
= = B () + o (M5 )
Atv, Atv,
O+ ’——)ﬁ T+ My
Atlvjl At\ ., Atlwl,, At

The composite scheme can be written as

Atlvi| At At(lv| — v) At(lvi| + v) At
n+1 __ ) n ) n ) ) n n
= (- T o M S e S,

which is a convex combination of £%, £5_;, £5,;, and M. If all of these values are positive,
then ﬁf}“ is positive. Since the function xIn(x) is convex, it follows that, if & € (0,1) and

x#y, x,y €(0,00), then

(ax+ (1 —a)y)In(ax+ (1 —a)y) < axIn(x) + (1 —a)yIn(y).

Thus,
n Aty acy At(lyl -~ v)
i () < (1= 5 - 2 ) () + 2= ()
At(lv] +v)

At
o f5 I (£5 ) + TM?J In (M) .

Summing on k, we have

(), < ((1- 5 -5 e )
) A

At(|lv| — v
(B )

+<wf;‘1.|n (ﬁ“l,)> +<EM{‘_In (M{‘,)> ,
2h, : ), NT /S
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We next invoke the minimization property in (2.47)): for all i,

(), < ((1- 54 -5 e (0)

<At(IVI—V " |n(ﬁil,.)>
o

At(|V|+V)1 n (£, .
<1 At]v\) |(ﬁj?)>

7
<At(|V| “Wpn g (ﬁL,)>J

At(Jv]+v) , n
* < 2hy = n (ﬁ_l'.)>j ,

+/\+

Summing on i and using the spatial periodicity, completes the proof of (4.3). The proof of

(4.2) is an easy exercise.

4.2 An Explicit Scheme for the Space-Homogeneous Case

In this section, we will explore an explicit scheme for the space-homogeneous, discrete-velocity

BGK problem. Recall that the one-dimensional, space homogeneous, discrete-velocity model

is as follows:
Oif(j, t) =AMz (. t) — (. 1)), VieJ,

where
Mz (. t) = explag¢(t) - ms(4)), VieT,

and a s ¢(t) € R3 is the solution to
(exp(age(t)-mz)mz)7 =(f(- t)mg)s.

As before, it may be useful to suppose that the discrete velocities satisfy

1
Vj:hv'(j_ﬁ): iedJ, J={-J+1,---J},
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though this can be generalized without any difficulty. The explicit scheme for the space-

homogeneous case is given by the following:
Definition 4.2.1. The first-order explicit discrete-velocity scheme is defined as follows:
At
n+l _ n n n
= A T M ),

where
M = exp(a” - ms(j)), (4.5)

and a” € R3 js the solution to
(exp(a” -myz)myg) ;= (f"myg),. (4.6)

We have the following result, which shows that an explicit scheme will always have a time

step restriction owing to the stiffness of the BGK problem:

Theorem 4.2.2. Suppose that ﬁo >0, forallye J. Then, foralln €N,

(mz ()N ;= (mz()f?) . (4.7)

Additionally, provided that the condition

At
— <
’7'

holds, it follows that, for alln € N andj € 7, fj“ > 0. Furthermore, for alln € N,
(In(f™) f,“>j < <In (f,“‘l) f,“‘1>j. (4.8)
In other words, the scheme is entropy-stable. Finally,
M =M, VieJ, (4.9)

for alln € N.

Proof. The scheme can be written as

At At
f;n-i-l — (1 _ _) A _Mp,
T T

) )
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which is a convex combination of £* and M. Clearly, fj“+1 is positive. Since the function

xIn(x) is convex, it follows that

At At
£ n (£ < (1 — 7) £ In (£") + TM;‘ In (M)

Summing on j, we have

(F*2n (F71)), < <(1 _ g) n (f,“)>j + <¥M‘T In (M'?)>

Using the minimization property in (2.47)), we find that,

(FH*n (F141)) , < <(1 — %) f*In (f.“)>j + <§M‘.‘ In (M‘T)>J

< <<1 _ %) £l (f,“)>j + <%fﬁl|n (f,“)>j

= (F*In (")), .

The proof of (4.7]) is an easy exercise and is skipped for brevity. The proof of (4.9]) follows

from (4.7), (4.5), and (4.6).

4.3 An Implicit Scheme for the Space Homogeneous Case

In the last section, we learned that an explicit scheme for the space homogeneous case still

requires a potentially restrictive time step constraint for stability. But, this can be easily

ovecome in the space homogeneous case.

Definition 4.3.1. The first-order implicit discrete-velocity scheme is defined as follows:

At
fjn+1 — fjn + 7 (M;’l _ fj‘ﬂ+1) '

where
M = exp(a® - ms(j)),

and a®™ € R3 s the solution to

(exp(@” -mgz)myz) s = (f"mz)s.
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Technically, the last scheme is an IMEX scheme, but we will stick to our definition, since

we can show that, actually, M} = M;‘“. Specifically, we have the following result:

Theorem 4.3.2. Suppose that 7?0 >0, forallj € J. Then, for alln € N,
(mz ()N ;= (mz()f7) . (4.12)
Additionally, for alln e N andj e J, ' > 0, and for alln € N,
(In () ), < (In(Fr7t) ) (4.13)
In other words, the scheme is entropy-stable. Finally,
M =M, VieJ, (4.14)

for all n € N. All of these properties hold unconditionally.

Proof. The scheme can be written as
At At
(1 + —) it =" —M],
T T

or, equivalently, as
At

nt+l __ 1 n T n
Tt e 19

which is again a convex combination of £" and M. Clearly, fj‘”r1 is positive, provided £" and

M are positive. Let us write, for simplicity,

1 At
o= xr and B = —.
14 4t 145

Since the function xIn(x) is convex, it follows that
£ (£74Y) < aftIn (£%) + BM In (M) .
Summing on j, we have

(f™In (f,“+1)>j < A(affIn(f")), + (BM" In (M),
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Using the minimization property in (2.47]), we find that,

<f.“+1 In (f.n+1)>\7 < <Otf.n In (fn)>J + <ﬁ/\/l“ In (Mn»j
< (affIn ("), + (B In (1)
= (f"In (f‘n)>\7 .

Next, summing m(-) times (4.15]) on j, we have

(mg () ;= (amg()ff) ; + Bmg (- )M?) ;
= (amg(-)f") ; + {Bmg ()Y,

= (mgy ()",
which proves (4.12)), and, finally, (4.14)) follows directly from (4.12]). |
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Chapter 5
Multispecies BGK Equations

In the present section, we describe a relatively recent BGK-type model for the multi-species
setting [9]. This model, which generalizes the one-species case, satisfies a multi-species
analog of Boltzmann's H-Theorem [9]. In the multispecies setting, the locally conserved
quantities are the species number m;(f;), the total momentum _, m;(vf;), and the total
energy >, m;{|v|?f;); and the dissipated entropy (Lyapunov functional) is the total (mathe-
matical) entropy >, n(fi), where n(f) = fIn(f) — f is the kinetic entropy density. In the
zero-relaxation-time limit, hydrodynamic equations can be derived along the lines of the single

species BGK equation [9]. Other consistent multi-species models can be found in [11], [14].

5.1 Formulation and Properties

Suppose that there are N; € N (N5 > 2) species of particles in a mixture of gases. For
each species, i € {1,---, Ns}, denote the kinetic distribution of particles with mass m;, by
fi(x, v, t), so that fi(x, v, t) describes the density of species-/i particles at x € Q C RY, with
microscopic velocity v € RY, at time t > 0, with respect to the measure dv dx. Define the

number density n;, bulk velocity u;, and temperature T;, via

1 i
n/:/ fidv, uj=— [ fivdy, o= [ flu—vPdv, (5.1)
R ni Jrd nid Jga

and the mass density p;, momentum density k;, and energy density E; by

1 d
pi=min; k= pju Ei= EP/|U/|2 +onili. (5.2)
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The multispecies Vlasov-BGK equation models the evolution of the distribution fields f;(x, v, t),

I=1,---,Ns, via the system
of. i
a—t’+v-VXﬁJra,--V.,z‘,-:Z)\,-J(M,-J—f,-), i=1,-- N (5.3)

Jj=1

where a; describes the acceleration of particles of species /, A;; is the collision frequency

between species / and J, and the Maxwellian distribution M, ; is defined as

d
_ _ mi\? milv — u?
Mi; = M lfi, fl(x, v, t) = n, (27rT,-J) exp ( o7, : (5.4)

using the mixture velocities and mixture temperatures,

Aijpilli + A ipju;

u;,;, = 5.5ba

! AijPi + NP (5.52)

T o— NighiTi+Xini T " Nijoi (luil? = [uij1?) + Xioy (Ju|? = u;il?) (5.5b)
" Nijni 4 \jin d(Xijni + Xjin;) ' '

The mixture velocities and temperatures, u;; and T;;, are chosen so that certain collision
invariances hold, as we show momentarily. The existence and uniqueness of nonnegative mild
solutions to the multispecies BGK equation was proved by Klingenberg & Pirner (2018) [13],
for periodic physical space and under certain restrictions on the collision frequencies.

It is straightforward to check that the proposed system satisfies the usual conservation
properties and an entropy dissipation property via an H-Theorem-like result. See [9] for details.
In this next computation, we show that the system, as defined above, satisfies certain collision

invariances.

Lemma 5.1.1. /f the mixture velocities u;; and the mixture temperatures T;; are as given in
(5.5), then the multispecies BGK collision operators

Qijlfi 1 = Xij(Mij — 1) (5.6)

satisfy the following conservation properties, which correspond to the conservation of mass,

total momentum, and total energy: for any i,j € {1,---, Ns},

/ >\,"j(/\//,"j — f,) dv = O, (573)
Rd
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/ i j(M;; — )m,vdv+/ Ni(M;i — fiymjvdv =0, (5.7b)

Rd Rd

/ )\,’J(M,‘J — ﬁ)m,-|v\2dv —|—/ Aj,i(Mj,/ — zj)mj|v\2dv =0. (57C)
Rd Rd

Proof. Note that using the substitution

s=2" u,,{ = ds = < M > dv, (5.8)
(%)

and the fact that

[SIIS¥

d e
Ini. (59)

/ exp(—|s|?)ds = 72, / sexp(—|s|?)ds =0, / |s|? exp(—|s|?) ds =
R R

straightforward computations show that the moments of the Maxwellian M, ; satisfy

7_1.,
M,‘JdV: n;, / VM,‘JdV: n,-u,-J-, / |V|2Mn’u'9dV: n,—|u,-J-|2+dn,-—’J. (510)
Rd Rd m

R4 i

Using these identities, the collision invariance properties of (j5.7]) follow. First, note that
/1 Z:/ QEGKdV:A,J/ M,‘JdV—>\,'J'/ ﬂdV:>\,‘J’f7,'—>\,‘Jf7,'=O, (511)
RI R R
which establishes ([5.7al). To prove ([5.7b]), note that
I, = Q;%GKm,vdv-l—/QBGijvdv
Rd

:m,}\,-,j/ /\/l,-,jvdv—m,-k,;j/ ﬁvdv—l—mﬂ\j,,'/ ij,-vdv—mjkjv,-/ GVdV
Rd RY Rd Rd

= PiNijllij — Nijpilli + PN il — i il;. (5.12)
Rearranging this, and using the symmetry assumption, u;; = u;; the result follows:

Nijpitj + Njipju;
AijPi + Njipj

Finally, for (5.7d), note that

u;; = — ()\,'J',O,‘ + Aj,/pj)u,',j — >\,‘,J',O,'U,‘ — >\j,,',0J'Uj = 12 = 0. (513)
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/3:/ QﬁGKmi|v|2dv+/ Q7 myjlv[* dv
Rd Rd

= mi>\i,j/ M,-J-|v|2dv—m,->\,-d-/ f,—|v|2dv—|—mj>\jv,-/ /\/ij,-|v|2dv—mj>\jy,-/ E|V|2dV
R4 RY R4 R4
T, T
= m,)w (n,'|u,',j|2 + dl’l,‘—d) — m,}\,-J- (n,|u,|2 + dn,‘—>

1 1

T, 7,
+ Mk (”1|Uj,/|2 + d”/ﬁ) — MmN <”j|uj|2 + d”fﬁ)

J J

= oixij [lui P = uilP] + o [lugil? = [uil?] + dmxij[Tij = T+ dmp [T — T5] (5.14)

Using symmetry assumptions u;; = u;; and T;; = T;;, and gathering terms as in ((5.13)),

iy Ti + i T ki (luil? = |ui 1) + o (Jug)® — | j|?)

Ti p—
J n,->\,-,j + ﬂj)\jy,’ d(n,)\,-J- + dﬂj}\jy,’)
= T dIndij 4+ mX] = dinXi Ti+ mn T+ oidig [lui P — [uil?] + o [Juil® — |w]?]
— /3 =0. (5.15)
The proof is complete. |

The converse of the last result is also true, as is easy to show. We omit the proof for the

sake of brevity.

Lemma 5.1.2. Suppose that, for any i,j € {1,---, Ns}, the following collision invariances
hold:

/Rd Nij(Mj;—f;)dv =0, (5.16)

/Rd Nij(Mi; —fi)mivdv + /Rd N.i(M;i — fiymjvdv =0, (5.17)

/Rd Aij(Mij = fymiv]> dv + /Rd Xii(Mj; = §)m;lv|* dv = 0. (5.18)

Consequently, it must be that the mixture velocities and temperatures satisfy

Aijpilli + A ipju;

! AijPi + A (5.19)
7o AT Xan Ty s (uil® = [uigl®) + Aoy (uj® — u;i) (5.20)
" Ai i+ Ajin d(Xijni + Ajinj) . .
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5.2 Numerical Approximation

For certain parameter regimes, the problem may become numerically stiff, requiring pro-
hibitively small time steps to resolve the dynamics of the particle interactions. To enable
taking larger time steps, we aim to develop implicit and semi-implicit methods for the mul-
tispecies problem, wherein the collision term is computed implicitly. Thus, to see what
difficulties lie ahead for the numerical analysis of the multi-species case, let us first examine

the space homogeneous problem,
af .
a:ZA,J(M,-J— f), forie{l,---, N} (5.21)
j=1

As a prototype for the implicit treatment of the collision term, we discretize using the

Backward Euler method:

fn—f—l_f_n Ns 1 1
NN (522
j=1
Ns Ns
T Y L 1 Y S VR T
Jj=1 Jj=1
Ns Ns
el (XX O S TS W (520
Jj=1 J=1
R AL N M
e il 2j=1 Mg M _ (5.25)

I 1+Atzjl_\/:sl >\,"J‘

Note that has the terms M}fjl. Recall that for the space homogeneous, single
species model, the Maxwellian is time invariant (see (2.35))), so that M* = M"™**. This
temporal invariance does not hold in the multispecies case, and this represents a significant
numerical challenge. Care must be taken to give a proper implicit update for the collision
operator, and this is the subject of current work in the project.

As with fluid equations, spatially adaptive meshes are a requirement for highly efficient
simulations of flows with fine-scale structures in phase space. However, kinetic equations also
require adaptivity, not only for the resolution of fine scale structures, but also to address the
fact that the effective support of the kinetic distribution may vary dramatically in phase space.
Typically the size of the domain is based on the temperature of the distribution; for multi-

species problems, each species may have its own temperature, which adds a complication
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not found in the single species setting. In other words, the Maxwellians may require different
phase space resolutions. One way that this can be addressed is by defining the Maxwellians
on different compatible grids that adequately resolve their individual supports.
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Chapter 6

Asymptotic Relaxation of Multi-Species
Moment Equations

In the current chapter, which is based on the preprint [10], we study the space-homogeneous,
multi-species BGK equations from [9], which can be understood as a special, illustrative
case of the equations in [3] or [15]. We do so in the context of collision frequencies that are
independent of the phase-space velocity, but depend on both number density and temperature.
In particular, we analyze the ODE system for the momentum and energy moments (the
number density evolution is trivial), which is important for asymptotic analysis and for the
development of numerical methods.

Indeed, many numerical simulations of the full BGK system (including phase-space advec-
tion) rely on implicit-explicit (IMEX) methods that treat the space-homogeneous component
implicitly. In this setting, the result of solving the associated moments equations first is to
effectively linearize and diagonalize (with respect to the phase-space velocity) the required
implicit solve, yielding a significant reduction in computational cost. (See [5, 23] for appli-
cations to the single species case and [25], Section 4] for an extension to the multi-species
setting when the collision frequencies depend only on the number densities.)

In this chapter, we first establish existence and uniqueness of the momentum-energy ODE
system, which follows from standard theory once a lower positive bound can be established
on the species temperatures. We show monoticity of the minimum temperature envelope as
well as upper and lower bounds on the bulk velocity. We then prove exponential decay of the
species momenta and energies to their steady state values, thereby generalizing some of the

results in [6] to a system with an arbitrary number of species.
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6.1 Model Equations

Here we recap the multi-species BGK equation, specifically for the case that the collision
frequencies are dependent upon species temperatures. We denote by f; the kinetic distribution
of particles of species / € {1,---, N} having mass m,. More specifically, fi(x, v, t) is the
density of species i particles at the point x € Q C RY, with microscopic velocity v € RY, at
time t > 0, with respect to the measure dv dx. Associated to each f; are the species number

density n;, mass density p,, bulk velocity u;, and temperature T;, defined by

1 i
p,:m,-n,-:m,-/ fidv, uj=— [ mvfidy, T,-:i v — > fidv. (6.1)
Rd Pi Jrd nid Jga

The species momentum densities k; and species energy densities E; are given by

1 d
k,' = piu; and E,' = Ep/|ll,'|2 -+ En,-T,: (62)

BGK models are expressed in terms of Maxwellian distributions that depend on these mo-

ments.

Definition 6.1.1. Given n > 0,u € R?,0 > 0, a Maxwellian M, , ¢ is a function of the form

n lv — ul?
My uo(v) = exp| ———+—1. 6.3
Straightforward computations show that the moments of a Maxwellian satisfy
Mp.uedv =n, / VM, uedv = nu, V[’M, wodv = n|u]® +dnb. (6.4)
Rd Rd Rd

We consider in this paper the multi-species BGK equation from [9], given by

of; 1 .
E_FV.VXIC’ZEJZ)\I'J(MI’J_]C;)’ V/E{l,' ,N}, (65)

where € > 0 is the Knudsen number, X;; > 0 is the (nondimensional) frequency of collisions
between species / and j (independent of v), and M;;(v) = My 4.7 /m (V) is a Maxwellian
defined by (6.3]), using the mixture velocities and temperatures

nXig T+ X Ty 1 pipAighii lui — ujf?

Tij= + - . (6.6
J n,->\,;j + f'lj)\jv,' d ,O,‘)\,'J + pJ-)\J;,- I'I,')\,‘J' -+ I'Ij)\jv,' ( )

_PiNijUi PN iU
u; =
PiNij + PN
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The existence and uniqueness of nonnegative mild solutions to (a more general) multi-species
BGK equation was proved in [13] for periodic spatial domains and the collision frequencies
that depend on the number densities.

6.1.1 Model Properties

The BGK collision operators in (6.5 satisfy the following invariance properties: For any i, J,

/ )\,’J(M,‘J — f,) dv=20 (67)
Rd
/ >\,‘J(/\/I,‘J — f,»)m,»v dv —|—/ >\J",'(/\/Ij’,‘ — Jj)mjv dv=20 (68)
Rd Rd
/ >\,‘J(M,‘J — f,-)m,-|v|2 dv + / )\J",'(/\/IJ",' — lj)mj|v|2dv = O, (69)
R4 R4

corresponding to conservation of species mass, total momentum, and total energy, respec-
tively. Furthermore, an entropy dissipation condition is satisfied: For a spatially homogeneous
mixture, the entropy function H =), fRd filog f; dv satisfies %7—[ < 0. Moreover, %’H =0if
and only if i = My, ue,.7,,/m(v) forall i € {1,---, N}, where ueq and Teq are the equilibrium
bulk velocity and temperature, respectively, which are common to all species [9].

The collision frequencies A;; are typically expressed as functions of the species moments
given in . To define these collision frequencies, [9] presents a recipe based on matching
either momentum or energy relaxation rates of the Boltzmann equation, given either a dif-
ferential cross section or a momentum transfer cross section. In this paper, we consider the
case of hard sphere collisions, for which the momentum transfer cross section is independent

of microscopic velocity and given by [2]

di+d\?
OMT =T (%) = md?, (6.10)

where d; and d; are reference diameters for the particles of species / and Jj; reference diameters
for several species are given in [2] and [4]. Following the recipe for matching energy relaxation
rates from Sec. 4.3 of [9], we obtain the following collision frequencies for hard sphere

interactions:

3272 m;m; T, T,
HS — s 4+ d)?n | — + . 11
>\,,J 3(27r)3/2 (m/ T+ mj)2(d + dj) n; m, + m; (6 )

While the formula in (6.11]) is specific to the physically relevant case d = 3, collision frequen-
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cies can be derived in arbitrary dimensions in a similar fashion.

The dependence of the collision frequencies on the temperature makes the BGK model
considered here more complicated than many models considered in the literature which assume
that \;; is a constant or depends only on n;. This is largely due to the non-Lipschitz nature
of the square root function near zero and the fact that the frequencies are time-dependent
functions. While we focus on the hard spheres model in this paper for simplicity, the analysis

provided here is readily applied to other models in the literature [2] .

6.1.2 Moment Equations

The focus of the present work is the space-homogeneous multi-species BGK equation, ob-
tained by removing the advection terms from (6.5)). In this case f; = fi(v, t) satisfies
of, 1 .
a=EZA,J(/\//,-J—f,-), ie{l,---, N}. (6.12)
J

Multiplication of ([6.12)) by m;, m;v, and m;|v|?, followed by integration with respect to v,
gives equations for the mass density, momentum density, and energy density of each species

dp; B
@ (6.13a)
d(piu;) 1
J
dE,' 1 Ej Ei 1
i€ 1 Z B, <_ _ _) o Z Bi;Sii(mi — m), (6.13¢)

where the equations for p;u; and E; are derived using the definitions for u;; and T;; from
and the N x N matrices A, B, C, D, F, G, and S are given by

PiLiNi jN i N i\
Al = 75— [B] L B.;S,, (6.14a)

, L= 5--:u,--2, C
PiNij+ PN " niXij+ ;i [ ]”J |ui ] (€]

D], = (ZAi.k)éi,j: [Fli; = (Z B/,k)&',jy [G];; = (ZC,-,Q&J. (6.14b)

According to (|6.13al), each individual species mass density p; (or, equivalently, number density

n;) is conserved (i.e., constant in time). However, only the total momentum and energy are

ij =
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conserved. Indeed, summing (/6.13b]) and (6.13c)) over all species yields:

N N
> = d( p’"’) and gd—E —0 (6.15)

i=1

respectively.

In terms of the vectorized quantities
U=u,..., uy]' e RV and E=[E,, ... En]" €R", (6.16)

the equations in (6.13)) take the form

du 1
P =—L(D-AU, (6.17a)
dE 1 . 1
- (F=BRIE+_(G-O)Mm1, (6.17b)

where P = diag{px} € RVN Q = diag{n} € RV*N, and M = diag{m,} € RN, To
simplify the analysis later, it will be convenient to introduce variables

W=P:UecR" and ¢=Q 2EcRV. (6.18)

In terms of W and &, (6.17]) takes the form

dw 1
o= AW (6.19a)
d¢ 15 1
5= 26+ QG- oML, (6.19b)

where

7 = P*%(D — A)P’% e RV*N and Z= Qfé(/‘_ - B)Qfé e RV, (6.20)

6.2 Properties of the ODE system

The main result of this section is to show that there is a unique solution to the ODE system
for all physically meaningful initial conditions. When the collision frequencies are
constant in time, such a result follows directly from the standard ODE theory for systems
with Lipschtiz dynamics. However, because the collision frequencies in depend on /T;,
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only a local Lipschitz condition can be obtained for the right-hand side of (6.17)). Thus the
key step is to show that the species temperatures are bounded below away from zero. This
bound will also be important for establishing exponential decay to steady-state in Section|6.3|
We also establish upper and lower bounds on the bulk velocity components that will be used

in the decay estimates.

6.2.1 Positivity of the Temperature

To make the following proofs easier to manage, we introduce the parameters

PiNi

o= PN ’7/>\/j
Y pihij PN

and Bij=————, 6.21
J n,—>\,-J- + nJ-)\J-,,- ( )
which satisfy the conditions a;j + o ; = 1 = 3;; + 3;;. With these parameters, the mixture

values in can be expressed as

1
—m,-ozj-,,-ﬁ,-d- |Ll,' —u; 2 . (622)

ujj = o;u;+ ol and Tij :,E)','JT,' +5j,/7_j+ p

Lemma 6.2.1. The temperatures T;, i € {1, ..., N}, satisfy the ODE

dT;
_:_ZA’J'BJ’ T T)+ ZA’Jm/aJI(aJI"Fﬁ/JNu/_UJ|2 (623)

Proof. The proof is a direct calculation. From (6.13b]) and the fact that A;; = a;pi\;;, it
follows that

|u ? = Z’O’ (20 i, uj) — 20 uil?), (6.24)

where (-,-) denotes the standard Euclidean inner product on R?. The equation in (6.23)
can be obtained by (i) using to express in terms of the temperatures and
velocities; (ii) invoking to eliminate the time derivative of |u;|?; (iii) using the formula
in to replace u;; wherever it appears; and (iv) applying the elementary relations af, =
Qi — oy = 25 +ai; — 1. u

Theorem 6.2.2. Suppose that for some t; > 0, there exists a local solution U € C* ([0, t]; RV*?)
and E € C* ([0, ts]; R) to the system given by (6.17)), with initial conditions U(0) and E(0)
such that T;(0) > 0 for all i € {1,---,N}. Then T,(t) > Tmin = ming{Tx(0)} for all
te[0,t] and all i € {1,---, N}.
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Proof. The proof relies on an integrating factor technique that yields a Gronwall-type esti-
mate. Define a lower temperature envelope T,(t) = ming{Tx(t)}. From (6.23)) it follows
that, for i e {1,---, N},

d7;

E + C,'(t)T,'(t) > C,'(t)T*(t), where C,‘(t) = éZ)\,‘J(f)ﬁjy,‘(f). (625)

Let a;(t) = [, ci(s)ds. Then a(t) = ci(t) and

d d d
T (e*Ti(t)) = e {&T,(t) + c,-(t)T,-(t)} > eWe(t)T.(t) = T (e T.(¢).
(6.26)
For each v > 0, define the set
Sy=qte0,t] | T.(t) < L T.(0) (6.27)
v v L * 1+’Y * - .
We now argue by contradiction. Assume that S, is nonempty and let t, = infS,. Then by
definition,
TA(L) < ——T.(0) < T.(0) (6.28)
* * = ]_—|—"y * * - .

However, because T; in continuous on [0, t], it follows that T, (t) > T.(t.) for every t € [0, t.]
which, along with (6.26]), implies that

4 (e"ITi(t)) >

dt (™) T(t),  vte[o L], (6.29)

d
dt
Integrating both sides of (6.29)) from [0, t,] and then multiplying the result by e=2() >0
gives

Ti(t) > T:(0)e™ ™) + T (t,) (1 — e ")) > T,(0)e ™) + T,(t.) (1 — e ™)) . (6.30)
Define i, such that T, (t.) = T.(t.). If i =i, then (6.30]) becomes

T.(t) =T.(t.) > T.(0)e ") 4 T (t,) (1 — e ®)), (6.31)

which, after some simple algebra, implies that T,(t,) > T,(0). However this results con-

tradicts ((6.28) which means that no such t, exists and the set S, must be empty. As a
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consequence, T,(t) > LT (0) for all t € [0, tf]. Since v > 0 is arbitrary, the limit v — 0
yields T,(t) > T,(0) = Tnn for all t € [0, tf]. The proof is complete. [

6.2.2 Velocity Bounds

For each component j € {1,---, d}, define the lower and upper velocity envelopes
u(t) =minfUi(D}, T(t) = max{Uu()}, (6.32)
and the components of the vector Uma. € RY

[tmax ()], = max {|u, (t)], [Gx ()]} (6.33)

Theorem 6.2.3. Suppose that the assumptions of Theorem hold.  Then for each
jeA{l,---,d}, the velocity components follow the inequalities

1(0) < u, (1) < Upi(t) < T(t) < T(0) (6.34)
forallt € [0, t] and all i € {1,---, N}. Further, for any t € [0, t], and all i € {1,---, N},
[ui()lly < Jtmax(D)l < [Umax(0)[l5 = timax. (6.35)

Proof. The proof of the inequalities in ((6.34]) are similar to the proof of the temperature
lower bound given in Theorem [6.2.2] From the velocity equation, (6.13b]),

1
:k+ ( Z)\,JO(J,) U,"k = EZA"JO‘J"'UM' (636)
;

we obtain, using the definitions U, «(t) < Ty(t), and ¢ = £ >, Ni o,

%Ui,k +G(t)Uix < ci(t)ux(t). (6.37)

From this point the proof of the upper bound in (6.34]) follows that of Theorem [6.2.2] with
(6.37)) being the analog of (6.25]). The proof of the lower bound is even more similar.
Finally, the bound in (6.35]) follows from (|6.34]). Specifically, if a, b, and c are real-valued
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scalars such that a < b < ¢, then |b| < max{]al, |c|}. Hence

d d
il =Y U2, < max{|u (0], [Te(0)]} = [[Umax (0I5 = 12, (6.38)
k=1 k=1

6.2.3 Existence and Uniqueness

According to (6.13a]), the number densities n; and mass densities p; are non-negative con-

stants in time:
f'l,'(O) = n,-(t), ,0,(0) = p,-(t) = m,-n,-(t), Vie {1, v, N}, t e [O, tf]. (639)

To avoid any degenerate cases, we assume that Ny, := min; n;(0) > 0 and pmi, := min; p;(0) >

0. Then, given any velocity-energy pair (u;, E;), the associated temperature T; is given by

(cf. (6.1)) ,
T,‘ = ’l?,'(ll,‘, E,) = d_l’l,

and the set of all realizable velocity and energy states is given by

E— uf? (6.40)

R = {(U, E) € RV » RV ‘ 9i(u;, E) >0, Vie L, - ,N}} , (6.41)

where 9; is defined in (6.40)). Given positive scalars Tin € (0, 00) and Eior € (0, 00), let

N
Y Ei=Ew and 9(u;, E) > Ty, Vi€ {Ll,---, N}

i=1

D(Tminv Etot) = {(U, E) eER

(6.42)
Recall that by Theorem|6.2.3} |uj] < tmax =: |[thmax(0)]l, < /22 for all (U, E) € D(Tiin, Etot)-
Thus D(Tin, Etot) is a closed and bounded subset of RNV*? x RN,

Lemma 6.2.4. Let Tn € (0,00) and Eyor € (0, 00) be given. Suppose that for some t; > 0,
there exists a local solution U € C* ([0, t]; RV*?) and E € C* ([0, tf]; RN) of the system in
(6.17) with initial condition (U°, E®) € D(Tmin, Etot). Then (U(t), E(t)) € D(Tmin, Etot) for
all t € [0, t]. In particular, Toin < Ti(t) < Tmax := -=—Eor for all t € [0, t].

dnm\n

Proof. To conclude that (U(t), E(t)) € D for all t € [0, t;], two conditions must be satisfied.
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The first condition:

N N

> Ei(t) =) Ei(0)=Ewr, Vtelo,1], (6.43)

i=1 i=1

follows immediately from (|6.15]), and the upper bound T;(t) < Tpax follows:

2 2
(t)= —FE < ——For = . .
Ti(t) dan; Ei < dn Etot = Timax (6.44)
The second condition:
Toin < Ti(t) = O(ui(t), Ei(t)), Vtel[0,t], (6.45)
is a direct consequence of Theorem [6.2.2] [

Theorem 6.2.5. Suppose that m; > 0 and n; > 0 for all i € {1,---,N}. Then for any
(U° E°) € intR, there exists a global, unique solution (U, E) € C'([0,00); R) of the sys-
tem with the initial conditions (U(0), E(0)) = (U°, E®). Moreover, the associated
temperatures T;(t) = ¥;(u;(t), E;(t)) are bounded below by their initial values; that is

min T;(t) > min T,(0), vt > 0. (6.46)

Proof. The system (|6.17]) can be written as

d (U> =f(U,E) where f(U E):= ( —eP (D -AU > . (6.47)
dt \ E —H{F-B)Q'E+ 5 (G-CO)M1

Let Tmin = min; T;(0) and Ewr = Y, Ei(0). Since (U, E) € intR, it follows that Ty, > 0
and Eiot > 0. Moreover, there exists an € > 0 such that the closed e-neighborhood of
D(Tmin, Etot), denoted by De(Tmin, Etot), is contained in int R, i.e., De(Tmin, Etot) C IntR. In
particular, min; T; = min; 9(u;, E;) is bounded below on D¢(Tmin, Erot). Hence, f is Lipschitz
on D(Tmin, Eror) with Lipschitz constant L > 0 and bound ||[f(U, E)|l» < M < co. Since
(U°, E®) € D, there is a number 8 = B(e) > 0, independent of the point (U°, E®), such
that the closed ball B ((U, E),3) C D.. Appealing to the Picard-Lindelsf Theorem [B.0.1]
there exists a unique solution on the interval [0, §], where § = min (5, £). By Lemma ,
(U(t), E(t)) € D, forall t € [0,9]. Since (U(6), E(d)) € D, we can apply the Picard-Lindelof
Theorem to again, but with the initial condition = (U(6), E(6)), and thereby extend
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the unique solution to the interval [0, 26]. Again, (U(20), E(26)) € D, and the process can
be continued indefinitely, with, crucially, no degradation of § > 0, since M and L cannot
grow larger and B does not shrink. The result follows. [ |

6.3 Long-time Behavior

Having proven the existence of unique, global, physically realizable solutions for (6.17]), we
now seek to characterize the asymptotic behavior of those solutions. In particular, we want

to show that solutions converge to

US(t) = 1) and  E¥(t) = |uooét)|2P1 + dTO;(t)Ql, (6.48)
where
uoo(t) — % and Too(t) _ Z/zrélt;l(t) + Zipi(|ui(;)z|?;i|uoo(t)|2). (649)

are constant functions of time.

Proposition 6.3.1. Suppose that (U, E) € C! ([0, 00); R) is a unique global-in-time solution
to the system ([6.17a)-(6.17b]) with assumptions as given in Theorem [6.2.5. Further let
T eC? ( [0, 0); RN ) be the associated temperature vector, whose components satisfy (6.23).
Then u>, T, and E* are time invariant quantities, and T°° > 0.

Proof. By conservation of mass, (6.13a]), and total momentum, (6.15]), >, pi and >, piu;

are constant. Thus u® is time invariant. To show that T is constant in time, multiply

(6:49) by the expression 3, n;, which is constant by (6.13a)), to obtain

g (Z n,-) ™= Z [gn/ﬂ—l— %p,]u,-]z] - % (ZP:‘) lu™|? = ZE/ —% (Zp,) lu>|?.

i

(6.50)

The first term on the right-hand side of is constant by conservation of total energy,
(6.15)); the second term is constant by conservation of species mass, (6.13a), and the fact
that u™ is constant. Thus T is time invariant. It follows immediately from that E>
Is also time invariant.

Since (U(t), E(t)) € R for all t > 0, it follows that T;(t) = 9(u,(t), E;(t)) > 00 for all
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t > 0. Thus to show that T> > 0, it is sufficient to show that >, p;(Ju;]? — |u*>|?) > 0.

Let r; = Ziipk > 0. Then > . r; = 1 and [u™]> = (3, rfu/)T(Zj nuy) = Y, Zj rinu; uj.
Therefore

1
ZP/(|U/|2—|UOO|2):;PI< Zr,-rj|u,|2—Zr,-rJ-U,Tuj :EgkafWHUi—UJFZO-
I 1J IJ 1J

(6.51)

Remark 6.3.2. The quantities u®> and T were referred to as the mixture mean velocity and
mixture temperature, respectively, in [8]. However, in this paper, we reserve these terms for

the quantities u;; and T; j, respectively.

The convergence of u;, T;, and E as t — oo is established by the following result, the
proof of which is the focus of the rest of this section.

Theorem 6.3.3. Under the assumptions of Proposition|6.3.1, for all i € {1,---, N},
lim u;(t) = u®™, lim T;(t) =T°, and lim E(t) = E*, (6.52)
t—o0 t—o0 t—o0

and bounds for the decay rates of the bulk velocities and energies are given by

Zmin .
Jui(t) = u®|, < Cyexp (- ” t). ie{l... . N} (6.53)

Zmin e € — € &
IE(t) — E®[, < Cie ¢ "+ Co—x — (6.54)

where Zmin > 0 and Znin > 0 are lower bounds on the positive eigenvalues of Z and 2
respectively, and Cy > 0, C; > 0, and C, > 0 are constants depending only on the initial
conditions of the system.

6.3.1 Null Spacesof D — A, Z, F — B, and Z

To prove Theorem [6.3.3| we first characterize the null spaces of the matrices D — A, Z,

F — B, and Z, which are defined in (6.14)), and (6.20).

Lemma 6.3.4. The matrices D — A and Z are symmetric positive semi-definite (SPSD),
each with a one dimensional null space. In particular, N(D — A) = span({1}) and N (Z) =
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span ({Pﬂ}) . Moreover, the null space and range space of Z are invariant with respect to

time.

Proof. Clearly D — A and Z are symmetric by inspection. For any y € RV,

YD~ Ay =53 Auly— 5V 20 (6.55)
IJ

Moreover, since A;; > 0, 33, Ai;j(yi — y)? = 0 if and only if y; = y; for all i and j, in
which case y = c1 for some ¢ € R. Thus D — A is SPSD, with a one-dimensional null
space spanned by the eigenvector 1. Similarly y™Zy = (P~2y)T(D — A)(Pzy) > 0, and
Zy =0 <— P‘%y =cl < y= cPz1, for some ¢ € R. Thus Z is SPSD, with a one
dimensional null space spanned by the eigenvector P31. By conservation of mass, ,
P31is indepedent of time. Thus the null space of Z is invariant with respect to time. The
symmetry of Z implies that R(Z) = N(Z)* is also invariant. |

Lemma 6.3.5. The matrices F — B and Z are symmetric positive semi-definite (SPSD). In
particular N'(F — B) = span ({1}) and N'(Z) = span <{Q%1}>. Moreover, the null space

and range space of 7 are invariant with respect to time.

Proof. The proof follows closely that of Lemma [6.3.4] Details are left to the reader. [ |

6.3.2 Velocity Relaxation Proof

Theorem 6.3.6. Under the assumptions of Proposition|6.3.1), lim; ., u;(t) = u> and

lui(t) = |, < Cyexp (= Z20t), i=10 W, (6.56)

where Cy > 0 is a constant that depends on the initial conditions of the system and zyin > 0

Is a lower bound on the positive eigenvalues of Z.

Proof. The proof is based on (6.19a) which is equivalent to (6.174). Let W™ = PzU>,
where U® =1 (u™®)" is given in (6.48). Then Lemma implies that ZW™ = 0 € RV*9.

Moreover, since P and U™ are independent of time, so too is W. Thus in terms of

W =W — W™, (6.19a)) takes the form

dw 1_—
—=——ZW. 57
dt IS (6.57)
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Write the element W as a sum of the null and range space components with respect to Z:
W = WR+WN. As shown in Appendix @ WN = 0. Hence W = V A, where the columns of
V =[vq, -+, vy_1] € RV*N=D) gre 3 set of orthonormal eigenvectors of Z that span R(Z2)
and A= [ay, -, ag] € RN=D*9 Using this formulation, the ODE system becomes

dA 1 .
S - _Zvizva .
= vV (6.58)

The eigenvalues of VT ZV are strictly positive and bounded below by zyi, == N max{px}~* min, ; A;
(see Appendix . Thus (A, VT ZVA). > zyin ||All7, where || - ||f is the Frobenius norm. Let

s(t) = ||A||Z. Then, using (6.58)),

1d dA 1 min min
2 (AS2) = (A -2vTzva) < -2 aR = - Zning (6.59)
2dt dt /¢ € F € €
which implies that
IA(E)IE < |AQ)[F e <" (6.60)
Since VTV = Iy_1, it follows then [|W|2 = ||[VA|Z = ||Al[?. Thus, becomes
IW(t) — W>||2 < [IbFW(0) — W™[2e 8" (6.61)
Since W = PzU, it follows that
d N N
W —W>=IE =" [0 (e — u)?] =D oy lluy — w3 > min{pi} [[u; — u™|]3,
k=1 j=1 j=1
(6.62)
forany i€ {1,---,N}. Thus, (6.61)) gives the decay bound
e~ u¥lB < —— o IW(E) - W < L WO - W e = e
I 2~ min{ps} "~ min{py} - Y
(6.63)
and lim¢_o u; = U, as desired. |
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6.3.3 Energy Relaxation Proof

Theorem 6.3.7. With the same assumptions as in Proposition|6.3.1], lim;_,., E(t) = E* and

_Zming
tpos L —¢ (6.64)

Zmin — Zmin

z .
_ Z“min
~ B t

Zmin

IE(t) — E®[l, < Gre e

where C; > 0 and C> > 0 are constants that depend on the initial conditions of the system

(6.17)) and Znin is a lower bound on the positive eigenvalues of Z.

Proof. The proof is based on (|6.19)), which is equivalent to (6.17]). Set £€> := Q 2E>, and
note that
u>|?

> Q 2(F — B)M1. (6.65)

Z¢* =

Since Q and E* are time invariant, so too is £*. Hence € := ¢ — £ satisfies the ODE

€ 155 1 ,

— == —Q 2 —C)— |u™ — 1. .

= 245 QT (G- O) — [wRP(F - B) M (6.66)
Consider the null and range space components ofz with respect to 7 Z = ZR —|—ZN. It
can be shown that ZN = 0. (See Appendix @.) Therefore z = ER = \7b, where V =
[Vi, -+, Vn_1] € RV*(V=1) s 3 matrix whose columns form an orthonormal basis for the

range of Z and b=V T¢ € RV-1, Multiplication of by b'VT gives

1d

1, roroe, 1 ror o
o b3 = —ngVTZVbJr 2—€bTVTQ*E [(G - C) — |u™*(F — B)] M1. (6.67)

The eigenvalues of VTZV are strictly positive and bounded below by Zyi, := N max{ng}~* min;,; B;
(see Appendix|C)), which gives the bound b'VT ZVb > Zyin||b||2 for any b € RV=1. With this
bound and an application of the Cauchy-Schwarz inequality, (6.67]) becomes

1

min{ng}2

2Zmin
1)

d 1
gz P15 < ==22 b2 + 1Bl I[(G = C) = [u*[(F = B)] M1, (6.68)

The next step is to bound the source term in (6.68). Standard norm inequalities and the
definitions in (6.14]), and Appendix [C give

1[G = C) = [u™P (F = B)] M1||, < 2max{mi} 3 > Brma [uisf* = [u™F| . (6.69)
=
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Meanwhile, to bound |S;; — |u™]?|, we use (i) the decay bound in (6.56)), (ii) the definitions
of w;; and u®, (iii) the triangle inequality and Cauchy Schwarz inequality, (iv) the fact that

ajj+aj; =1, and (v) the fact that |u; ;| < max; j{|uj|, |uj|} < umax to obtain

a2 = [P = [(uiy + u™)  (uiy — 0™)| < 2umax [Juj; — 0™,

Z .
< 2Umax (Ol,',J'HU,' - uOOHZ + aj,i”uj - uOOHZ) < 2Cy Umax €XP <_ r;ln t) .

Together and (6.70) give

Zmin

|[(G—=C) = [uP(F = B)] M1]||, < 4N(N — 1)CytimaxBmax max{my e~ ="

and ([6.68) becomes, after dividing through by | b]|,,

Zm _ Zmin t

in 1
b —Coe "¢
" ||b]l, + - Co

d
— < —
= Ibll, <

4N(N—1)Cy Umax Bmax max{m}

1
min{n}2

where Cy = , or equivalently,

1
2

d
dt

Zmin C Zmin—Zmin
(IIblloe™7) < =0e™ezme,
€
Integrating both sides above in t gives

Zmj C 5 Zmj Zmi
mwe 0 & (ef%t - e,%t> _
€ Zmin — Zmin

Ibll> < [|b°||2e

Since VTV = Iy_1, it follows that ||€[|2 = ||Vb||2 = ||b||>. Thus, (6.74) becomes

i et _ e_?m%t
__“min
e — €1, < [[€° — €], et + Co o
Zmin — Zmin

Further, since

N
. 1
_ go0||2 _ -1 _ FV[2 — NE —FE®°)P2> — — 2
1€ - €°)2 = Q3 (E - E)|2 Z &= EF1 2 ing

it follows that

Z

IE(e) — I, < max{n} (HeO—eszeswcf —= )
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which recovers (6.64) with C; = max{ny}z H£0—€°°H2 and C, := Comax{nc}z. Thus
lim; o E(t) = E*, as desired. [ |

6.3.4 Temperature Relaxation

Corollary 6.3.8. With the same assumptions as in Proposition [6.3.1, for each species | €
{1,--- N}, limio Ti(t) = T, and

Zmin ¢ Zmin ¢

2 Zmin T e — e e Zmin
[ P PR G St ) LS 0P WS
d min{nx} Zmin — Zmin d
(6.78)
Proof. For each 1,
2 m; 2 m;
Ti=—E — —|ul? d T = —E> — —|u™|?. _
E—Tquf B = T (6.79)
Therefore
2 max{my} 5 5
T T < —|E — E®| 4+ —— k02 g2 6.80
T = T < oo |6 = B 2T [ | (6.80)
The velocity decay bound (|6.56)), gives
|’u00’2 - |U,'|2| S 2uma><”uoo - LI,'||2 S 2UmaxCUe_Zn;mt- (681)
Using this and the energy decay bound ([6.64]), the result follows. [

Remark 6.3.9. The result in Corollary[6.3.8 can also be verified directly, using the formulation
of the temperature equation (6.23) and an approach similar to the proof of Theorem[6.3.7

The difference in the proofs comes from the fact that the nullspace component analogous to
EN is no longer zero when using (6.23]).

6.4 Numerical Demonstration

In this section, we compute temperature and velocity profiles using a fully implicit (backward)

Euler time stepping scheme.E] We assume a slab geometry in the x; direction. Thus while

IThe Backward Euler method preserves the monotonicity properties of the temperature and bulk velocity
established in Section . This fact will be will proved in future work.
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d = 3, the quantities of interest depend only on x;. Moreover the bulk velocities in the x»
and x3 direction are identically zero, i.e., U;; = 0 for all j € {2, 3}.

We consider systems with three different gas species chosen from a collection of four
possible elements: Helium (He), Argon (Ar), Krypton (Kr), and Xenon (Xe). The masses

and diameters of these elements are taken from [4] and are given below in Sl units:

Mite 6.6464731 dhre 2.193
M 66.335209 dar 3.659
Al = x 10727 kg, - x107° m.  (6.82)
Mie 139.14984 Ak 4.199
Mxe 218.01714 dXe 4,939

In all of the examples below, the monotonocity of the mininum temperature (Theorem [6.2.2))
and the upper and lower bounds on the bulk velocities (Theorem [6.2.3)) are respected.

Example 1: Temperature Decay, Ar-Kr-Xe Mixture. The purpose of this example is to
demonstrate temperature relaxation when the bulk velocities are zero. The initial number

densities, velocities, and temperatures are given by

ng. 1 000 1000
n, | =1]x10*®m3  U°=|[0o0 0| ms  T°=|2000] K. (683)
n2, 1 000 3000

Figure shows the relaxation of the temperatures to their steady state value. In this case
the decay rate established in ((6.78]) is fairly sharp, even though the temperatures may not
approach steady state monotonically.

Example 2: Velocity Decay, Ar-Kr-Xe Mixture. The purpose of this example is to demon-
strate the velocity relaxation, with minimal effects from the temperature. A positive velocity
IS given to one particle type, and each temperature is set to the same constant. The initial

number densities, velocities, and temperatures are given by

ng, 3 100 0 O 1000
n&r =2 x10®® m3, U° = 0 0 O m/s, 7%= | 1000 | K.
nge 1 O 0O 1000

(6.84)
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tures. ature and analytical decay estimate from
16.78).

Figure 6.1: Temperature Decay of Ar-Kr-Xe Mixture in Example 1.

Figure shows the relaxation of the velocities and temperatures to the steady state values.
The decay rate established for the velocities and temperatures in (6.56)) and (6.78]) under-
estimate the true decay rates in the example. The results also demonstrate that, unlike the

two-species case, particle velocities may not converge to the steady-state value monotonically.

Example 3: Velocity-Temperature Relaxation, He-Kr-Xe Mixture This test case exer-
cises the model due to the large kinetic energy differences between the species. The initial

number densities, velocities, and temperatures are given by

e 0.01 864.8 0 0 3000
=11 | x10®m3 U'=] 0 0 0| m/s, T°=| 300 | K.
% 1 0 00 300

(6.85)

The momentum equilibration has a corresponding kinetic energy redistribution which causes
non-monotonic changes in the temperature profile, as seen in Figure [6.3d Because of the

large differences in the particle masses and number densities, the estimates for the decay

rates established in (6.56]) and (6.78)) are very weak.
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Figure 6.2: Velocity and Temperature Decay of Ar-Kr-Xe Mixture in Example 2.

6.5 Conclusions

In this chapter, we have studied the moment equations associated to a recently developed
multi-species BGK kinetic model for rarefied gas dynamics in the spatially homogeneous
setting. The model includes collision frequencies that, unlike most models in the literature,
depend on the species temperatures. This fact complicates the analysis of the moment
equations and subsequent numerical tools. We have proven that all species temperatures
are bounded below by a positive, non-decreasing temperature envelope, thus establishing
that species temperatures always remain positive. We have also established upper and lower
bounds on the components of the bulk velocity that are in terms of the initial data.

Using the lower bound on the species temperatures, we have shown that the moments

91



January 29, 2024 E. Habbershaw and S.M. Wise

10* 5
—U 10
_uKr
u
X
@ 10 —u z
E E
S 210
Q Q
k-] k-]
2 10’ 2
[ -2 Uye
1072 I 10 = = Decay Estimate
0 1 2 3 4 5 0 0.2 0.4 0.6 0.8 1
Time (ps) Time (ps)
(a) Species and steady state velocities. (b) Deviation from steady state veloc-
ity and analytical decay estimate from
(16.56]).
w—-r e
7THe 1010 ,r”_—_ _TAV
7TKr ,’ _TKr
< Txe < ! Te
-EJ, —T® E’ —— Decay
5 5
& ® 10°
@ [
g :
510 5 \
10°
0 1 2 3 4 5 0 1 2 3 4 5
Time (ps) Time (ps)
(c) Species and steady state tempera- (d) Deviation from steady state veloc-
tures. ity and analytical decay estimate from
(6.79)).

Figure 6.3: Velocity and Temperature Decay of He-Kr-Xe Mixture in Example 3.

always stay within a bounded, time-invariant set of physically realizable states, which, in turn,
leads to the existence of global unique solutions. Finally, we have proved that unique equilibria
exist for the moment equations, and solutions converge to these equilbria exponentially in
time. In addition, we have established bounds on the convergence rates to equilibria. We
concluded the examination of the space homogeneous problem with some basic numerical
simulations that demonstrate some of the established theoretical behavior.

The numerical results in this chapter are computed with a backward Euler method, using
an iterative scheme to solve the relevant non-linear algebraic equations at each time-step. In
future work, we will describe the scheme more fully and prove convergence under a suitable
time step restriction that does not require resolution of the parameter €. We will use the

backward Euler method as a component in an IMEX scheme for simulating multi-species BGK
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models that include phase-space advection.
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Chapter 7

Progress Summary and Next Steps

7.1 Summary

This Year-2 progress report presents a review of basic background on the theory and numerical
solution of BGK approximations for Boltzmann-type kinetic equations. The BGK equations,
which simplify their Boltzmann equation counterparts, are highly nonlinear, nonlocal, and
high-dimensional models of particle kinetics in rarified gases and plasmas. We discuss both
single species models and self-consistent extensions to multi-species BGK models. Preliminary
work toward the efficient numerical simulation of BGK-type kinetic equations is presented via
several benchmark problems.

Theoretical aspects of single species BGK kinetic models have been presented in order
to motivate and describe the numerical methods used. In particular, conservation and en-
tropy dissipation properties were presented, along with an analysis of the space homogeneous
(no advection) problem. Numerical methods must be sophisticated enough to respect these
conservation and dissipation properties at the fully discrete level. A stable finite volume nu-
merical approximation framework has been outlined to capture potential discontinuities in
the approximate solutions. Since the problem can be numerically stiff for some parameter
regimes, implicit and semi-implicit time integration schemes are of particular importance for
stability. Particular focus is given to implicit-explicit Runge-Kutta (IMEX-RK) time stepping
methods, as they give a reasonable balance between accuracy, efficiency, and stability. How-
ever, in some cases, fully implicit integration strategies are demanded, and the work here is
a stepping stone toward developing such algorithms and codes.

Several numerical benchmark problems and tests of the prototype MATLAB codes are

presented, including the Sod shock tube and two-stream instability test cases. The tests are
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presented for 1x1v phase spaces, but code is currently under development for more realistic
higher-dimensional cases. In particular, 1x3v and 2x3v codes for “slab geometries” will be
designed and benchmarked in the near future. The numerical methods that are presented
are inherently scalable, and, thus, the only impediment for efficient and stable numerical
simulation is the increased number of degrees of freedom. An example 1x1v code, used for
numerical solutions of the Sod shock tube problem, is given in Appendix [El. This work is done
to address the goal of developing practical stable and efficient semi-implicit and fully implicit
time integrator strategies for the problem.

An introduction to a particular self-consistent BGK-type model for multi-species particle
kinetics is given. The combinatorial complexity of the model grows with the addition of
distinct chemical constituents, making such multi-species models even more challenging for
numerical solution. We have discussed the moment equations for the multispecies case,
as the moments can be used to update the Maxwellians in an IMEX approach. We have
studied the asymptotic relaxation behavior of the moment equations and have proven that
the temperatures always remain positive, which guarantees the existence and uniqueness of

the moment equations.

7.2 Next Steps

There are several outstanding issues that this work will address in the future. In particular,
as in the single species case, an implicit (or, at least, semi-implicit) approach is desired for
the computation of the stiff collision operators in the multi-species case to acheive numerical
stability. However, the procedures used in the single species case do not work directly in
the multi-species case. Solving the moment equation system is a fundamental bridge toward
an efficient IMEX scheme for the multi-species case. A sophisticated fixed point iterative
scheme is currently in development to address this issue in computing the implicit update
for the moment equations. The scheme is designed to relax the implicit updates of the
velocity and temperature to appropriate values, depending on collisional frequencies that
themselves depend on the implicit moments. This allows for the desired implicit update of
the BGK collision operators. Beyond the multispecies BGK model presented, we will examine
a multispecies ellipsoidal statistical BGK model (ES-BGK), that allows for simulation with
the correct Prandtl number, and captures anisotropic effects in the flow behavior. We will
examine the moment system for this model, and develop iterative methods akin to the ones

currently in development, to update the moment system.
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In the longer term, in addition to semi- and fully-implicit solvers, this work will focus on the
design of fast adaptive phase-space methods and block-structured adaptive mesh refinement
(AMR) that will efficiently accommodate disparate scales that are inherent in multi-species
problems, owing, for example, to disparate particle sizes and temperatures. Incorporating
implicit solver technology with AMR, especially in the context of such highly nonlinear and
nonlocal models is expected to be challenging. We will also develop efficient discrete velocity
methods for multi-species BGK models, extending the framework that we outlined herein for
the single species case.
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Appendix A

An Important Integral

We need to compute the following generalized Gaussian integral in several places in the report.

Lemma A.0.1. J
/ |s|2e7 1" ds = E’K%. (A1)

d
:/ sfHe‘Sfds—i----—i-/ si[[eds
R RSkl

Il Il
VS
=]
o=
==
Q
I %\
D
T P
m =N
=N o
(‘D‘ #1
HV)
o
0n
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+
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=]
N[

d
_c2 2 2
/sfe Sids; 4 -+ H/eskdsk /sf,e S ds,

R s IR R

k#d
-1 [,
) /sdesd dsy
R
L
= 7T2Z/S,-2€sf2 ds;, (A.2)

where we have used many elementary integration techniques, and the fact that fR e dx =

72. It remains to determine the value of the terms of the form Jo 5%~ ds. To that end,
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utilizing integration by parts, with

u=s — du=ds;

_c2 _
dv =2se % ds; = v=—e",

we have

| — |
|
W0
(D\
-
N
| I—
I8
3
|
%\;
|
(-D\
n
=N
a
W0
| I

|
)

o)
o
Y

NI~ NI~ N -
3
mb—t%

Thus, Equation (A.2]) gives us

[SIIS¥

d
> 5P g dix~1 1 aafd 1\ d
s|<e ds=m2 —m2=mz2 (=m2 | =—=m2,
| 2.5 () =3

as desired.
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Appendix B

Picard-Lindelof Theorem

We will make use of the following version of the Picard-Lindelof Theorem for autonomous

systems:

Theorem B.0.1. Suppose that uy € R and f € C(B(uo, B); RY), where B(uy, 8) (B(uo,3))
denotes the open (closed) Euclidean ball of radius B centered at uy. Suppose further that
1F(v)|l2 < M, for all v € B(uo,B), and f is Lipschitz continuous, with constant L > 0, on
B(uo,B). Set s = min (&, ). Then the IVP u'(t) = f(u(t)), u(ty) = uo has a unique

solution on the interval [ty — 6, to + 9].
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Appendix C
Bounding the Eigenvalues of Z and 7

The matrices Z and Z, defined in (6.20)), play a key role in the dynamics of ((6.17]) and the
equivalent system (6.19)). In this appendix, we prove bounds on the eigenvalues of these
matrices. With the collision frequencies defined in (6.11]), the matrices A and B, defined in

(6.144a]), take the form
16 [ mim;(d; + d;)? T T
A,‘ = =L J iPj L —J, 1
J 3 2 (m,- + mj)3 pib; mj + mi (C )

8 [T (d+d)? [T, T
g —o jrlatd)y ol 1 5
SV 2 (mi+ mj)2ppJ m m; (C2)

Since each value used to define the matrix elements is positive and bounded above and below

(importantly, the temperature), then their values can be bounded as follows:

Anin(t) = rr;bn Aij(t) <A (t) < rr)zjng,,j(t) =: Amax(t) (C.3)

Bmin(t) = rmn Bi(t) < Bj(t) < mj?x Bij(t) = Bmax(t) (C.4)

Theorem C.0.1 (Eigenvalue Bounds). Let A, B, D, F € RNV pe the matrices defined in
" and let Amin = min,',j A,',J', Bmin = min,',j B,‘J, Amax = max,-,j A,'J', and Bmax = max,-,j B,’J.

1

Then the eigenvalues of the matrices Z = P~2(D — A)P~2 and Z = Q2(F—B)Q * satisfy

0= 20 < Zmin <z < - < zZyo1 < ax» (CS)

Zm
0= /Z\O < /Z\min < /Z\l << /Z\N—l < /Z\maXy (C6)
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where
AmlnN Amax N - 1
Zmin = ¢ > Zmax = #, (C7)
max{ px } min{px}
~ BminN ~ o Bmax(/\/ - ]-)
e x| T min{ag )

Proof. The proofs of and are similar; thus we prove and leave the remaining
details to the reader. The (single) zero eigenvalue of (D — A) corresponds to the eigenvector,
1, spanning the null space of (D—A). To find bounds on the other eigenvalues, let y € R(D—
A) =N(D—-A)* sothaty™1 =3y, = 0. Recall that yT(D—A)y = 3 >, >, Aij(vi—y)*.
Using >,y =0

yT(D — Ay maxzz 57 =TS ST (2 4 57) = AN - D I

i J#E

(C.9)

Thus if y = P_%z, then

N—-1)A
2772 < (N =1DAnxz P 'z =(N—1)Anx < (V=1 Amax 5 = Zmax 12|15
2 < (N= 1Az Pz = (N~ 1)An, Z 2 S oy 1215 = zmalizIl
(C.10)
which gives the upper bound in ([C.5)). For the lower bound,
y (D~ Ay > 2o ZZ(y, +7) = AmaN [y [ (C11)
i=1 j=1
Thus if y = P_%z, then
z'Zz> NAynz P71z > —™_ N Amin 1|5 = Zwmin 12|15 - (C.12)
- max{p} 7 :
[
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Appendix D

Null Space Components of W and E

In this appendix, we show that W (the projection of W onto N(Z)) and €, (the projection
of € onto N(Z)) are both zero. These results are used in the proofs of Theorems m

and [6.3.7] respectively.

Lemma D.0.1. WN =0.

—~T 1
Proof. Since the null space of Z is spanned by P31, it is sufficient to show that W P31 = 0.

Write u>® = ‘ﬂppll and (U=)" = 117, so that

~T

1 T 1 T UTP].
W P1=W-W>) P:1=U"P1—(U®) P1L=U"P1-

17P1

1"P1=0. (D.1)

|
Lemma D.0.2. EN =0.

Proof. Since the null space of 7 is spanned by Q31, it is sufficient to show that ZTQ%I = 0.
Recall that € = Q2 (E — E™); hence

~T

N N
£ Q1=(E-E*) 1= E-)Y E*=0, (D.2)
=1 i=1

where the fact that ), E; = Y, E® is a consequence of (6.50]) in the proof of Proposi-
tion [6.3.11 [ |
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Appendix E

Code

The MATLAB code listed in this appendix is that used to generate the results of Section
for the Sod shock tube benchmark problem. This code is developed for prototyping and
demonstration purposes only and is not meant to represent production-quality software.

E.1 Main Driver: vliasovPoissonBGKMain.m

% Script to solve Vlasov-Poisson—-BGK Equation:

o\

1X1v

o

o\

ft +v s« fx +ax f.v = 1/tau » (M-f)

o\

o\

This set of code is designed to solve the Sod Shock tube problem.

o\

In the limit as (\tau -> 0) or (\lambda —-> \infty), BGK —-> Euler.

o\

So, for the current test, set tau=10"{-N}, set a = 0.

o\

% Scheme:

% IMEX RK: Explicit Advection, Implicit Collision.
clear;

clc;

tic

[

% Number of ghost cells:
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del = 1;

o
°

[

% Collision time:
tau = 107 (-4);

% Theta values for minmod:
thetaX = 2;

thetaV = 2;

% Spatial domain:

xL = -0.5;

xR = 0.5;

% Number of cells:

Nx = 256;

o

o\

Cell edge points:

X

= linspace (xL, xR, Nx+1) ;

o\

o\

Cell center points:

xC = x(l:end-1) + 0.5 * (x(2
xCenter = [xC(l:del) , xC ,
hX = xC(2) - xC(1);

o)
°

[

% Velocity domain:
vMin = -10;
vMax = 10;

[o)

% Number of cells:
Nv = 258;

o
o

o\

Cell edge points:

v = linspace (vMin, vMax,Nv+1)

o\

o\

Cell center points:

vC = v(l:end-1) + 0.5 % (v (2
vCenter = [vC(l:del) , vC ,
hv = vC(2) - vC(1);

o)
°

[

% Define time levels:

:tend) - x(l:end-1));
xC (end—-del+l:end) ];

4

:end) - v(l:end-1));
vC (end-del+l:end)];

105



January 29, 2024

E. Habbershaw and S.M. Wise

tInit
tFin

0;
.23

[)

% Vectors for ghost cells

gVx = [1,length (xC) ]+del;

gvVv = [1,length(vC) ]+del;

tableNum = 8;

[Ae,be,ce,Ai,bi,ci] = butcherTable (tableNum)
butcher.Ae = Ae; butcher.Ai = Ai;

butcher.be = be; butcher.bi = bi;

butcher.ce = ce; butcher.ci = ci;

o
o

o\

Stiffness matrix for the Poisson solve..

o\

(as per the test problems).

o\

o\

dependencies.

o\

temp

zeros (1,Nx) ;
temp ( 2)=-1;
A toeplitz (temp) ;

A(1l,1) = 3;

1)=2; temp(

A (end, end) 3;

o
o

grid.del del;

grid.gVx = gVx; grid.Nx = grid.xC xC;

grid.gVv gVv;
hX;
hv;

xL

grid.Nv Nv; grid.vC vC;

grid.
grid.

grid. = grid.xR = xR ;

grid.vMin vMin;
tInit;
thetaX;

thetaV;

grid.vMax

vMax;

tFin;

tInit
thetaX
thetaV

grid.

grid.tFin

grid.

grid. =

testNum =
[f]

1;

initialCondition (testNum,grid);

[tVec, vy, MAX]

o)
°

figure (107)

106

14

.zero Dirichlet BC
This is not needed for the Sod problem,
but I kept it so I didn't have to change all my function

grid.xCenter xCenter;

grid.vCenter vCenter;

vlasovPoissonBGKSolver (f,butcher,grid, tau,A, f);
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pcolor (xC,vC,vy);

title(['Contour plot of computed f, in the Velocity/Space',
' Domain, for Time t = ', num2str (tFin), ' '])

xlabel ('"x")

ylabel ('v")

shading interp;

colormap (Jjet) ;

colorbar;

o\

function [f] = initialCondition (testNum,grid)

o)
<

xC

grid.xC; xCenter grid.xCenter;

vC = grid.vC; vCenter = grid.vCenter;

o\

o\

Initialize solution array:

f = zeros(length(vC),length(xC),1);

o\

switch testNum

case 1 % tFin = 0.250

nL = 1.00000; uL = 0.00000; thetaL = 0001.000;

nR = 0.12500; uR = 0.00000; thetaR = 0000.800;
case 2 % tFin = 0.150

nL = 1.00000; ulL = -2.00000; thetalL = 0000.400;

nR = 1.00000; uR = 2.00000; thetaR = 0000.400;
case 3 % tFin = 0.012

nL = 1.00000; uL = 0.00000; thetaL = 1000.000;

nR = 1.00000; uR = 0.00000; thetaR = 0000.010;
case 4 % tFin = 0.035

nL = 1.00000; uL = 0.00000; thetal = 0000.010;

nR = 1.00000; uR = 0.00000; thetaR = 0100.000;
case 5 % tFin = 0.035

nL = 5.99924; ulL = 19.59750; thetal = 0460.894;
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nR = 5.99242; uR = -6.19633; thetaR = 046.0950;

end

o

o\

Initial condition (make a separate function?):
for j = 1l:length(vC)
for i = 1l:length (xC)

if xCenter (i) <= 0.0

f(j,1) = nL / sqgrt (2xpi*thetal) * exp(—(vC(]j)-uL) "2
/ (2«thetal));
else
f(j,1) = nR / sqgrt (2xpi*thetaR) * exp(—(vC(Jj)-uR) "2
/ (2xthetaR));
end
end

end

o\

o\

%$Plot the initial conditions....

figure (110)

o\

o\

% pcolor(x_c,v_c,f);

surf(x_c,v_.c,f); view(-30,50); zlim([0,2.1]);

o

o)

% title(['Contour plot of £, in the Velocity/Space Domain,'

o\

o\

' for Time t = ',num2str(0),"' '1)
xlabel ('x")
ylabel ('v")

o\

o\

% shading interp;
% colormap (jet);

% colorbar;

function [Ae,be,ce,Ai,bi,ci] = butcherTable(table)

o\

o

Butcher Tableaux for the IMEX-RK scheme. Tables 2-6 come from

o\

the Pareschi & Russo paper. Table 7 is Backward Euler. Table 8

o\

(needs reference, from Cory).

o)
<

switch table
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case 2

o\

gam = 1-1/sqrt(2);
Ai = [gam,0 ; 1-2%gam,gam];
bi = [0.5 ; 0.5];

ci = [gam ; l-gam];

o\

case 3
Ae = [0,0,0 ; 0,0,0 ; 0,1,0];
be = [0 ; 0.5 ; 0.5];

Ai = [0.5,0,0 ; -0.5,0.5,0 ; 0,0.5,0.5];
bi = [0 ; 0.5 ; 0.5];
ci = [0.5; 0 ; 11;

o\

case 4
Ae = [0,0,0 ; 0.5,0,0 ; 0.5,0.5,071;
be = [1/3 ; 1/3 ; 1/31;
ce = [0 ; 0.5 ; 1];

o\

Ai = [0.25,0,0 ; 0,0.25,0 ; 1/3,1/3,1/371;
bi = [1/3 ; 1/3 ; 1/31;
ci = [0.25 ; 0.25 ; 11;

o\

case 5
Ae = [0,0,0 ; 1,0,0 ; 0.25,0.25,071;
be = [1/6 ; 1/6 ; 2/3]1;
ce = [0; 1 ; 0.5];

o\

gam = 1-1/sqgrt(2);
Ai = [gam,0,0 ; 1-2+gam,gam,0 ; 0.5-gam,0,gam];
bi = [1/6 ; 1/6 ; 2/3]1;

ci = [gam ; l-gam ; 0.5];

Ae = [0,0,0,0 ; ©0,0,0,0 ; 0,1,0,0 ; 0,0.25,0.25,07;
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be = [0 ; 1/6 ; 1/6 ; 2/31;
ce = [0; 0; 1 ,; 0.5];

o

alpha = 0.24169426078821;

beta = 0.06042356519705;

eta = 0.12915286960590;

Ai = [alpha,0,0,0; -alpha,alpha,0,0; 0,l-alpha,alpha,0;
beta,eta,0.5-beta-eta-alpha,alphal;

bi = [0 ; 1/6 ; 1/6 ; 2/31;

ci = [alpha ; 0 ; 1 ; 0.5];

o\

case 7

o\

o\

Forward Euler:

Ae = 0;
be = 1;
ce = 0;
% Backward Euler
Al = 1;
bi = 1;
ci = 1;
case 8

gam = 1 - 1/sqgrt(2);
delt = 1 - 1/(2xgam);

o\

Ae = [0,0,0 ; gam,0,0 ; delt,l-delt,0];
be = [delt;1-delt;0];

ce = [0;gam;1];

o\

Ai = [0,0,0 ; 0O0,gam,0 ; 0,l-gam,gam];
bi = [0;1l-gam;gam];
ci = [0;gam;1];

end

end

Listing E.1: Main driver: vliasovPoissonBGKMain.m.
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E.2 +vlasovPoissonBGKSolver.m

function [t,Z,M] = vlasovPoissonBGKSolver (y0,butcher,grid,tau, A, f)
% y0 = IC grid function (j,1) = (velocity, space)

% Ae, be, ce: Butcher Tableau for explicit solve

% Ai, bi, ci: Butcher tableau for implicit solve

pd
.
Il

butcher.Ai;
bi = butcher.bi;
ci = butcher.ci;
Ae = butcher.Ae;
be = butcher.be;

ce = butcher.ce;

o\

gVx = grid.gVx; Nx = grid.Nx; hX = grid.hX;

gVv grid.gVv; Nv = grid.Nv; hV = grid.hV;

o\

o\

A is the stiffness matrix for the Poisson solve.

o\

o\

Number of ghost cells
del = grid.del;

% Spatial domain:

xL = grid.xL; xR = grid.xR;

% Velocity domain:

vMin = grid.vMin; vMax = grid.vMax;

% Define CFL(s)

CFLMaxX = min (hX) / max(abs(vMax),abs (vMin)) ;
CFLMaxV = min (hV) / max( abs (xL) , abs(xR) );

% Define initial/final time levels:
tCurrent = grid.tInit;

tFinal = grid.tFin ;

o

[)

% size of grid function array y including ghost cells:

d = size(y0)+2+del;

111



January 29, 2024 E. Habbershaw and S.M. Wise

o

o\

Initialize array of solutions:

y = zeros([d,2]);
% Input initial conditions into solution vector
y(gVv (1) :gVv(2),gVx (1) :gVx(2),1) = £;

o\

o

Store appropriate initial values in ghost cells

for 1 = 1:del

y(:,9Vx(1)-1i,1) = y(:,9Vx(1l),1);
y(:,9Vx(2)+i,1) = y(:,9Vx(2),1);
end
for j = 1l:del
y(gvv(1)-3J,:,1) = y(gVv(l),:,1);
y(gvv(2)+3,:,1) = y(gVvv(2),:,1);
end

%

o\

Number of stages of RK scheme:

s = length(ce);

o\

o

Initial vectors for RK scheme:

uo = zeros([d,s]);
fI = zeros([d,s]);
fE = zeros([d,s]);
M = zeros ([d,s]);
redo = 0;

EMax = 1;

t =1;

while tCurrent < tFinal
dt = min(0.24 % min (CFLMaxX,CFLMaxV),tFinal-tCurrent)
/ (1 + (redo > 0));

o\

o

This flag indicates that the electric field gets bigger than E_max.

o\

If so, the step needs to recalculate.

redo = 0;

o\
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uo(:,:,1) = y(:,:,1);
[~,M(:,:,1)] = BGKCollision (tCurrent,y(:,:,1),grid,tau,tCurrent);
u(:,:,1) = (tauxuo(:,:,1) + dt*Ai(1,1)*M(:,:,1))
/ (tau + dt*Ai(1,1));
fI(:,:,1) = BGKCollision (tCurrent+ci(l)xdt,u(:,:,1),grid,

tau, tCurrent) ;

[fE(:,:,1),re] = divFlux(tCurrent+ce(l)*dt,u(:,:,1),9rid, EMax,A);
redo = redo+tre;
for r = 2:s
uo(:,:,r) =vy(:,:,1)
+ dt * reshape(Ae(r,:) * reshape(permute (fE, [3,1,2]),s,

(Nv+2+del) » (Nx+2+del) ), Nv+2+del, Nx+2xdel)
+ dt * reshape(Ai(r,:) * reshape (permute (fI, [3,1,2]),s,
(Nv+2+del) » (Nx+2+xdel) ), Nv+2+del, Nx+2xdel);

o\

[«,M(:,:,r)] = BGKCollision (tCurrent+ci(r)+dt,uo(:,:,r),

grid, tau, tCurrent);

o\

u(:,:,r) = (tau*xuo(:,:,r) + dt*Ai(r,r)*M(:,:,1r))

/ (tau + dt*Ai(r,r));

[fE(:,:,r),re] = divFlux (tCurrent+ce(r)xdt,u(:,:,r),grid,EMax,A);
redo = redo+tre;
fI(:,:,r) = BGKCollision (tCurrent+ci(r)+dt,u(:,:,r),

grid, tau, tCurrent);

end
y(:,:,2) = y(:,:,1)
+ (dt % reshape(be' x reshape (permute (fE, [3,1,2]),s,
(Nv+2*del) » (Nx+2+xdel) ), Nv+2+del,Nx+2xdel)
+ dt % reshape(bi' x reshape(permute(fI, [3,1,2]),s,
)

(Nv+2+del) » (Nx+2xdel) ), Nv+2xdel,Nx+2xdel

) x (1 — (redo > 0));
y(:,:,1) = y(:,:,2);
tCurrent = tCurrent + dt* (1l - (redo>0));

o\
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[)

% This computes the moments and Maxwellian at the final time step.
if tCurrent == tFinal

BGKCollision (tCurrent+ci(r)=*dt,y(:,:,1),grid,tau, tCurrent);
end

end

o

o\

Return solution at final time

Z = y(gVv(l) :gVv(2),gVx(1l) :gVvx(2),1);

o\

end

Listing E.2: vlasovPoissonBGKSolver.m.
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E.3 BGKCollision.m

function [z,M] = BGKCollision(t,y,grid,tau,tCurrent)
del = grid.del;

hx = grid.hX; gVx = grid.gVx; x = grid.xC;

hv = grid.hV; gVv = grid.gVv; v = grid.vC;

o
°

% Grid function array must have

M = zeros (length (x)+2+del, length(v)+2*del);
nDens = zeros(l,length(x));
mDens = zeros(l, length(x));
EDens = zeros(l,length(x));
uDens = zeros(l,length(x));
theta = zeros(l,length(x));

o
°

[)

% Moment integrals: n, n+*u, and E.

ghost cells already.

.x y(gVv(l) :gVv(2),

./ sqgrt (2«pi*theta(:))

nDens (l:1length(x)) = hv x sum(y(gVv(l):gVv(2),1l+del:length(x)+del));
mDens (l:1length(x)) = hv % sum(v(:).*xy(gVv(l):gVv(2),
l+del:length(x)+del));
EDens (l:length(x)) = 0.5 % hv % sum(v(:)."2
l+del:length(x)+del));
uDens (:) = mDens(:)./nDens(:);
theta(:) = 2*EDens(:)./nDens (:)-uDens(:)."2;
M(gVx (1) :gVx(2),9Vv(l) :gVv(2)) = nDens(:)
.* exp(-0.5 * abs(v — uDens(:))."2 ./ theta(:));

% Ghost cells: zero flow boundaries.
for 1 = 1:del
M(:,gVv(l)-i) =

M(:,gVv(2)+1)

M(:,gVvv(1l));
M(:,gVv(2));

end

for 7 = 1l:del
M(gVx(1)-3,:) = M(gVx(l),:);
M(gVx(2)+3,:) = M(gVx(2),:);
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end

o
°

if tCurrent == 0.2

o)
°

% initial shock happens here.

x0 = 0;

gam = 3;

uL = [1,0,1]; uR = [0.125,0,0.11;

pDens = nDens .x theta;

[nSod,uSod, pSod, eSod] = sodSoln(x,tCurrent,ul, uR,gam, x0) ;
figure (1)

plot (x,nDens, 'b', "LineWidth', 3)
hold on

plot (x,nSod, 'LineWidth', 3)
x1im([-0.5,0.51)

ylim ([0, 1])

set (gca, "fontsize', 24)

legend ('BGK', "Euler"')

hold off

o\

figure (2)

plot (x,uDens, 'b', 'LineWidth', 3)
hold on

plot (x,uSod, 'LineWidth', 3)
x1im([-0.5,0.51)

ylim([0,11)

set (gca, "fontsize', 24)

legend ('BGK', 'Euler")

hold off

o\

figure (3)

plot (x,theta, 'b', "LineWidth', 3)

hold on

plot (x,2xeSod, 'LineWidth', 3)
x1im([-0.5,0.51)

ylim([0,2]) % may need to shift this

set (gca, "fontsize', 24)
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legend ('BGK', "Euler"')
hold off
end

o)
°

z = (M'-y)/tau;

o\

% M is a [NV]X[Nx] array after transpose

M = M';

o\

end

Listing E.3: BGKCollision.m
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E.4 divFlux.m

function [z,redo] = divFlux(t,y,grid,EMax,A)

o
°

% y = grid function of f_{ij} "k values for fixed k

o
o

del grid.del;
hx = grid.hX; gVx = grid.gVx; x = grid.xCenter; thetaX = grid.thetaX;

grid.thetaV;

hv = grid.hV; gVv = grid.gVv; v = grid.vCenter; thetaV

fP = zeros(size(y));
fM = zeros(size(y));
gP = zeros(size(y));
gM = zeros(size(y));

% construct slopes
[sX(:,:),s8V(:,:)] = slopeReconstruction(y,grid);

o o

% % Spatial fluxes

fP(:,gVx (1) :gVx(2)) = (y(:,9Vx(1l):gVx(2))
+ 0.5xhx*sX (:,gVx(1l) :gVx(2))) .x v(:).x(v>0)"
+(y(:,9Vx(l)+1l:gVx(2)+1l) — 0.5+xhx*sX(:,gVx(l)+1l:gVx(2)+1))
Lk o v(:) ox(v<=0)" ;

fM(:,gVx(1l) :gVx(2)) = (y(:,9Vx(1l)-1:gVx(2)-1)
+ 0.5+xhx*sX(:,gVx(1l)-1:gVx(2)-1)) .*x v(:).x(v>0)"
+(y(:,gVx(1l):gVx(2)) — 0.5+«hx*xsX(:,gVx(1l):gVx(2)))
Lk v(:) ox(v<=0)" ;

o\

o\

The electric field is unnecessary for this test, so we set it to

o\

zero here.
E = zeros(l,length(x));
redo = 0;

o o

% % Velocity fluxes

gP (gVv (1) :gVv(2),:) = (y(gVv(l):gVv(2),:)
+ 0.5xhvxsV(gVv (l) :gVv(2),:)) .*x E.x(E>0)
+ (y(gVv(l)+1l:gVv(2)+1l,:) — 0.5xhvxsV(gVv(l)+1l:gVv(2)+1,:))

.x E.x (E<=0) ;
gM(gVv (l) :gVv(2),:) = (y(gVv(l)-1l:gVv(2)-1,:)
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+ 0.5%hv*sV(gVv(l)-1:gVv(2)-1,:)) .» E.*(E>0)
+ (y(gVv(l) :gVv(2),:) — 0.5xhv*sV(gVv(l):gVv(2),:))
.+ ELx (E<=0) ;

z = — (fP - fM)/hx - (gP - gM) /hv;

Listing E.4: divFlux.m
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E.5 slopeReconstruction.m

function [sX,sV] = slopeReconstruction(y,grid)

o
°

sX zeros (size(y));

sV = zeros(size(y));

o\

del = grid.del;
= grid.hX; gVx grid.gVx; thetaX
hv = grid.hV; gVv = grid.gVv; thetaV = grid.thetaV;

jon
b
|
Il
Il

grid.thetaX;

o\

SV(:,:,1) = (y(gVv(l)+1l:gVv +1,9Vx (1) :gVx(2))
x(2))) / 2 ;

- y(gvv(l)-1l:gVvv(2)-1,9Vx gv
gvv (2),gVx (1) :gVvx(2))
gVv

(2)
(1):
SV(:,:,2) = thetaV x (y(gVx(1l):
- y(gvv(l)-1:9Vv(2)-1,9Vx (1) :gVx(2))) ;
SV(:,:,3) = thetaV * (y(gVx(l)+1l:gVv(2)+1,gVx(1l):gVx(2))
- y(gVv(l) :gVv(2),gVx (1) :gVx(2))) ;

o\

V(gVv (l) :gVv(2),gVx (1) :gVx(2)) = minMod (SV) /hv;
SX(:,:,1) = (y(gVv(l):gVv(2),gVx(1l)+1:gVx(2)+1)
- y(gVv(l):gVv(2),9Vx(1)-1:gVx(2)-1)) / 2 ;
SX(:,:,2) = thetaX * (y(gVx(l):gVv(2),gVx(1l):gVx(2))
- y(gVv(l):gVv(2),gVx(1)-1:gVx(2)-1)) ;
SX(:,:,3) = thetaX * (y(gVx(l):gVv(2),gVx(1l)+1l:gVx(2)+1)
- y(gVv(l) :gVv(2),gVx (1) :gVx(2))) ;

o\

X(gVv (1) :gVv (2),gVx (1) :gVx (2)) = minMod (SX) /hx;
for i = 1l:del

X(:,gVx(l)-1) = sX(:,gVx(1l));

X(:,9Vx(2)+1) X(:,9Vx(2));

end
for 7 = 1l:del
sV(gVv(l)-3,:) = sV(gVv(2),:);
sV(gVv (2)+3,:) = sV(gVv(l),:);
end

<)
°
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end

Listing E.5: slopeReconstruction.m
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E.6 minMod.m

function M = minMod (x)

o\

M(:,:) = 0.25xabs(sign(x(:,:,1))+sign(x(:,:,2)))
.x (sign(x(:,:,1))+sign(x(:,:,3))).* min(abs(x),[]1,3);

o\

end

Listing E.6: minMod.m
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E.7 sodSoln.m

function [n,u,p,e] = sodSoln(x,tCurrent,phil, phiR, gam, x0)

o
°

% Script to compute theoretical sod solution at given time with

o\

given gamma.

oe  oe

o\

phil and phiR are ordered as (n,u,p)

nL = phiL(1l); ulL = phiL(2); pL = phiL(3);

nR = phiR(1); uR = phiR(2); pR = phiR(3);

% This function does an iterative solve to compute the value of
% pStar.

pStar = pStarSolve (10~ (-8));

thlL = pL / nL;

thR = pR / nR;

alL = sqrt (3xthl);
aStarL = alL % (pStar/pL)” ((gam-1)/ (2*gam));
aR = sqgrt (3xthR);

nFan = nL % (2/(gam+l) + (gam-1)« (uL-x/tCurrent)
/ (gam+1) /aL) .” (2/ (gam-1)) ;

nStarL = nL * (pStar/pL) " (1/gam);
nStarR = nR * ( (pStar/pR + (gam-1)/ (gam+1))
/ ((gam-1)*pStar/ (gam+1l) /pR + 1) );
uFan = 2/ (gam+l) * (alL + (gam-1)+*ul/2 + x/tCurrent);

uStar = uL - 2+alL / (gam-1) * ((pStar/pL)” ((gam-1)/(2«gam)) - 1);

pFan = pL * (2/(gam+1l) + (gam-1)* (uL-x/tCurrent)
/ (gam+l) / aL).” (2xgam/ (gam-1));

el = 0.5+pL/nL;

eStarL = 0.5xpStar/nStarlL;
eStarR = 0.5xpStar/nStarR;
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eR = 0.5%pR/nR;
sHL = ulL - alL;
sTL = uStar - aStarLl;

o\

o\

speed of the contact wave.
lambda_2 (U.star_.L) = S_.2 =
Equation 2.134,

o\

lambda_2 (U_star_R)

o

Toro book:
sC = (gam+1) *pStar /
+ 0.5%(gam—1) /gam) "~ (0.5);

and page 96

uStar;sR = uR + aRx ( (2+gam*pR)

@ (x)

+ nFan .x*

nFunc = nL .* ((x<x0 + sHL*tCurrent))

((x0 + sHLxtCurrent <= x) &
+ nStarlL .x ((x0 + sTLxtCurrent <= x) &
+ nStarR .* ((x0 + sCxtCurrent <= x) &
+ nR .*x ((x0 + sR+xtCurrent <= Xx));

uFunc = ul, . *

@(x)

+ uFan .=x*

((x<x0 + sHL+*tCurrent))
((x0 + sHL+xtCurrent <= x) &

+ uStar .x ((x0 + sTLxtCurrent <= x) &

+ uR .*x ((x0 + sR+xtCurrent <= Xx));
pFunc = @(x) pL .* ((x<x0 + sHL*xtCurrent))
+ pFan .*x ((x0 + sHLxtCurrent <= x) &

+ pStar .*x ((x0 + sTLxtCurrent <= x) &

+ pR .* ((x0 + sRxtCurrent <= x));

eFunc = @(x) el .x ((x<x0 + sHLxtCurrent))

+ (0.5%pFan./nFan) .* ((x0 + sHLxtCurrent <= x)
& (x < x0 + sTLxtCurrent))
+ eStarlL .*x ((x0 + sTL*tCurrent <= x) &
+ eStarR .x ((x0 + sCxtCurrent <= x) &
+

eR .* ((x0 + sRxtCurrent <= x));

o T < B
Il
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end

Listing E.7: sodSoln.m
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E.8 pStarSolve.m

function pStar = pStarSolve (TOL)

o
°

o\

Newton Raphson to compute the pressure in Sod problem.

o\

ERR = 1;

% Initial guess.
pOld = 0.9;
k = 0;

o
°

while ERR > TOL

pNew = pOld - (sgrt(3)*p0ld~ (1/3) - sgrt(3) +
2% (p01d-0.1) /sgrt (p01d+0.05)) / (sqrt (3)*p0ld”(-2/3)/3
+ 2% (p01d+0.05) " (-0.5) - (p0ld-0.1)* (pOld+0.05) " (-1.5));

ERR = abs (pOld-pNew) / (0.5% (pOld+pNew)) ;
pOld = pNew;
k = k+1;

end

pStar = pNew;

°

end

Listing E.8: pStarSolve.m
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