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HIGH ORDER SEMI-LAGRANGIAN METHODS
FOR THE BGK EQUATION*

MARIA GROPPIT, GIOVANNI RUSSO#, AND GIUSEPPE STRACQUADANIO$

Abstract. A new class of high-order accuracy numerical methods for the BGK model of the
Boltzmann equation is presented. The schemes are based on a semi-Lagrangian formulation of the BGK
equation; time integration is dealt with DIRK (Diagonally Implicit Runge-Kutta) and BDF methods;
the latter turn out to be accurate and computationally less expensive than the former. Numerical
results and examples show that the schemes are reliable and efficient for the investigation of both
rarefied and fluid regimes in gas dynamics.
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1. Introduction
In the kinetic theory of gases, the dynamics of a monoatomic rarefied gas system is
described by the Boltzmann equation [7]. The numerical approximation of this equation
is not trivial due to the complex structure of the collision operator. The BGK equation,
introduced by Bhatnagar, Gross, and Krook [4] and independently by Welander [29] is
a simplified model of the Boltzmann equation. In the BGK model the collision operator
is substituted by a relaxation operator; the initial value problem reads as
O b0V f=Qpoxlfl= L (MLA) - ), (r00) €RIxRY xRF
(1.1)

f(«I,’U,O) :fo(l',’l}),

where d and N denote the dimension of the physical and velocity spaces, respectively,
and 7! is the collision frequency, which throughout this paper is assumed to be a fixed
constant for simplicity. M|[f] denotes the local Maxwellian with the same macroscopic
moments of the distribution function f(z,v,t), and is given by

N CN) (v—u(=,1))”
MU]WWJ)_WGXP(_M(:E,Q)’ (1.2)

where R is the ideal gas constant and p(x,t) € RT, u(z,t) €RY, and T'(z,t) €R* denote
the macroscopic moments of the distribution function f, that is: density, mean velocity,
and temperature, respectively. They are obtained in the following way:

(oo BT = {00, where 6(0)=(10510P) " and (g)= [ g(w)dwe. (1)

The physical quantity E(x,t) is the total energy, that is related to the temperature
T(x,t) by the underlying relation:

B(at) = %p(x,t)u(x,tﬁ + %p(m,t)RT(m,t).

*Received: July 22, 2014; accepted (in revised form): Feburary 18, 2015. Communicated by Lorenzo
Pareschi.

fDept. of Mathematics and Computer Science, Univ. of Parma, Italy (maria.groppi@unipr.it).

fDept. of Mathematics and Computer Science, Univ. of Catania, Italy (russo@dmi.unict.it).

§Dept. of Mathematics and Computer Science, Univ. of Parma, Italy (giuseppe.stracquadanio@ne
mo.unipr.it).

389



390 HIGH ORDER SEMI-LAGRANGIAN SCHEMES FOR BGK EQUATION

The BGK model (1.1) satisfies the main properties of the Boltzmann equation [4, 29],
such as conservation of mass, momentum, and energy, as well as entropy dissipation. In
details, this is

M) = (16w, [ QpoxlMlogfdyo<0. (14)

The equilibrium solutions are clearly Maxwellians, indeed the collision operator vanishes
for f=M][f]. The BGK model is computationally less expensive than the Boltzmann
equation, due mainly to the simpler form of the collision operator, but it still pro-
vides qualitatively correct solutions for the macroscopic moments near the fluid regime’.
These two aspects, the lower computational complexity and the correct description of the
hydrodynamic limit, explain the interest in the BGK model over the last several years.
Without expecting to be exhaustive, we refer to, for instance, [2, 18, 20, 21, 22, 26, 30]
and the references therein for a more in-depth analysis of both theoretical and numerical
aspects of BGK models. In particular, in the last few years many numerical schemes
have been proposed to solve the BGK equation in an efficient way, by adopting schemes
that are able to capture the limiting behavior of the solution as e — 0 (asymptotic pre-
serving schemes, AP). For example, in [22] the authors use IMEX schemes from [19],
in which the implicit part is L-stable, thus guaranteeing that the schemes project the
numerical solution onto the discrete Maxwellian as € —0. Such schemes, originating
from the pioneering work by Jin [14], have gained considerable interest since they also
allow the reproduction of the Euler fluid limit at a discrete level. As additional exam-
ples, the very recent paper [9] is concerned with a fast method with AP property based
on splitting techniques, while the AP scheme proposed in [23] takes advantage of the
explicit advancing in time of the macroscopic fields involved in the BGK operator.

The aim of this paper is to develop high order semi-Lagrangian numerical schemes
for the BGK equation. Semi-Lagrangian methods for BGK models have recently re-
ceived increasing interest [11, 24], since they well describe either a rarefied or a fluid
regime. The relaxation operator is treated implicitly, and the semi-Lagrangian treat-
ment of the convective part avoids the classical CFL stability restriction. Moreover,
in this work time integration is dealt with BDF methods along characteristics, which
turn out to be accurate but computationally less expensive than Diagonally Implicit
Runge-Kutta (DIRK) methods introduced in [25] and analyzed in [24].

The paper is organized as follows. In Section 2 the semi-Lagrangian method is
introduced and the first order method is described; in Section 3 higher order methods
are presented, based on BDF or DIRK schemes for time integrations; the possibility to
avoid interpolation is investigated in Section 4. For simplicity, all schemes are described
for the 141D BGK model. In Section 5 we describe how to extend the methods to 1D
in space and 3D in velocity in slab geometry (Chu reduction [8]). Numerical results
are shown in Section 6, with the aim of showing the performance and the accuracy of
the proposed methods in various examples. Results and future developments are briefly
commented on in Section 7.

More precisely, from the BGK model, to zero-th order in e, one obtains the compressible Euler
equations in the fluid-dynamic limit, while to first order in e, the moments satisfy equations of com-
pressible Navier—Stokes type, but with the wrong value for the Prandtl number. This problem can be
fixed by resorting to the so-called ES-BGK model [16], but in the present paper we shall restrict to the
classical BGK model.
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2. Lagrangian formulation and first order scheme

We shall restrict to the BGK equation in one space and velocity dimension (namely
d=N=11in (1.1), (1.2)). In the Lagrangian formulation, the time evolution of f(z,v,t)
along the characteristic lines is given by the following system:

af 1

? = (M[f]- 1),

ar _ (2.1)
at

I(O)Zf, f(.r,’U,O):fo(ﬂf,’U), 75207 33,’UER.

For simplicity, we assume constant time step At and uniform grid in physical and veloc-
ity space, with mesh spacing Az and Awv, respectively, and denote the grid points
by t"=nAt, z;=x0+1Ax,i=0,...,N,, vj=7Av,j=—N,,...,N,, where N,+1 and
2N, +1 are the number of grid nodes in space and velocity, respectively, so that [zg,2 v, ]
is the space domain. We also denote the approximate solution f(x;,v;,t") by i
Relaxation time € is typically of the order of the Knudsen number, defined as the ratio
between the molecular mean free path length and a representative macroscopic length;
thus, the Knudsen number can vary in a wide range, from order greater than one (in
rarefied regimes) to very small values (in fluid dynamic regimes).

tn+1 1

tni

Ti—2 7; Ti-1 T Tit1

F1G. 2.1. Representation of the implicit first order scheme. The foot of the characteristic does
not lie on the grid, and some interpolation is needed to compute f[;

For this reason, if we want to capture the fluid-dynamic limit, we have to use an L-stable
scheme in time. An implicit first order L-stable semi-Lagrangian scheme (Figure 2.1)
can be achieved in this simple way

At

n+l__ fn | =Y
it

iy

(MIfI = £ (2.2)

¥

The quantity f[JL ~ f(x; —v;At,vj,t™) can be computed by suitable reconstruction from
{f%}; linear reconstruction will be sufficient for first order scheme, while higher order
reconstructions, such as ENO or WENO [6], may be used to achieve high order avoiding
oscillations. The convergence of this first order scheme has been studied in [24].

MIf] ?jﬂ is the discrete Maxwellian constructed with the macroscopic moments of f7*1:

n+1 L 7_L+1 2
M[f};t_«kl:M[f}(mi,vj’tn—i-l): £ ea?p(—(vj U, 1) )
! [on RT™ 1 QRTin+
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This formula requires the computation of the discrete moments of f*!, through a
numerical approximation of the integrals in (1.3). This is obtained in the following
standard way?:

pitt= Z N, fi A,
uptt = an Z]——N v [ Aw, (2.3)
E;H—l :Z;V_ N, 2 ]fn—HAU

From now on, we will denote formulas in (2.3) with the more compact notation:
(P (pu) P EMTY)y = m[ 1], where, in general, m[f] will indicate the approximated
macroscopic moments related to the distribution function f.

Now it is evident that equation (2.2) cannot be immediately solved for f"Jrl Itisa
non-linear implicit equation because the Maxwellian depends on f"t! itself through its
moments. To solve this implicit step one can act as follows. Let us take the moments
of equation (2.2); this is obtained at the discrete level multiplying both sides by ¢;Av,
where ¢; ={1,v;,07} and summing over j as in (2.3). Then we have

AUZ n—i—l n Qb AUQZ(M[f]n—H f7l+1)¢j7

J

which implies that

S e =Y fres,
J

J

because, by definition, the Maxwellian at time t"*! has the same moments as f"*! and
we assume that equation (2.3) is accurate enough. This in turn gives

mlf = m(f}!]. (2.4)

Once the Maxwellian at time t"+1 is known using the approximated macroscopic mo-
ments m/[f"], the distribution function f;“ can be explicitly computed as

7 1
Frl— efi;+ AtMZLjJr

ntrl_— 2.5
K e+ At (2.5)

This approach has already been used in [24, 25, 27], and in [22] in the context of Eulerian
schemes.

2The left-hand sides of (2.3) correspond to the moments of the continuous Maxwellian Min+1(v) =
prtt P2
\/27rRTi"+1
f711 and therefore they are not exactly equal to the moments of the discrete Maxwellian MZ"Ll =

1 1
p;l‘F + )2

2R
a:{ld the number of points in velocity space is large enough, because midpoint rule is spectrally ac-
curate for smooth functions having (numerically) compact support. However, for small values of Ny,
such discrepancy can be noticeable. To avoid this drawback, Mieussens introduced a proper discrete
Maxwellian [18, 17]. The computation of the parameters of such Maxwellian requires the solution of
a non-linear system. A comparison between the continuous and discrete Maxwellian can be found, for
example, in [1]. Here we shall neglect this effect, and assume that, using equation (2.3), MZT;JFI, and

(v—u;
QRT”+1

exp(— ); the right-hand sides are obtained by taking the discrete moments of

(vj—u
nt1
2RT]

exp(— ). The discrepancy is very small if the distribution function is smooth

M;L+l(v) have the same moments with sufficient approximation.
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3. High order methods

3.1. Runge—Kutta methods. The scheme of the previous section corresponds
to the implicit Euler method applied to the BGK model in characteristic form. High
order discretization in time can be obtained by Runge-Kutta or BDF methods.

In [25, 27], the relaxation operator has been dealt with an L-stable diagonally im-
plicit Runge-Kutta (DIRK) scheme [15]. DIRK schemes are completely characterized by
the triangular v x v matrix A= (a;;,), and by the coefficients vectors c=(1,...,¢,)T and
b=(by,...,b,)T, which are derived by imposing accuracy and stability constraints [15].

DIRK schemes can be represented through the Butcher’s table

c| A
b

Here we consider the following DIRK schemes

3 0 0

o « 0 2 Y
RK2— 1 |1a o RK3— (T0/2)0=%/2 7 0
1 1 1-6-—9 4
- @ ‘ R T

which are a second and third order L-implicit schemes, respectively [3]. The coefficient
a is

V2

2 )
while v is the middle root of 623 — 1822 49z — 1, 7~ 0.4358665215, and 6§ =3/2v2 — 5y +
5/4~—0.644363171. Both RK schemes have the property that the last row of the ma-
trix A equals QT, therefore the numerical solution is equal to the last stage value. Such
schemes are called “stiffly accurate”. An A-stable scheme which is stiffly accurate is
also L-stable [15].

Here we illustrate the application of the DIRK schemes RK2 and RK3 to the charac-
teristic formulation of the BGK equation (first equation in (2.1)).
We have to point out that, in a semi-Lagrangian DIRK scheme with v stages, the
intermediate stage values, that will be denotes by a capital F', are computed along
the v-characteristics corresponding to each x; and v; (see Figures 3.1 and 3.2). Then
we need two indices, one for the characteristic and one for the stage value. In de-
tail, Fi(;’e) will be the /-th stage value along the s-th characteristic. When ¢=0,

Fl-(js’o) :f(t”,a:i—csAtvjmj), where f is a suitable reconstruction of f obtained from

{f5}, that is, Fi(js’o) are the values of the distribution function at the feet of the char-
acteristics at time t". High order methods in time are coupled with high order inter-
polation techniques in space; in Appendix A. we show the WENO [6] reconstruction
adopted in this paper.

3.1.1. RK2. The expression of RK2 (see Figure 3.1) applied to the BGK
equation (2.1) is:

a=1-—

2,0 2,1 2,2
= F2O L Ap (b KD 4 b, K22, (3.1)

where

2,0) 1 2,0 2,0
K¢ ):g(M[Fi(j N-F2Y), =12,
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1 2,2

T2 Ti—1 iZH— - Fz(] )
2£n+l —
" + ClAt —
tn —

Fia. 3.1. Representation of the RK2 scheme. The black circles denote grid nodes, the gray ones
the points where interpolation is needed. Note that since we use a stiffly accurate scheme, the numerical

n—+1

solution f is equal to the second stage value Fg’z).

denotes the RK fluxes on the second characteristic z =x; +v;(t—¢""1), and

FY=F> m—f—AtZag KSR r=12,

are the stage values along the second characteristic. ~Moreover FZ-(J-Q’O): fma;—
CgAtUj,’Uj).
D we have first to compute

Fi(jl’l) on the grid. Indeed, it is worth noticing that the /-th stage value, say Fi(f’[), is

evaluated by solving an implicit equation involving only FZ-(J-z’Z)7 since the previous stage
values have already been computed, due to the triangular structure of the matrix A. In

In order to solve the implicit equation involving Fi(j2

our case this is not so easy, in particular for Fi(jz’l), because the point () corresponding
to first stage along the second characteristics in general is not a grid point, and it is
not possible to compute the moments of the Maxwellian at that point in space-time;
indeed, after multiplying by ¢; and summing over j, the elements of the sum would
be computed in variable space points, so we could not take advantage of the useful

properties of the collision invariants. For this reason, we need two kinds of stage values:

the stage values along the characteristics, Fi(jz’l) and F, Z.(f’z),

grid, Fi(jl’l) (see Figure 3.1).

Thus, we compute Fz-(jl’l) in the grid node using the implicit first order methods

with time step ¢1 At =aq1At, that is

and the stage values on the

EFi(jl’O) +a11AtMi(jl’1)
€+a11At

(11 _
Fim =

The Maxwellian Mi(]-l’l) =M [Fi(jl’l)] can be evaluated by means of the macroscopic

moments m[FZ-(_l’O)}, using an argument similar to the one adopted in (2.4). FZ(; 0
f(t" zi—e Atv;j,v;) can be computed by interpolation.

Once the implicit step is solved, that is, the first stage value Fi(jl’l) along the grid

1)

is computed, we are able to compute the first stage value F( "/ along the second char-

acteristic, by interpolation from the values of F (11,
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Then the second stage value Fi(jg,z) can be computed by

1
F22 = 20 4 Ay (aglK(”) taz - (M[F®?] - F(.Q‘Q))) . (3.2)

ij ij ij ij ij

Equation (3.2) can be solved using the same technique adopted for the implicit first
order scheme: taking the moments of both sides of equation (3.2), we can compute

the moments of Fi(jg,z) since the elements of the sum on j containing the Maxwellian

M [Fi(],Q’Q)] are now on fixed space points. Indeed
At
S (P -0 - dtan K )y =an T S (1S FS o5 =0.

J J

thus the moments are given by m[FZ-(_z’Q)} :m[Fl-(_z’O) +Ata21Ki(.2’1)
M [Fi(f’Z)] and solve the implicit step for Fi(J-Z’Q).

Notice that f'?j+1 :Fi(]»2’2), because the scheme is stiffly accurate, i.e., the last row
of the matrix A is equal to the vector of weights.

3.1.2. RK3. The RK3 scheme works in a similar way, and Figure 3.2 shows the
procedure.

], so we can compute

fn+1 |

2,2 3,2
F2 FyY)
t" + ey At —
””” 274 charac.
t" + e At —
1--- 1% charac.
" — :

h ~
73 706) 76) 72 7@ z1)

F1c. 3.2. Representation of the RK3 scheme. The black circles denote grid nodes, the gray ones
the points where interpolation is needed. Note that since we use a stiffly accurate scheme, the numerical

solution fnt!

i is equal to the third stage value Fi(j?”?’).

Algorithm (RK3)
- Calculate

Fi(jfo) f(tn,j(l) in—(}ﬂ}jAt,Uj),
Fl-(jfo) = f(tn,.’f?@) =T; — CQ’UjAt,’Uj),

FZ(?O) = f(tn,fi'(?’) =Z; —’UjAt,’Uj)

by interpolation from { f’;},
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- Calculate Fi(jl’l) in the grid node using the technique (2.4), (2.5), with At
replaced by ¢; At. Given Fl(vl’l) one can compute Fv(vz’l) and F@’l) respectively

along the second and the third characteristic, by interpolation from F; D

#® =2; — (ca—c1)v;At and %) =z; — (1 —¢;1)v;At, and then evaluate K( D=

1 21 p1) @y _1 CROIECRVAN

€<M[F] |- F;; and K; == M[Fm ]—Fij ;

- Calculate Fl(] 2 in the grid node using a procedure similar to the RK2 scheme

described in the previous section with time step coAt. Given FZ-(]-2’2)7 one can

2)

calculate F(?” by interpolation from F(2 D in 56 =g, — (1—co)v;At and then

evaluate K(3 - . (M[F.(?”Q)] —Fi(f”Q)) along the third characteristic;

- Now one can update an taking into account that the method is stiffly accu-
rate, using the propertles of the collision invariants to solve the implicit step,

1
frt=FY = F<30>+At<b1 KD 40,157 + bE(M[Fi(J?”3)]—FZ.(j3’3))).

3.1.3. Summary of the Runge—Kutta schemes. Three schemes based on
RK are tested in the paper:
- scheme RK2W23: uses WENO23 for the interpolation and RK2, as described
above, for time integration;
- scheme RK3W23: uses WENO23 for the interpolation and RK3, as described
above, for time integration;
- scheme RK3W35: uses WENO35 for interpolation and RK3 for time integra-
tion.

REMARK 3.1. In practice, the Runge-Kutta fluxes can be computed from the internal
stages. For example, using RK2, we have

(1,1) (1,0)
1 F = F
K»(»Ll) = (M F(l,l) (1 1) ]
The latter expression can be used in the limit € — 0.
3.2. BDF methods. In this section we present a new family of high order

semi-Lagrangian schemes, based on BDF. The backward differentiation formulas are
implicit linear multistep methods for the numerical integration of ordinary differential
equations 3’ = g(t,y) [15]. Using the linear polynomial interpolating y™ and y"~! one
obtains the simplest BDF method (BDF1) that corresponds to backward Euler, used in
Section 2.

Here the characteristic formulation of the BGK model, that leads to ordinary dif-
ferential equations, is approximated by using BDF2 and BDF3 methods, in order to
obtain high order approximation. The relevant expressions, under the hypothesis that

the time step At is fixed, are:

4 .1 2

BDF2:= y"t!= 39" - gy"_l + gAtg(t"+17y"+1), (3.3)
18 9 2

BDF3:= y"* -y =y At RNVl 4

3= YT =gy gy YT g ATy, (3.4)
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The stability properties of these schemes are adequate to treat the stiffness of the BGK
operator even in the limit e —0 [15].
Here we apply the BDF methods along the characteristics.

3.2.1. BDF2. The numerical time integration of the first equation in (2.1), to
the second order accuracy adopting BDF strategy, is easily obtained using (3.3):

4 1 2 At
BDF2:= fntl_— nl_ ~ n-12, 224 Mt n+1 35
S =gy = ET e S MU - £, (35)
where fzj_(s_l)’s ~ f(t"==Y 2; — sv; At,v;) can be computed by suitable reconstruc-
tion from {f‘?_(s_l)}; high order reconstruction will be needed for BDF2 and BDF3
schemes, and again we make use of WENO techniques [6] for accurate non-oscillatory
reconstruction.

tn+l |

tni

t’rLfl |

f? '{il ‘ri I’i_’_]

Fia. 3.3. Representation of the BDF2 scheme. The black circles denote grid nodes, the gray ones
the points where interpolation is needed.

To compute the solution f"Jrl from equation (3.5), also in this case one has to
solve a non-linear implicit equatlon. We can act as previously done for the backward
Euler method, by taking advantage of the properties of the collision invariants. Thus
we multiply both sides of equation (3.5) by ¢; and sum over j, getting

2A
Z(f:j“f"1+ i ”)% tZ(M[f]"“ FiHes,
J J

which implies that

Z(fn+1) Z(;lfgl ; n— 12>¢j’

J

so in equation (3.5) we can compute M| f"“} with the usual procedure, adopting the
approximated macroscopic moments

4

(B =

n,1 1 n—1,2
3fi. 3fi. ] (3.6)
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Once the Maxwellian M| f[}“] is computed, the distribution function value f;’j"'l can
be easily obtained from schemes (3.5) for BDF2. The procedure for BDF2 is sketched
in Figure 3.3 and described in the following algorithm.

Algorithm (BDF2)
- Calculate f;3~ e o =1; — 20 At,v;), f =f@t" T =x; —vjAt,v;) by
interpolation from f? L and 7}, respectively;

- Compute the Maxwellian M| f{;“} using (3.6) and upgrade the numerical solu-
tion fi"JiH.
A similar algorithm is obtained using BDF3, as we will see in the next subsection.

3.2.2. BDF3. The numerical solution of the BGK equation in (2.1), to the third
order of accuracy using BDF methods, is obtained applying (3.4) to the first equation
n (2.1):

18 9 6 At
n+1 Z yn 1, 2 n— 23 =y n+1 n+1
f z_] 11 1] f 11 e (M[f] f )? (3'7)

where f;'; (#=1* can be computed by suitable reconstruction from { £ (s=Dy,

gl Ti—2 Tiq fZgL'H
" |
.
3 7@ 0 T o

Fia. 3.4. Representation of the BDF3 scheme. The black circles denote grid nodes, the gray ones
the points where interpolation is needed.

To compute the solution fZ;-H from equation (3.7) we need again to take moments
of such equation

A
S (- T A e = S MU - £ )6,
J J

which implies that

Z(f-nJrl)(b _Z<]1§f£ 191 n— 12 fn 23)(25]‘7

J
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so in equation (3.7) we can compute M| fZH} with the usual procedure, adopting the
approximated macroscopic moments

18

n+1 n+1 E'_rLJrl _ -°
( ? (3 ) 11

9 2
n,l 7 _nfl,2 s fnf273
pi T (pu); fi. Hfz. +11fr ‘
;7" can be
easily obtained from schemes (3.7) for BDF3. This procedure is sketched in Figure 3.4.
To compute the starting values 21] for BDF2 and Z-1j7 3 for BDF3 we have used,
as predictor, Runge-Kutta methods of order 2 and 3, respectively.

Once the Maxwellian M| f;;“] is computed, the distribution function value f7?

3.2.3. Summary of the BDF schemes. Three schemes based on BDF are
tested in the paper:

- scheme BDF2W23: uses WENO23 for the interpolation and BDF2, as described
above, for time integration;

- scheme BDF3W23: uses WENO23 for the interpolation and BDF2, as described
above, for time integration;

- scheme BDF3W35: uses WENOS35 for interpolation and BDF3 for time inte-
gration.

At variance with Runge-Kutta methods, BDF methods do not need to compute in-
termediate stage values, and the implicit step for the Maxwellian is solved only once
during a time step. Moreover, we have to interpolate in fewer out-of-grid points (for
instance, we have to perform only 3 interpolations in a time step using BDF3, versus 6
interpolations needed to advance one time step using a DIRK method of order 3). This
makes BDF methods very efficient from a computational point of view.

4. Semi-Lagrangian schemes without interpolation

As we can observe, the cost of the schemes presented above is mainly due to the
interpolation, especially when we use high order interpolation techniques.

In order to reduce the computational cost we look for schemes that avoid interpo-
lation. The key idea is to choose discretization parameters in such a way that all the
characteristics connect grid points in space. This is obtained, for example, by choosing
AvAt=Ax (see Figure 4.1).

v, = Av
tn+1 |

t’n

Xi—3 Li—2 Ti—1 )

Fic. 4.1. Implicit first order scheme without interpolation.

This choice corresponds to solving the equation at each characteristics by implicit
Euler, thus resulting in a first order method in time. In order to increase the order of
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accuracy one can resort to BDF or RK time discretization. BDF2 and BDF3 can be
easily applied in this setting.

The use of higher order RK schemes requires that the stage values lie on the grid as
well. This is obtained by imposing AvAt=sAx, s€N. In this case the coefficients of
the vector ¢ must be multiples of 1/s. Moreover we need a L-stable scheme. Imposing
accuracy and stability constraints on the coefficients of the Butcher’s table, together
with the fact that coefficients of the vector ¢ must be multiples of 1/s, we obtain some
DIRK methods of second and third order, using, respectively, s=3 and s=4.

Using schemes that avoid the interpolation, the choice of the time step is determined
by the others discretization steps, and the CFL number is fixed to sN,. This means
that we have very large time step. An example of a Runge-Kutta method that avoids
interpolation is the following

1/3]1/3 0
1 |3/4 1/4
| 3/4 1/4.

This is a second order method, diagonally implicit and L-stable, because it is stiffly-
accurate and A-stable, and allows us to avoid interpolation using s=3.

These schemes are much simpler to implement and therefore each time step can be
advanced very efficiently. However they require a very fine grid in space. A comparison
with more standard semi-Lagrangian methods that make use of interpolation will be
presented in the Section 6 on numerical results.

5. Chu reduction model

These methods have been extended to treat problem in slab geometry, which are
3D in velocity, 1D in space. The technique used is the Chu reduction [8], which, under
suitable symmetry assumption, allows the transformation of a 3D equation (in veloc-
ity) into a system of two equations 1D (in velocity), to which the schemes previously
introduced can be applied.

We consider the application of BGK equation to problems with axial symmetry
with respect to an axis (say, 1 =x), in the sense that all transverse spatial gradients
vanish, and the gas is drifting only in the axial direction. In such cases, distribution
functions f(x,v,t) depend on the full velocity vector v (i.e., molecular trajectories are
three-dimensional) but dependence on the azimuthal direction around the symmetry
axis is such that all transverse components of the macroscopic velocity u vanish (i.e.,
Uy =U3 = 0)

Let us introduce the new unknowns

g (z,0,t)= | f(x,v,t)dvedvs, go(x,v,t) z/ (v3 4v3) f(z,v,t) dvadus, (5.1)
R2 R2

each depending only on one space and one velocity variable v=v;. Multiplication of

(1.1) by 1 and (v3+v3) and integration with respect to (v2,v3) € R? yields then the

following system of BGK equations for the unknown vector g=(g¢1,92), coupled with

initial conditions

8g,; 397:
otV ow

:é(M[f]l—gZ), (x,U,t)ERXRXR+7 (52)

gi($7v70) :gi,O("E/U)u 1= 172
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The BGK system (5.2) describes a relaxation process towards the vector function
(M[f]1,M][f]2), which is obtained by Chu transform of (1.2) with N =3 and has the
form

(M[f]1,M[fl2) = (M[f]1,2RT M[f]1),
where

o), (Gl

Mifh= 2nRT (t,x) o 2RT(t, )

The macroscopic moments of the distribution function f, needed to evaluate M|f]; are
given in terms of g; and go as:

1
P:/gldv, U:*/thﬂ
R P IR
1 2
BRT=—| | (v—u)’g1dv+ | g2dv]|.
P LR R

The following relation will be useful to solve the implicit step:
[ rlfls =g ot [ (17— g)do=o (53)
Indeed
3RTp:/R(v—u)QM[f}1dv+2RT/RM[f]1dv

and also

3RTp:/(v—u)ledv+/ggdv.
R R

Taking the difference we obtain (5.3).
The discrete version of the first order implicit scheme (in a similar way one can
extend to high order schemes) of (5.2) is

At
g:j]l_ggzy_ki(Mnfl_gnfl)v s=1,2. (54)

5,27 5,1)

To solve the implicit step we have to compute m[g}“[l]. The density pl'™ and the
momentum (pu)? ™ can be easily computed multiplying the first equation of (5.4) by 1

and v; and summing over j. In this way we get

ot = Angl i (pu) :szng{ﬁij.

J

To obtain the temperature Ti"H, instead, we have to multiply by (v; —u;)? and by 1
respectively the first and the second equation of (5.4), and than summing over j.
Now, using the discrete analogue of (5.3):

1 1
AUZ P(MyE =gt + A (M — g5t =0,
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one can compute the temperature 7" in this way:
3R = sz —u;)2 gy i +AngQ i
i

Once the new moments p}'" (pu)"Jr1 and Ti”+1 are computed, we can solve the implicit

step and upgrade the numerlcal solution.

6. Numerical tests

We have considered two types of numerical tests with the purpose of verifying the
accuracy (test 1) and the shock capturing properties (test 2) of the schemes. Different
values of the Knudsen number, represented by the relaxation parameter €, have been
investigated in order to observe the behavior of the methods varying from the rarefied
(e~1) to the fluid (e ~107%) regime. We use units for temperature such that R=1.

In the first part of the section we consider the 1D model and we explore the choice
of the optimal CFL. A comparison between semi-Lagrangian schemes with and without
interpolation is also presented. The second part of the section is devoted to the results
obtained by the method applied to the 1D space-3D velocity case in slab geometry (Chu
reduction).

RK1L method, L1 norm Density error at different mesh RK1L method, L1 norm Density order at different mesh
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Fic. 6.1. L1 error and accuracy order of implicit Euler methods coupled with linear interpolation,
varying €, using periodic boundary conditions.

6.1. Test 1: regular velocity perturbation. This test has been proposed in
[22]. Initial velocity profile is given by

u=0.lexp(—(10z —1)%) —2exp(— (102 +3)?), z€[-1,1].

Initial density and temperature profiles are uniform, with constant value p=1and T'=1.
The initial condition for the distribution function is the Maxwellian, computed by

given macroscopic fields. To check the accuracy order the solution must be smooth.

Using periodic or reflective boundary conditions, we observe that some shocks appear

in the solution around the time ¢ =0.35, so the accuracy order has been tested using a

final time ¢y =0.32, which is large enough to reach thermodynamic equilibrium.

In all tests N, =20 velocity points have been used, uniformly spaced in [—10,10]. For

the time step, we set At =CFL A% /U4, and we have used CFL=4. The spatial domain

s [-1,1].

We have compared the following methods:

- First order implicit Euler coupled with linear interpolation (see Figure 6.1);
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RK2W23 method, L, norm Density error at different mesh RK2W23 method, L, norm Density order at different mesh
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Fia. 6.2. Ly error and accuracy order of RK2W23 and BDF2W23, varying €, using periodic
boundary conditions.

- RK2W23 and BDF2W23 as second order methods (see Figure 6.2);

- RK3W23 and RK3W35 (see Figure 6.3), BDF3W23 and BDF3W35 (see Fig-
ure 6.4) as third order methods;

Figures 6.1-6.4 show the L; error and the rate of convergence related to macro-
scopic density of the schemes using periodic boundary conditions. The same behavior
is observed when monitoring the error in mean velocity and in energy.

Remarks.

- In most regimes the order of accuracy is the theoretical one. More precisely all
schemes maintain the theoretical order of accuracy in the limit of small Knudsen
number, except RK3-based scheme, whose order of accuracy degrades to 2,
with both WENO23 and WENO35 interpolation. Some schemes (RK2W23,
RK3W35, BDF2W23, BDF3W35) present a spuriously high order of accuracy
for large Knudsen number. This is due to the fact that for such large Knudsen
number and small final time most error is due to space discretization, which in
such schemes is of order higher than time discretization.

The most uniform accuracy is obtained by the BDF3W23 scheme.

- Most tests have been conducted with periodic boundary conditions. Similar
results are obtained using reflecting boundary conditions (see Figure 6.5).

6.2. Optimal CFL. The semi-Lagrangian nature of the scheme allows us to avoid
the classical CFL stability restriction. In this way, one can use large CFL numbers in
order to obtain larger time steps, thus lowering the computational cost. How much can
we increase the CFL number without degrading the accuracy?
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RK3W23 method, L1 norm Density order at different mesh
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Fic. 6.5. Ly error and accuracy order of RK3 and BDF38 methods coupled with WENO23, varying
e, using reflective boundary conditions.
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Fic. 6.7. Optimal CFL number. Left: RK3; Right: BDF3. From top to bottom: WENO2S3,
WENOS35.

Consistency analysis of semi-Lagrangian schemes [10] shows that the error is composed
by two part: one depending on the time integration and the other depending on the
interpolation. Therefore, if we use a small CFL number, the time step will be small and
the error will be mainly due to the interpolation.

On the other hand, if we use a big CFL number, the error will be mainly due to the time
integration. This argument leads us to think that there is an optimal value of the CFL
number, that allows us to minimize the error. Figures 6.6 and 6.7 show this behavior.
Each picture shows the L, error of the macroscopic density of the previous smooth
initial data, varying the CFL number from 0.05 to 20. The grid of the CFL values is
not uniform because we want to work with constant time step until the final time, that
for this test is set to 0.3. The error is computed using two numerical solutions, obtained
with N, =160 and N, =320. The Knudsen number is fixed to the value 10~%.

When the accuracy in space is not much larger than in time, as in the case of RK2W23,
RK3W23, BDF3W23, an evident optimal CFL number appears, since in such cases
interpolation error and time discretization error balance out.

If space discretization is much more accurate than time discretization, the optimal CFL
number decreases. Note that with the same formal order of accuracy, the optimal CFL
number is larger for schemes based on RK than for schemes based on BDF, because RK
based schemes have a smaller error constant.

6.3. Test 2: Riemann problem. This test allows us to evaluate the capability
of our class of schemes in capturing shocks and contact discontinuities. In particular, we
are interested in the behavior of the schemes in the fluid regime. Here we illustrate the
results obtained for moments, i.e., density, mean velocity and temperature profiles, for
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RK3W35 method, £=1072, CFL=2, N, =200, N =30 RK3W35 method, £=10"°, CFL=2, N =200, N, =30
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F1G. 6.8. RK3W35 scheme. Riemann problem in 1D space and velocity case. Left: e=10"2;
Right: e=10"5. From top to bottom: density, velocity and temperature.

e=10"2 and e=1079 (see Figures 6.8 and 6.9). The spatial domain chosen is [0,1] and
the discontinuity is taken at =0.5. The initial condition for the distribution function
is the Maxwellian computed with the following moments: (pr,ur,Tr)=(2.25,0,1.125),
(pr,ur,Tr)=(3/7,0,1/6). Free-flow boundary conditions are assumed. The final time
is 0.16. These tests have been performed using NV, = 30 velocity nodes, uniformly spaced
in [—10,10].

As shown in Figures 6.8 and 6.9, the schemes are able to capture the fluid dynamic limit
for very small values of the relaxation time, relevant to regimes in which the evolution
of the moments is governed by the Euler equations.

6.4. Semi-Lagrangian schemes without interpolation. As discussed in
Section 4, semi-Lagrangian schemes avoiding interpolation are very advantageous from
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F1G. 6.9. BDF3W35 Riemann problem in 1D space and velocity case. Left: e=10"2; Right:
e=10"5. From top to bottom: density, velocity and temperature.

a computational point of view. In Figure 6.10 we compare the CPU time and the L,
error of the schemes with and without interpolation. At third order of accuracy the
relation between CPU time and error is better for the scheme without interpolation
using N, =20. The relative effectiveness of such schemes with respect to the ones that
require interpolation decreases when increasing the number of velocities. However, these
results are just indicative, as the schemes should be implemented efficiently.

6.5. Numerical results: Chu reduction. Also for the problem 3D in velocity
we have considered two numerical tests, that are aimed at verifying the accuracy and
the shock capturing properties of the schemes. Different values of the Knudsen number
have been investigated in order to observe the behavior of the methods varying from
the rarefied to the fluid regime.



M. GROPPI, G. RUSSO, AND G. STRACQUADANIO 409

N,=20,¢= 1072
2 v
10 - - - :
o - -BDF2
X —>—BDF2W23
ol w - % -RK2 Il
O ——RK2W23
o, -+ -BDF3
~ —o—BDF3W23
10 —=—BDF3W35 fj

8

O 10k E

k7]

[=4

[

o el ]
1074 E
107 E

107 ° 10' 10° 10°
CPU time

Fi1c. 6.10. CPU time and L1 error varying Ny.

RK3W23 method, L' norm, Density error at different mesh RK3W23 method, L1 norm, Density order at different mesh
10" 35 T T d T T T
o N,=160-320 ..
107 + N,=320-640 v owwx Lty
Kl w88 © 606 O OOCo & 885 & & ]
+ N =640-1280 ¢ 9e poew ¥
10° o N =1280-2560
X 25 1
3 00 0 000
e 0 00y J
5 o, 000 O © 5
:‘:) * B ey £ o ',g 2 = N =160-320-640
> e R RS S + N =320-640-1280
G e b ¥ 00® L 7 D X
2 +oay, * * 2. o N =640-1280-2560
8 w0 + 4+t 3 .
o 00 o0 ooo AT -
© ogq + et
o7 LI N bo0 ©© ] b 1
% 440
0" o o 1 05l R
oo
107 9
10° 107 10" 107 107 10" 10° 10' 10° 10° w0 10° o* 10° 10 o
Knudsen number Knudsen number
BDF3W23 method, L1 norm, Density error at different mesh BDF3W23 method, L| norm, Density order at different mesh
10 g ] ‘ ] ; 35FT T T T T T T
o N =160-320 . .
w0k + N =320 * +y
N,=820-640 3k o 99 9999 ¢ ¢% 5888 © 0o g eee o
+ N =640-1280 M TR
w0l X M N
o N =1280-2560
25
107 E ]
5 O 00 0000 o o)
gl ey 00 001 g + N =160-320-640
o
> R o eme % o > + N, =320-640-1280
% L T, e 0T . 2. o N, =640-1280-2560
o s e, . T a
° © 0 0 ooo *
o 0 00 ° o o ©° 1
ol oo, + o 00 ]
10 E °© o ] 05
oo
107 E 1
00 o e o 07 o o 10! 10" 107 10 107 107 10" 10° 10'
Knudsen number Knudsen number

Fia. 6.11. Ly error and accuracy order of RK3 and BDF3 methods coupled with WENO23,
varying e, using reflective boundary conditions related to the 1D space-3D wvelocity problem.

The initial data for test 1 is the same as the corresponding test problem 1D in velocity,
whereas the data for the second one is different. For the Riemann problem in this
case, the initial condition for the distribution function is again a Maxwellian, having
now the following initial macroscopic moments: (pr,ur,7r)=(1,0,5/3), (pr,ur,Tr)=
(1/8,0,4/3). As in the previous cases, free-flow boundary conditions are imposed. The
final time is 0.25. This test has been performed using NV, =30 velocity nodes uniformly
spaced in [—10,10].

We will show only the order of accuracy related to the schemes RK3W23 and BDF3W23
(Figure 6.11) using reflective boundary conditions, since we get essentially the same
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results of the 1D case. In this test CFL=2 and the final time is 0.4. Regarding the
Riemann problem we will show a comparison with the solution of the gas dynamics, for
€=1079, see Figure 6.12. As shown by the results, also in this case the scheme is able
to capture the fluid dynamic limit for very small values of the relaxation time, relevant
to regimes in which the evolution of the moments is governed by the Euler equations.

7. Conclusions

This paper presents high order shock capturing semi-Lagrangian methods for the
numerical solutions of BGK-type equations.
The methods are based on L-stable schemes for solution of the BGK equations along
the characteristics, and our numerical tests show that they are asymptotic preserving,
namely they capture the solution of the underlying fluid dynamic limit. This is evident
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for instance in Figure 6.12, where the macroscopic moments of f for small values of
(=1075) and the numerical solution of Euler equations are indistinguishable.

The semi-Lagrangian nature of these schemes allows us to avoid the classical CFL
restriction on the time step. In this sense the schemes are competitive with the IMEX
approach [22], even if, in general, interpolation is required.

Two families of schemes are presented, which differ for the choice of the time integrator:
Runge-Kutta or BDF. A further distinction concerns space discretization: some schemes
are based on high order reconstruction, while others are constructed on the lattice in
phase space, thus requiring no space interpolation.

Numerical experiments show that schemes without interpolation can be cost-effective,
especially for problems that do not require a fine mesh in velocity. In particular, BDF3
without interpolation appears to have the best performance in most tests. Such schemes
can be seen as an evolution, towards high accuracy, of the methods used in [12], where
the authors studied applications of GPUs to simulations of rarefied gases using BGK
models. Schemes with simple patterns are suitable for implementation by GPUs. In
this regard, semi-Lagrangian schemes avoiding interpolation seem very suitable for this
kind of simulations.

Future plans include extension of such schemes to problems in several space dimensions
and treatment of more general boundary conditions. Moreover, applications of these
schemes to the numerical approximation of BGK equations for mixtures of rarefied
gases, either inert [2] or reactive [13, 5], are in progress.

Appendix A. In order to obtain high order accuracy and to ensure the shock
capturing properties of the proposed schemes near the fluid regime, a suitable non-
linear reconstruction technique for the computation of f;’; is required. ENO (essentially
non-oscillatory) and WENO (weighted ENO) methods [28] provide the desired high
accuracy and non-oscillatory properties. Both methods are based on the reconstruction
of piecewise smooth functions by choosing the interpolation points on smooth the side
of the function. In ENO methods these points are chosen according to the magnitude
of the divided differences evaluated by two candidate stencils. In WENO methods the
different polynomials defined on the stencils are weighted in such a way that in a smooth
region high order is recovered, and in presence of singularity the smooth side is taken. In
the next two paragraphs we briefly recall the pointwise WENO reconstruction described
in [6].

A.1. A general form of WENO interpolation. Given a set of values
V ={v;}jer of a function v on a space grid xz;, j € I, the aim is to obtain an accurate
reconstruction of v at any point of the space interval.

To construct a WENO interpolation of degree 2n—1 on the interval [x;,2;41], we
start from the Lagrange polynomial built on the stencil S={z;_,41,...,2j4n} and
written in the form:

Q@)=Y Ci(w)Py(x), (A1)
k=1

where the linear weights C}, are polynomials of degree n—1 and the Pj are polynomials
of degree n interpolating V' on the stencil Sy, ={z;_n+tk,...,Tj+x}, k=1,...,n. The linear
weights C}, have to satisfy, due to (A.1) and to the definition of the polynomials Py, the
following properties: they should vanish at the nodes outside S, and in the nodes of
S the non-zero weights should have unit sum [6]. In the final reconstruction, in order
to guarantee non-oscillatory behavior, the linear weights are replaced by the non-linear
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weights wy, which are constructed in order to obtain an approximation of the highest
degree according to the smoothness of v. The regularity of v is checked by means of the
smoothness indicators [, whose expression is:

L
H=3" / A1 (PO) dz. (A.2)
1=1""i
The non-linear weights are defined as
()
= 5 A.3
=5 ) -
where
Cr(x)
pr— A.4
O[k(l') (/Bk—F(S)Z’ ( )

with 6 a properly small parameter, usually of the order of 1076,
Last, the WENO reconstruction of the values V ={v,},e; reads

IV](2)=> wi(z)Pi().

k=1

A.2. Second-third order WENO interpolation (WENO23). To construct
a third order interpolation we start from two polynomials of degree two, such that

IV|(z)=wr Pr(x) +wr Pr(x),

where Pr(x) and Pr(x) are second order polynomials relevant to nodes z;_1,2;,2 41
and ;,2j41,% 42, respectively. The two linear weights Cr and Cg are first degree
polynomials in x, and according to the general theory outlined thus far, they read as

Tj42 — T T —Tj—1
CL == = Cr=—7—"—;

3Ar 0 F 3Ax
the expressions of ay, ar, wr, and wr may be easily recovered from the general form.

The smoothness indicators have the following explicit expressions

13, 16, 25, 13 13 19
Br="13vi-1t 3Vt gV — 3 V-1V T Vi1 T 5 Vi,

13, 16, 25, 13 13 19
Br= DU+ T 3 Vit TV — 3 Vil e V2t T Uil

and oy and wy are computed as in (A.4) and in (A.3), respectively.

A.3. Third-fifth order WENO interpolation (WENO35). To construct a
fifth order interpolation we start from three polynomials of third degree:

I[V](2) =wr Pr(x) +wePe(x) +wr Pr(x),

where the third order polynomials Pr(z), Po(x), and Pr(z) are constructed, respec-
tively, on 2, &1, j, Lj41, ON Tj_1, Tj, Tjq1, Tjte, and on @, Tj11, Tjte, T3
The weights Cp,, Ce, and Ci are second degree polynomials in x, and have the form

Cp = (z—zj12)(T—Tj43)

Coe B2) (@ = Tj1s)
20Ax? ’

10Az2 ’
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o @=z2)(@—z1)
" 20A22 ’

while the smoothness indicators 8¢ and Sr have the expressions

61 , 331, 331, 61, 141 179

Evj_l + ﬁvj + EU]'_H + Evj_ﬂ — %vj_lvj + o Uj—1Vj41

Bo= 30

293 1259 179 141
_mvj,lngrz - 760 VjVj41+ %’Uj’l)jqrg — 70Uj+1vj+27

407 , 721, 248 , 61 , 1193 439
Pr="5 0+ 5g vt 5 Vet g Uies T Ty Uit g Uit

683 2309 309 5953
TR0 VY3 T Ty Vi1 Vit2 T g Vi1 Vi3 T Tear Ui+ 243,

and 8z, can be obtained using the same set of coefficients of S in a symmetric way (that
is, replacing the indices j—2,...,74+3 with j+3,...,7—2) and «j and wy, are computed
as in (A.4) and in (A.3).
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