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ABSTRACT. We investigate different models that are intended to de-
scribe the small mean free path regime of a kinetic equation, a partic-
ular attention being paid to the moment closure by entropy minimiza-
tion. We introduce a specific asymptotic-induced numerical strategy
which is able to treat the stiff terms of the asymptotic diffusive regime.
‘We evaluate on numerics the performances of the method and the abil-
ities of the reduced models to capture the main features of the full
kinetic equation.

1. INTRODUCTION

We are interested in numerical simulations of “intermediate” models for
kinetic equations in diffusion regimes. Such questions arise in many ap-
plication fields where we adopt a statistical description of a large set of
“particles”: neutron transport in nuclear engineering, radiative transfer,
rarefied gas dynamics... The unknown is the particle distribution function
that gives the number of particles being at time ¢ and position x in a certain
physical state described by the variable v. In most of the applications, v is
nothing but the translational velocity, or the direction of flight of the par-
ticles and, assuming that v belongs to a certain measured set (V) du), the
quantities of interest are essentially averages over v of the unknown. The
evolution of the particles obeys the following equation

€0s fe + 00, fe = %Q(ff:‘) (1)

In the right hand side, the operator @ is intended to describe the interac-
tions that particles are subject to; the dimensionless parameter ¢ > 0 is
related to the mean free path, that is the average distance travelled by the
particles without being subject to any interaction. As ¢ — 0 the unknown
fe relaxes to an equilibrium the dependence of which with respect to v is
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fixed and the dynamics is described by the evolution of only macroscopic
quantities. As we shall see below, it turns out that under some suitable
assumptions on the collision operator @, the limit equation reduces to a
mere diffusion equation. However, for applications, one is interested in pre-
serving more information concerning the microscopic setting that motivates
the derivation of reduced e—dependent models. Then, it is legitimate to
address the following two-fold question: Is the reduced model consistent to
the diffusion approximation? How accurate is the obtained approximation
and in which sense is it better than the solution of the limit diffusion equa-
tion?

In this paper we investigate numerically these questions, restricting to the
simplest situation. Namely, we only deal with the one-dimensional frame-
work (z € R, v € V C R) and the collision operator is a mere relaxation
operator

Q) = /V fdu(o) — f. ()

Throughout the paper (V| du) is required to satisfy

/V du(v) =1,

for any odd integrable function h: V — R, / h(v)du(v) =0, (3)
%

/ v?du(v) =d s positive.
v

Typical examples are therefore:

e V =(—1,41) endowed with the normalized Lebesgue measure,
o V= {v!, ..., o™} where the v"’s are well-chosen points in (—1,+1),
endowed with the discrete velocity measure, du(v) =
M i
:ﬁzizﬁ(v:v), ,
e V = Rendowed with the Gaussian measure du@) = (212~ /2dv.

Under these hypotheses, as we shall recall below, the behavior of f. for
small €’s is given by the heat equation

Looking at such a simple situation makes a direct computation of the solu-
tion f. affordable, including for small values of €. Therefore we have data at
hand to compare with the solutions of reduced models. However, evaluating
fe when ¢ is small has a high numerical cost. Thus, it does not make sense
to extend it to several dimensions for our purposes. Nevertheless, we can
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take advantage of our understanding of the limit process to design a numer-
ical method that is well-suited to the asymptotic regime. The scheme we
analyze is based on a splitting strategy with a convective-like step involving
O(1) speeds and an explicitly solvable ODE step containing stiff sources.
Hence, the scheme, which is naturally asymptotic preserving, is amenable to
a fully explicit treatment, free of any e —dependent restriction, and provides
accurate results for a quite cheap numerical cost. Another viewpoint con-
sists in using reduced macroscopic models which are intended to reproduce
the main features of the original equation (1). Usually these models are
derived either by using some truncated Chapman-Enskog expansion or by
imposing a closure to the system that is satisfied by some moments of f.. A
crucial requirement that is usually addressed to the model is to satisfy the
so-called limited-flux property. In what follows a particular attention will
be paid to the model the derivation of which relies on the Entropy Mini-
mization Principle. In itself the numerical simulation of the reduced models
is an issue, due to the presence of stiff terms and large speeds of propaga-
tion, that depend on . Nevertheless, we introduce original specific schemes
for these models using relaxation techniques that we treat following the nu-
merical philosophy evoked above, and interpreting the relaxing system as a
discrete kinetic equation. This approach allows to compute efficiently the
solutions of the macroscopic models.

The paper is organized as follows, postponing references to the existing
literature to the following Sections. In Section 2, we recall some basic facts
on the diffusion asymptotics and we present the reduced models we are
interested in. In Section 3, we detail the derivation of the asymptotically-
induced scheme for (1)-(2). We discuss the splitting strategy as well as the
numerical boundary conditions which are designed to satisfy the mass con-
servation. Section 4 is devoted to adapting the method to the macroscopic
models. This relies on the interpretation of the models through a relaxation
limit. We end with the discussion of the numerical results in Section 5, with
in particular simulations of the traditional Su-Olson benchmark.

2. A BRIEF OVERVIEW ON DIFFUSION ASYMPTOTICS AND MOMENT
CLOSURES

2.1. Diffusion Limit. We check readily that Assumption (3) has the fol-
lowing remarkable consequences.

Lemma 1 (Dissipation Properties of the Collision Operator). Assume (3).
Then the operator defined by (2) satisfies

i) @ is a bounded operator on LP(V'), 1 < p < 0o spaces;
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ii) Q is conservative which means that for any f € L*(V, du),

/ Q(f) du(v) = 0.
Vv

iii) @ satisfies the dissipation property

- / QU f dpafv) = / 1F = (NP du(w) >0,
\% \%

for any f € L3(V, du), where the bracket is a shortcut notation for
the average over V;

iv) The elements of the kernel of Q are independent of the microscopic
variable v: Ker(Q) = Span(1);

v) The following Fredholm alternative holds: for any h € L*(V) satis-
fying (k) = 0, there exists a unique f € L*(V) such that Q(f) = h
and (f) =0.

The Fredholm alternative follows from a direct application of the Lax-
Milgram theorem applied to the variational formula fv Q(f)gdu(v) =
= [, hgdu(v) on the closed subspace {f € L*(V), (f) = 0}.

As € tends to 0, the number of interactions or “collisions” events per time
unit increases. Accordingly, we can expect for small €’s that f. resembles
an element of the kernel of the operator ):

fe(t,z,v) ~ p(t, ),

and it remains to describe the evolution of the macroscopic quantity p. The
asymptotics can be readily understood by inserting the following Hilbert
expansion

fE=F0+EF1+E2F2+...
into (1). Identifying terms arising with the same power of &, we obtain

e At the leading order Q(Fp) = 0 that confirms Fy = p(t, ),

e Next, we have Q(F1) = v0,Fy. Then, we appeal to the second
condition in (3) (applied with h(v) = v) which allows to make use
of the Fredholm alternative. Accordingly, for the simple operator
(2), we get Fi(t,x,v) = —vdyp(t, x).

e Then, we obtain a closed equation for p by integrating over v the
relation: Q(F) = 0:Fy + v0, Fy. We obtain

Op + 0y </V(v28zp) du(v)) =0

that is the diffusion equation (4) for p.
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Remark 1 (Time Scaling). The time scaling in (1) is motivated by the
fact, embodied into (3), that the equilibrium functions, i.e. the elements
of Ker(Q), have a vanishing fluz: considering only the penalization of the
collision term, we would be led to the uninspiring equation O¢p = 0.

The convergence of fe, solution of (1), to p, solution of (4), has been
widely investigated under various and general assumptions, including non
linear situations motivated by physical applications; we refer among others

o [2, 3, 15, 26, 22, 40, 27]. Under suitable regularity assumptions, we
can make the Hilbert expansion approach rigorous, estimate the remainder
and justify the convergence with a rate. We refer to [3] for the following
statement, which is part of the folklore in kinetic theory.

Theorem 1 (Asymptotic Convergence Rate). Assume that (3) hold. Let
p >0 be a constant. Let fo: R x V — R such that fo —p € L*(R x V).

i) Then, as e goes to 0, f- and p. converge to p strongly in LE (RT x
R), and p. converges to p in C([0,T]; L*(R) — weak), where p is
the solution to the heat equation (4) with initial datum py—o =
fV fO(:L'a ’U) d‘LL(’U)
ii) If the initial datum is close to a smooth enough macroscopic state,
say e.g. || fo—pollL2mxvy < €, with (po—p) € H*(R), then, for any
0 < T < o0, there exists Cr > 0 such that one has

lfe = pllL2(0,m)xrx vy < O €. (5)

2.2. Approximate Models. We are interested in intermediate models,
which are intended to be in between the full kinetic equation (1) and the
heat equation (4). Such models are expected to provide “better” approxi-
mations of f. for moderate values of €, that are small, but possibly not so
small. We also expect that such a model retains more information from the
microscopic modelling and we address the question of “how close” to the
original unknown f. the approximate solution is. Finally, from a practical
viewpoint, one should expect that the solution of the intermediate model
can be computed with a reduced computational cost. Of course, the solution
p of (4) already provides an approximation of order O(¢) in L? norm, but it
has the drawback of loosing completely any microscopic feature since it does
not depend on v. It could also be tempting to use as an approximation the
Hilbert expansion truncated at first order, the so-called P1 approximation

fe(t,z,v) =~ p(t,x) — e v Opp(t, x)
with p still the solution of (4). However, such an approximation is not
non negative for any ¢,z,v. Furthermore, the heat equation propagates
information at infinite speed while in (1) characteristic speeds are of order
O(1/e), at least if the set of velocities is bounded. Actually, finite speed of
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propagation and preservation of non-negativeness are related; indeed, since
fe > 0, we have the following relation between the macroscopic current and
density

‘/ngsdu(v)‘ gfvlq;—lfedu(v)gmﬁ /erdu(v)~

Therefore, we can address that a suitable approximation fulfills this so called
“limited flux condition”, which is thus guaranteed for free if the approxi-
mation is non negative.

To obtain intermediate models, a general strategy consists in writing
a system of equations defined by the evolution of moments of f.. The
system is not closed since the convection term makes the (k4 1)-th moment
appear in the evolution equation of the kth moment. Then, we impose a
relation between the higher moment involved in the system and the previous
ones. We expect that this closure provides a suitable approximation of
the evolution of the kinetic density. For (1), it is enough to consider the
evolution of the zeroth and first order moments. Let us set

Pe 1
J. | = / v/e | fedu(v).
P. Vo w2

We get the mass conservation
O¢pe + 0. =0, (6)

completed by
20, J. + 0,P. = —J.. (7)
According to [13], we are interested in two possible closure strategies:

(C1) Either we define an approximation, formally close to the P1 for-
mula, but which preserves non negativity. By using this approxi-
mation into the conservation law (6), we obtain a possibly nonlinear
equation, that, in some sense, interpolates between transport and
diffusion.

(C2) Or we close the moment system (6)-(7), so that we obtain a hyper-
bolic system that restores the finite speeds of propagation.

We refer to [13] and the references therein for further detail. Let us introduce
the following notation

RO = [ ), 60) = £

and

Y(w) = = (6D w).
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The zeroth order closure (C1) is based on the modified Hilbert expansion
fe = exp(ap + a1 + 2as + .. )
Truncating at first order, we get the approximation
7 oft, x) 90
fe(t,z,v) = Z(t’, ) exp ( — €V Z (t,l’)),
with Z(t,x) to normalize the density to o(t,z). Plugging this expression

into the moment equation, ¢ satisfies

@g—a(gG@

829)) —0. (8)

The first order closure (C2) follows from a Entropy Minimization Prin-
ciple. This idea is due to Levermore [33, 34, 37, 35, 36], but it also appears
in various physical applications [12, 19]. It works as follows. For given o, J,
let

F=argmin{ [ fw(pdue). [ (L o/fdute) = (0.0}
\% \%
We obtain
f(’U) — e)\0+)\1'u/a
where the Lagrange multipliers Ao, are defined by the constraints
0= /e)\o-i-/\lv/e d,u(v)ze)“’F()\l/E), J:/ gez\o-‘w\w/e dp(v) = SG()\I/E)
v v

Then, we use f to define the second moment that closes the system (6)-(7).
Namely, we set

— F’?
P = [ v Fw)dn(e) = o5 (0n/e) = eveo).
and we are thus led to the system
{ 0ro+ 0, J =0,
e20uJ + 05 (0 (eJ/0)) = —J.

The microscopic approximation is defined by

exp [vGV (eJ/o(t,2))]
FoG(1(eJ/o(t,x))

Of course, Equations (8) and (9) highly depend on the considered measure

dp through the functions F, G and :

e For the Lebesgue measure, we have F(8) = sinh(8)/8, G(8) =
coth(8) — 1/0.

fo(t,@,0) = olt,) (10)
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e For the discrete 2-velocity measure, we have F(3) = cosh(3). The
first order closure (9) is in this case completely equivalent to the
original kinetic model and there is no approximation at all.

e For the Gaussian measure, we have ¢(u) = 1 + u?. The zeroth
order closure actually leads to the heat equation, and the first order
closure gives the isothermal Euler system.

In [13], the well-posedness of (8) and (9) is justified, at least for small
and smooth initial data, but, hopefully, with an e—free smallness condition.
(We also refer to [14] for preliminary discussions on weak solutions.) Fur-
thermore it is shown that || f. — fo||z2 is of order O(¢). This estimate is a
bit disappointing since it is not better than those evaluating the distance
to the solution of the heat equation. Our aim in this paper is to investi-
gate numerically (1)-(2) and its approximation (8) or (9)-(10), compared
to the heat equation and the P1 approximation. It is indeed interesting to
check numerically whether we can expect sharper estimates or not. It is also
important in view of applications to discuss how the quality of the approx-
imation is degraded as ¢ increases and to know if one of the approximation
strategies has some decisive advantages. Let us mention that there exist
a huge variety of possible closure methods, based either on mathematical
arguments or physical grounds, and we mention among others [37, 11].

3. AsymMPTOTIC PRESERVING EXPLICIT KINETIC SCHEME

On the numerical viewpoint, the computation of (1)-(2) is also a challeng-
ing question due to the presence of large, say O(1/¢), speeds of propagation
and stiff terms. An attempt to solve (1)-(2) by integrating the equation
along the characteristics following a splitting strategy between collisions
and transport through lines x + tv/e fails for small . Since in general the
characteristics do not end at a point of the discrete mesh, this approach
needs to be completed by a suitable interpolation procedure. It gives rise
to semi-lagrangian numerical methods that have been used successfully for
Vlasov’s like equations [17, 18]. Proceeding naively, such a procedure can
produce unacceptable numerical diffusion. One can repair this drawback by
using interpolation procedures based on the WENO approach. We refer to
[47, 46] for the basis of the WENO method, and to [10] for a description of
the adaptation to design an accurate interpolation method. Of course, for
small €’s these computations become unbearably time consuming with large
meshes and small time step due to the large velocities that are involved.

Asymptotic schemes working in the stiffness regime have to be developed.
We propose an alternative approach using a splitting scheme inspired by the
Hilbert expansion that treats the stiffness of (1). The method is well fitted
and much less costly than the previous approach to the diffusion regime
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while remaining fully explicit. This numerical method, which improves the
scheme already proposed in [21], is a fully explicit variation of the methods
introduced in [30, 31], and it has successfully been used in other contexts
[21, 9, 28]. The scheme is based on the expansion

fe = pe +€ge, pg(t,l‘) = /V fe dﬂ(v)a

where the dissipation properties of the operator () imply that the ”fluctua-
tions” g. are indeed bounded in L?(RT x R x V). We rewrite (1) as

1 v
Ot fe +v0,9: = ?(ps - fe) - gazps;
which motivates the following two step splitting scheme:

Given a uniform subdivision of step At of [0,00) and knowing f™, which is
expected to approximate f¢(nAt,z,v), n € N
Step 1.- Solve on the time interval [nAt, (n + 1)At) the stiff ODE
1 1
Of = E_Q(P —-f)- gUa;cP- (11)
Since the average over V of the right hand side vanishes, the macro-
scopic density is not modified during this time step, that is,

pr? = /an+1 dp(v) = p™.

Moreover, (11) also defines the evolution of the fluctuation

1 1
Org = 29" E—Qvaxp. (12)

Step 2.- Solve on the time interval [nAt, (n + 1)At):
O f +v0,g=10 and 0ig = 0. (13)
This defines, f**! and

= [ ),

We emphasize that the index ¢ has been dropped for notational con-
venience. Note that, in the second step, the convective term involves a
characteristic speed of order O(1) only and that we will not force any up-
date on g as g"*t1/2 = (f*+1/2 — pnt1/2) /o, This update might make the
relation between f and g consistent at the end of the second step but it
leads to undesirable numerical divisions by the small parameter ¢; but, for
well-prepared initial data, this consistency can be imposed at the beginning.
Similar arguments were already given in [30, 31] to avoid this update of the
fluctuations g.
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FIGURE 1. L7, -error of the distribution function f with
respect to the solution of the heat equation with a sym-
metric initial data as in Section 5 with a mesh of 100x100

with respect to €.

Before proceeding further with the analysis of this kinetic method, we
show in Figure 1 a comparison between the results of the three discussed
kinetic methods: a semi-lagrangian PWENOG 4-interpolation scheme [10]
(SL-WENO), the asymptotic preserving method without update of g pro-
posed above and the asymptotic preserving method with update of g. In all
cases, we show the L%,x,v—error between the kinetic results and the solutions
of the heat equation, its ¢ — 0 asymptotic limit, in a log-plot depending on
€. The results show that the kinetic scheme proposed in this paper works
perfectly in the ¢ — 0 regime while both the updated scheme and the SL-
WENO scheme do not describe well the asymptotic limit. It is important
to point out that all the schemes are computed with the parabolic CFL
condition corresponding to the limiting heat equation. We also note that
for larger values of ¢ the difference between the SL-WENO method and
the asymptotic preserving scheme becomes small which shows the ability
of the proposed scheme to capture the behavior of the kinetic equation, for
moderately small value of the mean free path as well, with a considerable
gain of CPU time. It is also worthy to emphasize that the results are given
for a fixed mesh 100x100, so that as ¢ — 0, the SL-WENO method can-
not work, the velocities being of order O(1/¢). In order to get accurate
results comparable to those obtained with the asymptotic-induced scheme,
the SL-WENO method would require larger and larger meshes in velocity
and smaller and smaller time steps as € — 0. This leads to an unbearable
computational cost for such a simple equation.
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We can simplify the first step by keeping only the leading contribution
in ¢ and, by explicitly solving Equations (11) and (12) that define f7+1/2,
P12 and g™ t1/2 leading to

gV = AU g (1 = e AU g, (14)

and

fn+1/2 _ e—At/Ean +(1— e—At/az)pn7 (15)
keeping in mind that p"+1/2 = p* = [, f*du(v). The final semi-discrete
scheme is summarized as:

Step 1.- Compute

gn+1/2 — e*At/E2gn — (]_ — eiAt/€2)’Uaana

2 2
fn+1/2 _ efAt/e fn + (1 _ efAt/e )pn.

Remember that p"t1/2 = pn.
Step 2.- Solve for time At the convection equation:

O f +v0,9=0
to compute the values of f*t! and p"*! while g"t! = ¢g"+1/2,

Remark 2 (Asymptotic Preserving). It is worthwhile mentioning that the

scheme is “asymptotic preserving”: using (15) and (14) for the completely

relaxed model, i.e., € = 0, yields
fn+1/2 _ n—i—l/27

n+1/2 _ n+1/2
- b

p g —v0;p" = —v0zp

which coincides with the first order term in the Hilbert expansion. Thus,
the first step becomes

onf —v20% p=0
Integrating over the mesh of velocities leads to the expected heat equation,
up to a suitable v-mesh definition in order to guarantee fv v2do =d.

Remark 3 (Spatial Derivatives Discretization). One has to take care of the
treatment of the space derivative: if one uses the same upwind discretization
for evaluating both —v0.p in the first step and —v0,g in the second one, it
leads to an unstable scheme for the heat equation. The usual 3—point scheme
is obtained by choosing opposite upwind discretization in the successive time
steps. Accordingly, for € = 0, the stability of the scheme is guaranteed by
the CFL condition dAt/(Ax)? < 1/2.

Remark 4 (Stability). The stability condition for the scheme used with
e > 0 s less clear, even if a CFL condition close to the parabolic one
can be reasonably expected. We refer to [32] for a discussion on a semi-
implicit version of the proposed scheme. This difficulty has motivated the
development of implicit methods, as in [24, 25].
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Remark 5 (Current and Distribution Computation). Due precisely to the
separation between fluctuations and relaxation towards the homogeneous
density we tmpose in the scheme and taking into account the comments
above regarding asymptotic preservation, we need to compute and recon-
struct J and f to compare to other methods. In fact, since currents appear
due to fluctuations, it is intuitive to reconstruct it as

Jn+1 :/ n+1 d,LL( )
14

Due to the Hilbert expansion approach, we will consider the reconstructed
distribution given by p"t! 4 egt1.

Let us restrict from now on to the case of the normalized Lebesgue mea-
sure du(v) on the velocity space [—1,1]. The space interval [Xin, Xmaz]
is uniformly discretized in N, — 1 intervals with points z; = iAx from
1=0,...,N; — 1 and the velocity interval [—1, 1] is discretized analogously
in N, —1 intervals with points v; = jAv from 4 =0, ..., N, — 1. For further
purposes, it is convenient to introduce the sets

Vy = {j € {0, N, — 2} such that v; > 0},
_ ={j € {0, N, — 2} such that v; < 0}.

Let us specify our discrete scheme to the case of simple upwind discretiza-
tion ID; of the spatial differential operator —v;0, with ID; being its alternate
direction: for a given sequence (¢;);cn, we set

' (i — i 1) ifv; € V4,
(D], = { —v;(Pit1 — if v; € V_,

(
= 1 Jvilpis — ) if v; € Vi,
[Dj¢], = { —v]( —i—1) ifv; € V_. (17)

More advanced non-centered non linear distinct numerical fluxes for —v;0,,
such as flux limiting ones, may be chosen. Similarly, we could use a non
uniform time mesh. However, this might complicate boundary conditions
below to preserve mass and it will certainly change the relaxed asymptotic
scheme. The fully discrete scheme summarizes as

Step 1.- Compute
gn+1/2 _At/€2g2j + (1 _ e_At/az)]]j)jp,?

1,9
frf;rl/Q e—At/e? an +(1- e‘At/az)p?
with

Av
1/2
P g = BN
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Step 2.- Solve for time At the convection-like equation:

n+1 2 n+1/2
fn+1 - / + AtD] Zj / (19)

to compute the values of f”‘|r1 and p"t1 while g"t! = ¢gnt1/2,

Remark 6 (Maximum Principle). We point out again that the scheme is
specifically designed for the small € regime, and there is no guarantee about
the accuracy of the results when € becomes large. In particular difficulties
might arise with the mazimum principle. Indeed, in Step 1, given a non
negative f™, (18) returns a non negative Y2 but this property is not
naturally preserved in Step 2, see (19).

Finally, we need to impose boundary conditions on the advection step
ensuring the total mass conservation. With this aim, we need

—2 N,—2

Z ZDJ g =0

which is equivalent, by summing the telescopic series appearing due to the
definition of the upwinding operators, to

+1/2 +1/2 +1/2 +1/2
ST vl -tV + Y vl - it =0
vj€V+ ’UjEV

(From this, we will impose as boundary conditions for the fluctuations:

n+1/2 n+1/2

-1
E g Vi .
gO,k Vi #[V+] = ng,j

for k € V4 and
n+1/2 n+1/2

IN, =1 T 3 # Z YigN,—2,j
k ’UJ evy
for k € V_, where #[B] is the cardinal of the set B. Let us remark that
the previous boundary condition in the complete relaxed scheme, ¢ — 0,
coincides with the Neumann boundary condition for the density, i.e.,

po=pr and Py = py, o

The scheme described above gives a simple way to compute the solution
of (1)-(2), and the associated macroscopic density, that has to be compared,
both in terms of accuracy and computational cost, to the direct evaluation,
see Fig. 1, and computation of the solution of the heat equation (4) and
the different approximations by the closure strategies.

The method adapts easily to more complicated models: gas dynamics
[30, 31], radiative transfer [21, 28], fluid-particles flows [9]. It can be also
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incorporated in a domain decomposition method to deal with space varying
mean free path, in the spirit of [23, 49].

4. NUMERICAL SCHEMES FOR CLOSURE APPROXIMATIONS

Next, the idea to treat the hyperbolic system (9) or the conservation
equation (8) is two-fold:

(1) We introduce additional unknowns and parameters and the equa-

tions are seen as the relaxation limit of an extended system, in the

spirit of general methods described in [41],

(2) The relaxation system is interpreted itself as a kinetic equation with

a discrete set of velocities to which we apply the splitting algorithm
described above.

4.1. Relaxation Method for the First-Order Closure. We will at first
focus on developing a numerical scheme for the first order closure (9). The
nonlinear system (9) can be seen as the limit, as « tends to 0, of

Bup + 8ud =0, (20)

20T + 0pz = —J, (21)
1

Oz + N0, J = =~ (py(eJ/p) — 2). (22)

Let us define u := eJ/p. Recall that u should be small of order O(e), see
[13]. This system involves an additional unknown z (¢, z) and the parameters
A (convection speed) and « (relaxation parameter). Actually we relax on
the quantity £2J so that we consider the velocity in (22) rescaled by e (that
fits dimensional considerations). The advantage in considering (20)-(22) is
that now we have to deal with simple convection equations, the convection
part being linear, and all nonlinearities only appear in the (zeroth order)
source terms. This idea is reminiscent to the introduction of kinetic schemes
in [4, 20, 45, 39, 38], and relaxation methods for conservation laws [29]. We
refer to [1, 44] for further details and references. This approach can be used
also to treat degenerate diffusion equations [41].

Let us find the constraints on the additional velocities X that should be
large enough to propagate enough information to reconstruct the behavior
of (9). It is important to check whether the condition becomes more con-
strained as € tends to 0. To this end, let us perform the Chapman-Enskog
reasoning; we expand (22) with respect to « considering € to be small. We
have

2 = pib(u) — (D +£2020,.7) = pio(u) — alDr(p () + £2X20,.]) +0<<(12>5
23
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by (22)-(21). Thus, (21) can be recast as
20, + 05 (pY(u)) + J = ae® X202, J + a2, (py(u)) + O(a?).
Let us compute the leading contribution in the last term; by using (20) and
(21), we get
Ou(pu(w)) = —(w)0,d + i (u)su.
But
o ' (u)
Oc(pp(u)) = (u(u) = ()0 = —=(J + Os2).
Now, considering that formally J + 0,z is of order O(e) at least, that v is
an even function and using the approximation ¢ (u) = 1(0) + O(g?), with
¥(0) > 0, we get
O (ptp(w)) +(0)0:T = Oe),
so that

€20, + 05 (p¥(u)) + J = a0, ((e°A* —1(0))0,J) + O(a?, e).

Consequently, as soon as e|A| > 1/1(0), the parabolicity is ensured. It is
certainly natural to find that the speeds tend to infinity as € tends to 0 since
we want to approximate the heat equation. Now, we need to diagonalize
System (20)-(22). Since the quantity e remains bounded from below, we
denote it by p. We define

fo = up—= (24)
Ji = gleend) (25)

Of course, we have
z=f +f_ and J:& and pzw.
Ep ju
Noting that

J = iﬁ,
Ep
the new system we are interested in is
1
oo = —~(p(u) ~2) (26)
15 J+ | 2 1
+50,fr = -4 — 4 — —2). 2
Ocfx Eaafi -2 + 922 + 2a(P¢(“) z) (27)

The system shares some structures with the kinetic equation analyzed in
the previous section. This similarity will be used to design a new scheme
that will be expressed only in terms of the macroscopic quantities p and J.
Since we have two small parameters, we can use a double splitting method,
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i.e., by splitting with respect to ¢ inside the splitting with respect to a, that
is:

Step 1.- Solve
atfo = 0) (28)
z
Orfx £ gaxfi -

—. 29
g2 + 2e2 (29)

This system is again stiff as € tends to 0. Let us solve it with the splitting
method described in Section 3: we introduce the intermediate variables

_ 2fy—z wdJ

: =+—
9+ 2e 2
and rewrite (29) as
+
Oufs + pdpge = -2 5 Lo, (30)
€ 2e
Solve
J£ | 2 _
Step 1.1.- =, = .2,
ep Orf+ -2 + 522 + 9z 07
9+ H
g+ = — -2 + @azza

where the initial condition for the ODEs are the values computed in the
previous step and solve

Step 1.2.- O f+ + pozg9+ =0,
atg:I: = 0;

where the initial conditions are, for fi, the ones obtained by Step 1.1.
For g4, we update them in terms of the flux g1 (0) = £uJ/2 = +(f} —
f-=)/2e. Note that here the update is necessary since the goal of the scheme
is actually to compute the macroscopic flux and the microscopic quantities
f+, fo and g+ are only auxiliary devices.

Note that, during Step 1.1, 0z = 0. Let us now specify our fully discrete
kinetic scheme. As in the previous section, let us choose D+ an upwind
discretization of the spatial differential operator Fud, and Dy its alternate
direction version, see (3). The fully discrete kinetic scheme in this step reads
as
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Step 1.1.-(Micro)

1
gE = AT 4 (1B S f),

P4 SR eDL(f7 + 1)
ntl/4 _ —At/e’ pn 4 (1] _ p—AL/E fE+ 2 4 eDe(fY
[t e fi+(1-—e ) 5 ;
ot =

At the microscopic level, after Step 1.1, g?_+1/4 #+ —gﬁ“/“.

Step 1.2.-(Micro)

+1/4 +1/4
n+1/2 _ if—t / _ff /
9+ % )
S = T Ay (Y,
n+1/2 n+1/4
0 - 0 ’
1 n n n
(pw)n+1/2 _ _2( ++1/2+f,+1/2+f0+1/2)
n+1/2 n+1/2
" N( + / -/ /)
f:+1/2+ff+1/2+f0n+1/2
Note that, after Step 1.2, we have gi+1/2 = —gﬁ+1/2, as it is the case in

the continuous setting. That is the reason why the macroscopic quantities
can only be expressed at the end of Step 1 as a whole, and not at the end
of Step 1.1. The macroscopic scheme summarizes in this step as:

Step 1.-(Macro)

_ e—At/€2 _ B
E(lf) (D4 (z") + D_(z"))

Jn ]I_)) n
+A [Jm (e—AW B (et el ))

Zn+1/2 = "4

[\

2 2
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gz o emaye g 1T e T il (D4 (2") = D_(2"))
2 +2
At 2ILLJn 2 D (Zn
i ) —At/e 1—e 7At/€ +
ten { * (e 7 H 2
— n D n
-D_ (eAt/e2( :L;J ) + (1 _ 7At/52) 2 ):| ’
At Jn Dy (2"
pn+1/2 _ p 4 N_ ]D)+ e—At/gzuT + (1 _ e_At/az)#
—pJm D_(z"
+D_ (e—At/e2( /‘; ) + (1 _ e—At/EQ) ;Z ))) )

Let us remark that the second term in z"1'/2 is of order ¢ and thus, it will
be omitted in the computations below. Now, we can write the relaxation
step with respect to the parameter «:

Step 2.- Solve the ODE
Oufo = (o) —2), G
1
O = o(plu) - 2) (32)

that is, since 9;J = 0 and z = 2fy F euJ by virtue of (25),

Oufo = (o) —2), (33)
Oufs = —fit o (plu) Eepd) (1)

with as initial conditions the values computed from Step 1. In this last step,
we also note that d;p = 0, see (24) and (25), and that, consequently, u is
constant. The fully discrete kinetic scheme summarizes in this step as

Step 2.-(Micro)

f£+1 _ e_At/o‘ferl/Q + %(1 _ e—At/a)((pw)n-i-l/Q + 2Egz+1/2),

P = (e (4 S = (o))
In this last step, we do not update g, since d;J = 0. Denoting by 1" +1/2 the
quantity 1 (eJ"t1/2/p"+1/2) we deduce the following macroscopic scheme
for the second step:
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Step 2.-(Macro)

Znii _ e—ii//zzn+1/2 + (1 _ e—At/a)pn—i-1/2wn—i—1/27
VN
n+1l __ n+1/2
p = prtie

Remark 7 (Splitting Order). We choose a semi-linear relazation method
to have to deal only with transport-like equations, that is, move the non-
linearities to the right-hand side, as source terms. So it is natural to take
this precise order of splitting, since o must be the first one to tend to 0, so
that we can keep a non-zero e, even if it is small.

Remark 8 (Initial Conditions). In order to prevent an initial layer from
appearing [42] in the a—splitting, we need to prescribe well-prepared initial
conditions taking into account both splittings as:

p(0,2) = p%(x),
J(O,l‘) - ‘]O(x)v
2(0,2) = p2)e(el’(@)/p°(x)) = (),

corresponding to the choice of the equilibrium state for the (hyperbolic) a-
splitting, as in the classical relaxation approach.

Remark 9 (Boundary Conditions). We consider, for a computation do-
main [Xomin, Xmaz], Neumann conditions for p and z,

n__ n n _n n__n n _n
Po = P1 PN,—1 = PN, -2 and 20 =4 ZNg—1 = ZN,—2"
and
n __ n n _ n
J= =TT T =T
These conditions guarantee the conservation of the total mass.

Let us now have a look at the limits as « tends to O :

gt = e 12T gy B (g
= 2% +\p -\P
At 2 uJ™ 2. D ™
+a []D)+ (em/s NT +(1— e Bt +(P2 Y ))
D (e—At/62 (—/J/J ) + (1 _e—At/62)D—(p w )):| 7
2 2
At 2 uJ™ > D ™
anrl _ pn + E (DJr <6At/8 MT + (1 _ e*At/E )4+(P w )>

2
e (ot CHTD g ooy BV,
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We thus obtain a pure transport-projection scheme [1]. Note that, since
Ate=A1/* = O(£2) and

(D+_(ﬁhipzwﬂD)) D (ﬁt«p;wan>)) _ o),

the scheme is still reasonable for small e. The convergence in « of the
schemes has been checked numerically. In Figure 2, we show the L7 -
error in densities of the macroscopic method for o« > 0 with respect to the
completely relaxed method above o = 0 for a fixed valued of € = 0.01.

Convergence of rho
0.0001 ———+rrm——rvrm

1le-05 W E

1€-06 bt
0.001 0.01 0.1 1

FIGURE 2. Lfﬂ.—error of the densities p for the @ > 0
method with respect to the completely relaxed scheme
a =0 for e =0.01.

Remark 10 (Well-Balanced Scheme). Note that the obtained scheme is
well-balanced which means that the stationary states are preserved, if we
choose linear discretizations D: if we take some initial conditions p° and J°
that satisfy
0, J° =0,
0. (1) = 1",

so that, in particular, 8%, (p°¥(eJ°/p°) = 0, a direct induction implies that
the discrete solution (p",J"), is stationary, since Di(J%) =0 = ... =
Dy (J") and Dy (D4 (p"(eJ°/p%) =0 = ... = Di(Dx(p"¢(eJ"/p")), for
all n € N; see (36).

In turn, the limit ¢ — 0 gives

o= B (m (m@;w(o») ‘D (D_@;w(o»)) |
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Let us detail the upwind case: since we have, for any sequence (v;);ez
and for j € Z,

D4 (D4 (v); = ;—;L <<A_§(vk“ - ’Uk)k)j - <A_§(U’““ - Uk)k)j_1> ,

2

1
(A—I)Q(Uﬁl = 2v5 +vj-1), (35)

D-(D-(v)); = D4(Di(v));, (36)
we get the standard classical 3-point finite difference scheme for the heat
equation with conduction (0):

Pt ="+ ¢(0)(A—I)2(Pj+1 =20} + pj_q)-

Remark 11 (Comparison to existing literature). We point out that the
strategy differs from the one used in [5, 7] where the adopted method, based
on well-balanced schemes as introduced in [24, 25], is implicit (see also [16]).
The main advantage in the latter is the control on the stability condition.
Note however that our method works under the parabolic CFL condition.
This could be seen as too restrictive when the kinetic equation or the re-
duced model is coupled to hydrodynamics, like in applications in radiative
transfer [6, 7, 16, 21], but, it is possible in such a context to appeal to a sub-
cycling method where several “parabolic” time steps are performed within a
“hyperbolic” time step, see [28].

Besides, the scope of this scheme differs from that of the method described
in [41] in the sense that we are interested in computations for a positive value
of the parameter €, not only for the fully relazed situation.

4.2. Relaxation Method for the Zeroth-Order Closure. Here, we use
again analogous ideas to propose a relaxation numerical scheme to solve the
zeroth-order closure in (8). The nonlinear equation (8) can be seen as the
limit, as « tends to 0, of

Op + 0z =0, (37)
2
AP Y S O Tey GRCT
atJ+EQazpf a[]+€G<5 P )] (38)
Defining now

p eJ

= — i e —
fe=fa (39)

we have
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The new system we are interested in is
1 Oy
ofrt o fe=~ |2 fixLla (22| (40)
€ o |2 2 p

The relaxation scheme follows the same ideas as above. We define the

fluctuations as )

1
g+ = gfﬂ:*Q_EP

and then, the equation rewrites as
1 0
Oufe +pdoge = — |2 — fr 7 L6 (22| 5 Lo,
a |2 2u P 2e

The steps of the method are:
Step 1.- Solve the ODE

_1ip p Ozp 1
Orfr = > {2 f+F QMG (5 5 F 2531/7- (41)
Step 2.- Solve the transport equation
oufs+Loufi =0, (42)
Org+ = 0. (43)

Here the initial value for the fluctuations for the second step are
computed from the values of the first step by:

1

1
0)=~fr— —
9+(0) Efi 57

The first step of the scheme results into the fully discrete scheme
ferl/Q _

_ —At/apn ﬁ At/ l i]]j)ipn _ At/a i’ n
=e i+ 5 (1—e ) {1:F MG <:F,u o +a(l—e )2E]D)ip .
The completely relaxed scheme, o — 0 is

" 1 e Dip”

ni1fz _ 0" [1+ s (_ if )}

2 poo\pop
where the odd character of G was used. Taking into account the initializa-
tion of the fluctuations above, we get

n c ]]j) n
gt =L g (=L
2pue  \p pt
where a term of order Az? was neglected. Now, the values of the solutions
in the second step are

ntl = g2 Ay gt T2
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respectively. The use of alternate approximations of the spatial derivatives
Fuo, is again needed since for all A € R

lim 2G (gé) 1y
e—0 ¢ p 3

The complete relaxed scheme in terms of the macroscopic variable p reads
as

i o o (G52 > s ()
2ep \popt 2ep \po p"

(44)

Due to the diffusive character of the approximation, a parabolic CFL condi-
tion for small e-values, dAt/(Ax)? < 1/2, has to be imposed. In this case,
following a Chapman-Enskog approach there is no restriction in principle
on the value of ;1 > 0 but being of order 1 with respect to . The boundary
conditions are standard discrete Neumann conditions for p.

5. NUMERICAL RESULTS

5.1. Comparisons between Closures. To start with, we compare the so-
lution of the kinetic equation (1)-(2), computed with the method described
in Section 3, and the solutions of the heat equation (4), the zeroth order
closure (8), and the first order closure (9); the two last models are evaluated
by using the method described in Section 4. Figure 3 shows the error in a
log-log plot with respect to e, for the symmetric initial data

2. for —05<zx<05and —05<v<0.5
fO(IE,”U) =

1. otherwise

with mesh N, = N, = 100 and up to time 5. We used the completely
a—relaxed version (o = 0) of the schemes in Section 4.

As expected the convergence rates are of order O(g) for all models, con-
firming the results in [13]. Note however that the macroscopic density p is
better reproduced by the first order closure and the behavior of the current
J is even better captured by this model. For very small values of ¢, the
density error becomes constant: it is actually dominated by the consistency
error, with an error of order O((Az)?) (confirmed by changing the mesh
size). This is not surprising when thinking of the 3—point scheme and is
due to the splitting method.

Next, we consider a data which is not symmetric with respect to velocity.
Figure 4 shows the error in a log-log plot with respect to ¢, for the initial
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0.1 T 0.1
heat heat
Istoc P1
Othoc  + toc --------
001 b i thoc  x
0.001 | E 001 | el E
/
//
- - / ,
le-04 /%
At
1e-05 L ! 0.001 ; ‘
0.001 0.01 0.1 1 0.001 0.01 0.1 1

0.01

0.001 £

FicUre 3. Top left: Lim density error, top right: Lim
current, bottom: L7, ,, distribution function error between
the kinetic result and the corresponding approximations
with respect to € for the symmetric initial data.

data

2. for —05<zx<0.5and —0.75<v<0.25
fO(xa 'U) = { .

1. otherwise
with mesh N, = N, = 100 and up to time 5. We still use the completely
relaxed framework o = 0 The previous conclusions are amplified and the
advantage of the first order closure appears more strongly, in agreement
with conclusions already given in [16].

This is confirmed again by looking at the time evolution of the density
and current computed by the different models. Figure 5 corresponds to the
evolution of the macroscopic density for the asymmetric initial data with a
mesh of N, = N, = 100 with € = 0.1 and completely relaxed o = 0 and
up to time 5. In Figure 6 we show the corresponding evolution for the first
moment J. These results favor on the one hand the kinetic and the first
order simulation which remain very close, even in this situation where ¢ is
not particularly small, and on the other hand the zeroth order model which
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0.01

0.001 ¢

heat

1st oc

h oc

0.1

T
heat
S

001

25

le-04 7[ J

1e-05 L L
0.001

0.01

0.001 ¢

le-04 L L
0.001

FiGURE 4. Top left: Lim density error, top right: Lim
current, bottom: L7, ,, distribution function error between
the kinetic result and the corresponding approximations

with respect to € for the asymmetric initial data.

behaves like the heat equation, far from the profiles obtained by the kinetic
computations.

5.2. The Su-Olson Test. This test is a standard benchmark for radia-
tive transfer problems [43, 48, 6, 7, 5]. Indeed, in radiative transfer the
unknown f is the specific intensity of radiations, which interact with the
matter through energy exchanges, see e.g. [6, 21]. In this test, the coupling
with hydrodynamics is replaced by a simple ODE describing the evolution
of the material temperature. More precisely, we have the kinetic equation

Ouf.+ 200 = Q) +0u(O —p) + 5 (45)
coupled with

90 = 0g4(p—9©) (46)
where typically in the models, © = T* with T > 0 the temperature of
matter and S = S(t, x) a given source. We propose to solve this stiff coupled
problem (45)-(46) with the same approach as in the previous Subsections.
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145 \ initial data 1258 kinetic
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115 | ‘ | 1248 |« b
1k ‘ | 1.246 - 1
1.05 | i 1.244 4
1 L \; 1.242 =
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-1 -0.5 0 0.5 1 -1 -0.5 0.5 1
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S kinetic e kinetic ——
1.2545 - = heat -~ T 1.2532 |- heat - E
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1.254 Othoc = 7 1.253 | Othoc = 4
1.2585 - ] 1.2528 | g
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FI1GURE 5. Evolution of the density for the different meth-
ods with the asymmetric initial data: top left: initial data,
top right: 1.25 time units, bottom left: 2.5 time units, bot-
tom right: 3.75 time units.

We solve the temperature equation at the steps in which the density p
is constant to have an explicit formula for its solution. We start with the
kinetic scheme and we follow the same notation as in Subsection 2.1 skipping
some detail. The semi-discrete numerical scheme will summarize as follows:

Step 1.- Compute
gn+1/2 _ e—At/azgn _ (1 _ e—At/E2)vampn’
fn+1/2 _ efAt/szfn +(1- efAt/sz)pnv
OnHL/2 = e=oabt@n | g (1 — e=Tadt) g0

Remember that p"t1/2 = pn.
Step 2.- Solve on a time interval of length At the convection equa-
tion:

Ouf +v0pg = 04(0 — p) + S
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04t ‘ ‘ .
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-0.0002 L L L
-1 0.5 0 0.5 1
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0.006

0.004

0.002

0
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-0.004

-0.006
-1
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0.00045

0.0004

0.00035
0.0003
0.00025
0.0002
0.00015
0.0001
5e-05

-5e-05
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-0.5 0 0.5 1

FIGURE 6. Evolution of the current for the different meth-
ods with the asymmetric initial data: top left: initial data,
top right: 1.25 time units, bottom left: 2.5 time units, bot-

tom right: 3.75 time units.

to compute the values of f**1 and p"*! while ¢g"t! = ¢"*+1/2 and
O+l = @"*1/2 The right-hand side uses the final value provided

by Step 1.

Similar schemes have to be written for the zeroth and first order closures
of the Su-Olson test. We start with the first order closure in Subsection 2.2,
keeping the notation used therein. The system to solve reads

Oro+ 0z d = 04(© —p)+ S,

e20,J + 0, (ov(eJ/0)) = —J

8,5@ = Ua(p — @)

(48)
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The nonlinear system (48) can be seen as the limit, as « tends to 0, of

Op+ 0z d =04(© —p)+ 5,

528,5J + &Cz = —J,
1 (49)
Oz + N0, = —(py(e]/p) - 2)

8t® = O'a(p — @)
The kinetic scheme will be summarized as

Step 1.- Solve
Ohfo = p(0a(®—p)+59),

1 EE:
O fr £ =0 = -4+ —
tfi - :Cfi 22 2525
0O = og.(p—9),
that can be computed as
Step 1.1.- Ot fo =0,
o Jx 2
Ouf+r = =2 + 922 F 25812’
g+ H
g+ = — 2 + @azza
0O = o,(p — 9),

where the initial condition for the ODEs are the values computed in the
previous step and

Step 1.2.- Orfo = p? (0a(© — p) + S)
Orf+ £ pdzg+ =0,
Orgx =0,
0,0 =0
where the initial conditions are, for fi, the ones obtained in Step 1.1. For
g+, we update them in terms of the flux g4 (0) = £uJ/2 = £(f+ — f-)/2¢.
Step 2.- Solve the ODE

Oufo = (o) —2),

1
Oufe = 5olpvlu) - 2)
0,06 = 0.
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This kinetic scheme in macroscopic variables is

_ 2
Snt1/2 n, El—ce A

z 5 (D4 (z") + D_(z"))
Jm Dy (2"
YA {m (e‘At/€2 B (- e—At/e2)_+;Z >)
—uJr D_(z™
) (e—At/€2( MQ ) + (1 _ e—At/az) éz )):| 7
_ 2
Jntl/2 — —At/€2Jn 1 —e B¢ D ny _ D n
AR . NEO RS WED)
At Jn D n
+a []D)_,_ (e‘At/E2 —M2 +(1- e_At/az)—"‘éZ ))
—uJr D_(z™
D (e—At/e2( MQ ) + (1 . e—At/az) gz )):| 7
@n+1/2 — e—aaAt@n + Ua(l _ e_U“At)pn,
pn+1/2 _ pn + Aj (]D)Jr e*At/E2 NJn I (1 _ e*At/E2)D+(zn)
0 2 2

+D_ (e —(*‘;‘] b ia- e*At/EQ)L*gZ )>)
+At (0,(O"FY2 — pr) + 5™

while the second step will coincide with Step 2 of Subsection 2.2 together
with @71 = @"*+1/2_ From here, we can write the completely relaxed

scheme
n+1 —At/62 n 1_6_At/62 ) n,n T n,.n
Jrt = e J +T(D+(pw)—ﬂ)—(pw))
At YR — vy Dy (pm ")
+E,U/ {]D)Jr (e 5 +(1-e ) 5
-D_ efAt/E2 (_/J/Jn) + (1 _ e*At/52)w ,
2 2
@n—i—l _ e—oaAt@n +Ua(1 _ e_U“At)pn,
pn+1 _ pn + A_Qt <]D)+ <€—At/52 :u“]n + (1 o e—At/az)E_DJr(pnwn))
o 2 2
+D_ (eAt/52 (7M2Jn) + (1 _ eAt/EQ)D(P;?/fn)))

+AL (0 (O™ = p") +57).
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Concerning the zeroth order closure for the Su-Olson test, we have the
system

9z0\\ _
%)) =00 -p)+5,
00 = 0,(p — 9),

that can be seen as the relaxation, when « tends to 0, of

Op+ 0z d =04(© —p)+ 5,
2
T+ fp= [J+ el <s@)] ,
€ e € P

8t® = O'a(p — @)

Proceeding similarly to Subsection 2.4 and as above for the first order clo-
sure, we conclude the completely relaxed scheme for the density and tem-
perature is

®n+1 :efaaAt(_)n + O’a(]. . efaaAt)pn'

o= ufo 6 (2o [0 (2]
2ep \po p" 2ep \po pt
+ At (0, (0" = p*) + 57, (51)

For intermediate values of the parameter €, it is worth comparing the
results obtained with the models described above to the simulations based
on the semi-lagrangian SL-WENO scheme already discussed in Section 3.
Indeed, remind that the asymptotic kinetic scheme was developed for the
asymptotic limit € — 0. Similarly, the range of validity of the macroscopic
models is also restricted to small €’s; furthermore, the theoretical results in
[13] prove the validity of these models for density values close to constant
and far from vacuum. Hence, it is worthy to compare its results to those of
the previous scheme particularly for moderate values of €. The SL-WENO
scheme for the Su-Olson test summarizes as follows:

Step 1.- Relax f

1
O f = gQ(f) +0,(0—p)+ S
Step 2.- Compute advection and relax the temperature

Onf + gaxf=o

00 — Oy (gG(s (50)

0O =0,(p—0O)

which gives the following numerical method:
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Step 1.- Relax f
fn+1/2 _ e—At/Ean + (1 . e—At/€2) [pn + 82 (o_a(®n . pn) + Sn)]
®n+1/2 — Q"

Step 2.- Compute advection by an interpolation method and relax
the temperature
S (@i, v) = f2 (Ii - At%) ;
(_)nJrl _ efaaAthJrl + O’a(]. o efaaAt)anrl'

For the simulations, the source term S(z) has been chosen as the char-
acteristic function of the interval [0, 1] inside the total interval [0, 30] with
e = 0.01 and & = 0.26 respectively. We refer to the results in [43, 48, 5, 7] for
comparison. The solutions of the macroscopic models are computed with
the complete relaxed methods a = 0 with mesh N, = 256 and N, = 256.
The traditional test considers as initial data the constant equilibrium value
10710 for fy = po = Og. The smallness of this value makes the simu-
lation particularly tough; hence, we also perform the computations with
fo = po = ©pg = 1. We make different runs, with ¢ varying from 0.026 to
0.26. The numerical results are displayed in Figures 7 to 12.

A first conclusion is that the SL-WENO code is highly sensitive to the
changes of e, see Figure 7-(i) and(j), as already seen above, see Figure
1; we believe that the results become relevant only for the largest values
of e (¢ = 0.26, ¢ = 1), see Figures 10, 11, 12. The result in the case
€ = 0.26 is surprisingly close to the solution of the heat equation. This
is a bit misleading since in this regime there is no reason why the heat
equation can describe the dynamics of the kinetic equation well. Other
tests with direct finite-differences WENO schemes as the ones used in [§]
may be interesting to clarify this point, although not directly linked to the
asymptotic discussion in this paper, and thus it will be treated elsewhere.

We observe that the results given by the heat equation, the two closure
models and the kinetic scheme are almost undistinguishable from each other
up to final time 10, for small ¢’s, see Figures 8, 9. Differences appear as
e grows and correspond to the results in [5, 7]. There are discrepancies
between the diffusion model, the other macroscopic models and the kinetic
equation, especially for earlier times. These discrepancies reduce as time
grows. It is also worth pointing out that, as in [5, 7] and contrarily to
[43, 48], the results are oscillation free for the first order closure, both for
the density p and the reduced flux eJ/p, which remains bounded by 1, as
expected.

The kinetic scheme is also sensitive to the variations of &, particularly
for the almost vanishing initial data, see Figure 7-(g) and (h). We observe
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that the results differ from the ones given by SL-WENO for ¢ = 0.26 and
almost vanishing initial data: the main errors appear in the regions of large
gradient of the density, see Figure 10. Clearly the kinetic scheme is not
well adapted for this regime for such a small initial data. However, the
performances are better considering a larger initial data, since in such a
case the slopes are less steep see Figures 11 and 12. Note that this test
also shows the limitation of the asymptotic-induced method since when
€ grows we are faced with difficulties related to the maximum principle,
see Remark 6. In particular, the scheme for the first order closure is not
positive in the sense of [7], the computed €.J/p can violate the limited flux
condition and we are in trouble to evaluate the flux (again, increasing the
initial data makes things easier). Finally, it is remarkable to observe that
the first order closure results are satisfactory in all regimes. This makes
this closure model really valuable. More figures are available on the URL
http://diffnum.gforge.inria.fr/SU-OLSON/.

6. CONCLUSION

We have proposed new numerical schemes based on splitting techniques
specifically adapted to diffusion regimes. The main idea behind this strategy
is the separation between the hydrodynamic quantities and the fluctuations.
Hence, the method we design is explicit, asymptotic preserving, well bal-
anced and mass preserving thanks to a suitable treatment of the numerical
boundary conditions. This approach applies equally well to the original
kinetic equation and to the macroscopic models coming from closure ap-
proximations.

The numerical experiments demonstrate the abilities of the scheme to
give accurate quantitative estimates of the errors made by the approxima-
tions to the kinetic equation. The first order closure is shown to be the most
accurate approximation, among those we chose, for the kinetic equation in
the diffusive limit. This confirms that the choice of the closure by entropy
minimization principle is certainly appropriate for applications where the
kinetic equation is coupled with more complex systems.
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FiGURE 11. Su-Olson test: Left column: comparison of
densities p; middle column: comparison of temperatures
O ; right column : comparison of reduced fluxes €J/p in
log-log scales for the solutions after time 1, 3 and 10 time
units respectively (from top to bottom) of with the kinetic,
the heat equation, the first and the zeroth order closure
methods for ¢ = 0.26. The initial data is fo = pg = ©g = 1.



