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Summary We are concerned with efficient numerical simulation
of the radiative transfer equations. To this end, we follow the Well-
Balanced approach’s canvas and reformulate the relaxation term as
a nonconservative product regularized by steady-state curves while
keeping the velocity variable continuous. These steady-state equa-
tions are of Fredholm type. The resulting upwind schemes are proved
to be stable under a reasonable parabolic CFL condition of the type
At < O(Ax?) among other desirable properties. Some numerical re-
sults demonstrate the realizability and the efficiency of this process.
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1 Introduction

Radiative transfer problems are encountered in wide areas of appli-
cation, like for instance asymptotics of Schrodinger equations with
a random potential whose characteristic scale matches the one of
the wave function, [4,13,15,36]. It is also used in climate evolution
modeling, [38,40], in astrophysics, since the early works of Chan-
drasekhar, [12], or for neutron transport phenomena, [11,7,35]. In

* Work partially supported by EEC network #HPRN-CT-2002-00282.
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a three-dimensional nonaccretive setting with uniform optical thick-
ness, it reads

atf+g.Vf:417T/§2fdg—f, x € Rt > 0. (1)

The unknown is the nonegative specific radiation intensity f(t,x, &)
which depends on time ¢, position x and velocity &. It should also
depend on its frequency usually denoted by v > 0; however since
no emission source on the right-hand side of (1) will be taken into
account before §4, we discard it. At thermal equilibrium, a canoni-
cal example for such a term would be Planck’s blackbody radiation
function, in standard notation

2h3

M )
c? (ekT — 1)

with T" > 0 the temperature, ¢ the speed of light and A, k stand-
ing respectively for Planck’s and Boltzmann’s constants. The one-
dimensional Goldstein-Taylor model studied in [21] appears to match
the so-called ”two-stream approximation” of (1), see [38,40].

It is obvious that a direct numerical approach to (1) is very ex-
pensive because it requires the discretization of a seven-dimensional
space. Hence it has been observed that in certain situations, it is suf-
ficient to compute its diffusive (so-called Rosseland) approximation
for which one gets rid of the velocity variable £. The passage from
one to the other is done via a rescaling of space and time, t — t/&2,
x — x/¢; formal computations have been justified in e.g. [5,33].

The scope of this text is the efficient numerical simulation of the
forthcoming one-dimensional Cauchy problem whose unknown is now
a general nonegative kinetic density f(t,z,&), z € R, t > 0,

B,(T) =

1
oo =1 (5 [ rac-s).  eelin @

together with an initial datum 0 < fy(z, ). The parameter € > 0 is
the Knudsen number; for € ~ 1, we are in the so-called rarefied regime
whereas € — 0 forces the energy density f to be fully scattered in an
isotropic way. In this case, the asymptotic regime for the macroscopic
density o(t,x) = %f_ll f(t,x,&).d¢ is of the diffusive type,
1

0o — gamg =0, zeR,t>0. (3)
Several authors already proposed numerical treatments of (2), see
e.g. [31,18,29,30,34] and [7,14] for an entropy closure approximation.
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Recently, the so-called “Asymptotic-Preserving” (AP) schemes have
been singled out because of their ability to remain stable as ¢ — 0
within a fixed computational discretization and to be fully consistent
with (3), see [26-28,8].

The main drawback of these schemes at the time being lies in the
difficulties one encounters when trying to establish rigorously their
properties. This is one of the reasons why the authors decided to
exploit the “Well-Balanced” approach after [23] (see also [19,1,6])
to treat this class of hyperbolic-parabolic relaxation problems. It has
already been successful in the case of discrete velocity models, see [21,
22]. However, an extension towards problems involving a continuous
distribution of the velocity variable has never been carried out before.

Therefore, as a first attempt, we propose here to focus on the
simple model (2). Following the ideas from [19-22], we first recast
this equation in the framework of nonconservative problems, [32,1],
while localizing its right-hand side on a discrete lattice by means of
Dirac masses §(.). More precisely, a positive parameter h > 0 being
given, we plan to derive in §2 a Godunov type scheme based on the
following singular equation inspired by (2) where x; = jh,

1 1!
Eatfh+€a$fh:€§h<2/1fh.d€—f>(s(x_mj— ). (4)

N

Here, f/(t,z,&) stands for an auxiliary unknown to be used as a
building block in a Godunov scheme, [16]. Such a formulation is gen-
erally unstable for discontinuous f(t,.,¢); our treatment will follow
the general theory of nonconservative products, [32]. We solve the
Riemann problem for (4) in §2.1 in order to produce the numerical
scheme which turns out to be endowed with the WB property, see
(18), in §2.2. Along this presentation, we shall also consider briefly
the nonlinear version of (2) namely,
1

cof 00 =L o-1). o=3 [ ras celr ©)
with K a continuous function satisfying K (g) > 0 if o > 0. Its Rosse-
land approximation is given by the diffusion problem for z € R, ¢ > 0:

1
o — gamcD(Q) =0, D/(Q) = TN (6)
Since this nonlinear case can be tackled in a quite similar way com-

pared to (2), we also include it: see Remarks 1 and 3. Later, §3 is
devoted to a complete convergence analysis of a simpler model, see
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(34), in the diffusive limit ¢ — 0. It is deduced from (18) by neglect-
ing some terms of the order of €, ¢f. §3.1. Finally, §4 is concerned
with numerical experiments and some technical proofs (Theorem 1,
Lemmas 5, 6, 7) are presented in an Appendix to improve readability.

2 Nonconservative reformulation and WB discretization
2.1 Steady-states and generalized jump relations

The Cauchy problem for (4) is unstable in a class of discontinuous
functions, as explained in [32]. The first and basic step is therefore
to give a precise mathematical meaning to the ambiguous products
of the “Heaviside x Dirac” type appearing inside (4). This shall be
done according to the theory presented in [1,19,22], that is to say by
considering the steady-state equation related to (2). We call f (z,€)
any solution with £ # 0 of:

~ 1 . R
efaxf—2/lf.d§—f, ccl-11, z€0,h].  (7)

Boundary conditions are to be specified later. We now split this equa-
tion into two for each positive u and negative v part of the kinetic
density f. More precisely, we consider u(t,z,w) = f(t,z,w) and
v(t,r,w) = f(t,z,—w) for w € [0,1]. Thus the stationary relation
(7) rewrites for u(z,w), 0(z,w):

1 1
w0yt = / (44 ).dw — 1,
2 Jo

L
€Wy = & — / (@ + 9).dw,
2 Jo

w €]0,1], z € [0,h].  (8)

We complete this system with the following boundary conditions:
Vw €]0, 1]; (0, w) = ur(w), 0(h,w) = vg(w). 9)

The main objective of this paragraph is to derive a consistent approx-
imation of the integral curves of (8)—(9) for all w €]0,1] and h € RY.
There is an important conservation law associated to (8), namely,

By </01 w(i — @).dw) =0. (10)

Hence we look for an approximation of (8) which could be solved
exactly while keeping this property. From e.g. [24], we know that a
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simple Euler discretization of (8) won’t preserve (10); however, the
“mid-point rule” is more accurate.

Let us consider the Fredholm equations obtained by discretizing
this way the system (8); the unknowns @ (w), 9(w) stand for an ap-
proximation of 4(h,w), 0(0,w) respectively for all w € [0, 1],

cw 1

2h(ﬂ—uL)(w):;/0 (ur, + 0+ @+ vR).dw — (ug, + @) (w), )
w 1

26T(f)—fuR)(w) = ;/0 (up + 0+ 0+ vg).dw — (04 vg)(w),

In order to check consistency with (10), we integrate (11) inw € [0, 1].
What we have in mind is to establish that for the chosen discretization
(11), there holds:

/Olw(uL —0)(w).dw = /Olw(@ — op)(w).dw.

Hence we compute the value of an auxiliary quantity I for which a
simplification occurs:

1 1 1
1:2/ (uL+6+ﬁ+vR).dw—/ (up + u).dw
0 0
1 1 1
:/ (27+UR).dw—2/ (ur, + 0+ @+ vR).dw
0 0

1

1
= 2/0 (04 vg) — (ur + @).dw.

It remains to plug that into (11) and integrate in w to end up with

I
|
+

/Olw(&vR)(w).dw /Olw(uL — vR).dw,

(12)
/Olw(uL — ) (w).dw = — + /Olw(uL — vR).dw,

which clearly is a numerical formulation of (10). Of course, if ¢ is
replaced by a variable optical thickness €/ (x) in (7), then (10) reads

o(z)"10, </01 Wi — ﬁ).dw) —0,

and (11) should be amended accordingly; see §4.2.
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Lemma 1 Let u(x,w) and 0(x,w) solve (8) with u(0,w) = ur(w) and
0(h,w) = vg(w); then their approximations produced by (11) read:

(@) = un(@) = —2 (upw) = 2 [ wrFon(s)as).,
(-5

C h+ 2ew 2 ) (13)
I(w) = vr(w) — h—f];ew <vR(w) — ;/0 ur, + vR(s).ds) ,
where we defined for w € [0,1], € > 0:
1 1 . -1 . . 2ew
/0 u(s).ds = </0 a (w).dw) /0 a®(wu(w).dw, a(w)= e £ B

Proof Let us set u*(w) = u(w) + ur(w) and v*(w) = 9(w) + vr(w).
Then from the equations (11) we obtain

h+2 1t 4

+ 5%*(@:/ (W + ") (W)dw' + Ly (w),

h 2 Jo h (14)
h+2w 1 dew

1
W) = 4 /0 (1" + o) (W) + (),

which gives at once the values of u*(w) and v*(w) in terms of their
mean, ur(w) and vg(w), respectively. Hence, integrating on w, and
2ew

setting a®(w) = 5577 as announced, one obtains

3 [ e = ([ )

Substituting into (14) leads easily to (13).

-1 .
/0 0 () (ur, + ) ().,
(15)

Remark 1 The nonlinear case (5) can be processed the same way be-
cause a straightforward modification of (11) still guarantees the con-

servation law (10). Thus one follows exactly the same lines to end
hK (o)
hK (0)+2ew

0=13% fol ur, + vg(s).ds. We can produce with a fixed point algorithm:

up with formula (15), where now aj% (w) = inside which

o 2hK (o)
i(w) = up(w) — R (o) + 25 (ur(w) — o), (16)
2hK (o) (vp(w) — o) .

I(w) =vR(W) = —— "o

(@) = va(w) hK (o) + 2ew

Then we can reasonably choose to exploit the relations (13) in
order to give a rigorous meaning to the measure source terms inside
(4) within the theory of distributions. More precisely, let us fix some
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value w €]0, 1] and consider the Riemann problem for (4) with initial
states (ur,vr) for x < 0, (ugr,vg) for x > 0; its solution is given by

(up,vr) for < —wt,
(ur,v) for —wt <z <0,
(t,vg) for 0<z < wt,
(up,vg) for = > wt.

(17)

At this level, one can notice the strong analogy between this Riemann
structure (17) and the previous ones encountered within the study of
discrete velocities models, see [21,22].

2.2 An explicit WB Godunov scheme for rarefied regimes: € > h

Formula (17) is enough to apply the ideas of Godunov [16] in order to
derive a finite-difference scheme. To this end, we define a Cartesian
computational grid with h > 0, At > 0 standing respectively for the
space and time steps. The initial data ug(z,w), vo(z,w) is discretized
the following way:

Vj € Z, ujo(w) = uo(jh,w), vjo(w) = vo(jh,w).

Hence for At small enough, one can update the numerical approxi-
mations just resolving Riemann problems for (4) whose solutions are
given by (17)—(13) and using Stokes’ theorem. The numerical process
derived this way reads for j € Z, n € N:

wAt
“j,nH(w) = um(w) T oh (Uj,n(w) — Uj—1, n( ))
VBYAY; h 1 /!
JECET=" (“j-lv"“’)@w () =3 ], e )
wAt

Bint1(@) = 0n(©) + L (05110(@) — ()

2w At ()0 h 1 /1 e
7 o a_ N i+1n\ W)\ == | — 3 n n
e(h + 2ew) it 2e 2 Jnj2e Yam T gL

The interval of integration has been slightly modified for reasons
which will become clear within the proof of Lemma 2. In (18) we
used the following function:

Ou(y) =1 if y<uw; @w<y>:§ ity > w.
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It is clear that it is nonnegative, continuous and bounded by one.
Another elementary but fundamental observation is:

WAL _ A ) 0< af(w) !

= 19
e(h+2w) ¢ - 1+ h/2ew (19)

This scheme can be shown to be endowed with very strong properties
in the so-called rarefied regime which corresponds to the case h < €.
Let us emphasize its consistency with the original problem (1); the
upwinding of the source term ensures that steady states of the form
(11) satisfying (10) will be preserved whatever the value of h > 0
under the CFL condition At < eh.

Lemma 2 Assume the CFL condition At < eh with ¢ > 0 and
0 < folx,&) € L*°([—1,1]; LY(R)); then the numerical approzima-
tions produced by (18) are nonnegative and satisfy for alln € N,

1
S / 14 0 ()] + 030 () oo < / Nyt (20

JEZ
Proof We have in mind to derive convexity inequalities; the equation
on ujn41 in (18) implies:

wAt

i1 n(@)] wAt  2wAt o h
Hi—Lnl® <1€h e(2ew +h) ¥\ 2 (21)

+°"At/ ;1] + [07m](5)-ds
e(2ew +h) Jp 2e g=ln SIS

We notice that under the prescribed CFL condition, the coefficient of
|ujn(w)| is nonnegative. Likewise, the nonnegativity of the coefficient
of |uj_1n(w)| follows from the definition of ©,. The equation on
Vjn+1(w) being treated the same way, it remains to integrate in w €
[h/2e,1], to use (19) and to sum on j € Z in order to derive

Zh/ [wjinr1] + [0 -dw < Zh/ [jin| + 07,0 -dw

JGZ JEZ
2ew
= Zh { /h W (a%w) - W) (It + 070 >.dw} .

Hence we obtain (20) from the definition of ¢°(w) in Lemma 1. The
consistency comes from (19) since 8(2ﬁ§;w) = % T +h1/25w when 6, =

1. We notice further that @ # 1 on the interval w € [0, h/2¢] which
Lebesgue measure shrinks to zero as h — 0, € > 0.
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Other bounds in LP(R), 1 < p < +o00 can be derived the same
way. In the nonlinear case (5), one has to exclude the critical interval
w < h/2e||K(00)ll Lo (r), 00(x) = %f_ll fo(z,&).d€. This is related to
resonance problems for nonconservative balance laws, see [1,2,25] for
instance, and also to the stiffness limit of the approximation (11).
Other choices exist for ©,,; for instance, we may have taken the in-
dicator function 1 h<2ew- The basic requirements are both to ensure
nonnegativity for the incremental coefficients in (18) and consistency
as h vanishes. In practice, the w variable is discretized; the simplest
way is then to exclude the velocities inside the critical interval.

For a given € > 0 fixed, we define the piecewise constant functions,

uh(t,x,w) = ujn(w), vh(t,x,w) = vjn(w), weo,1], (22)
for z € [(j — 3)Az, (j + 3)Az[ and t € [nAt, (n + 1) At].

Theorem 1 Assume the CFL condition At < eh with € > 0 and
0 < fo(z,€) € L®([~1,1]; L' N BV(R)); then, as h — 0, u" and v"
remain bounded in L>®°([—1,1]; BVjoe(R} x R)) and converge towards
the weak solution of (2), f(t=0,.,.) = fo.

The proof of this result has been forwarded to the Appendix.

Remark 2 Another way is to consider directly the system (8) while
“freezing” the integral term in such a way (10) or its discrete version
(12) can be preserved. Indeed, such an alternative approximation
leads to an explicitly integrable system whose solutions read:

) = ugle) — (1= ) () - [ e ()5
o) = (o) — (1= /) (unt) - [ T ().

(23)
The integrals are defined as in Lemma 1, but with a different function
a which reads @ (w) = w(1 — e /%), With these values, an analogue
of Lemma 2 holds in the whole interval w € [0, 1] since the modified
scheme yields the following convexity inequality:

(.dAt wAt — w
|Uj,n+1(w)‘ < |uj7n(w)| <1 - €h) + |Uj*1,n(w)|?e h/e

WAL\ ooy [ (o o]
=) [ (T + o) (5)s.

However, it is not completely clear how to extend such a discretization
so as to handle the diffusive scaling efficiently.
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In any case, both schemes (23) and (18) ask for a discretization
of the velocity variable w in order to update the kinetic densities
u?(w), vj(w) and the average quantities have to be computed in an
appropriate way (the usual choice is Gaussian quadrature rule, see
e.g. [28]). In sharp contrast, we shall see that in the diffusive regime
€ < h, it is possible to avoid this. Roughly speaking, this comes from
the intuitive fact that if a scheme remains stable for small values of ¢,
then the values of uf (w), v} (w) must be very close to the Maxwellian

distribution, which in the present case is independent of w.

2.8 First considerations on the diffusive regime: € < h

Following [21,22], we rewrite the values (13) splitting between a
Maxwellian and a diffusive term. This can be done in several ways;
the natural one reads

i) = up(w) — (uL«f) - [ ts)as)

C 2ew+h
| s () - [ wms)as)
= [ oreras = 2 ([ oms)ds - use)
- (/OluL(s»ds - uL<w>) |

and leads to the following scheme if the last (Maxwellian) term is
neglected: (compare with (18))

( wAt 1
winr() + 25 (wnn() - [ wro.as)

0
2w At 1
= U],n(w) — m <A Ujm,(S).dS — Ujl’n((.d)> s
1

wAE
@) + 25 ()~ [ (o)

0
2w At 1
= vjn(w) — h(h + 2e0) </o Ujn(s).ds — Uj+1,n(w)> :
(25)
Observe once again that because of the property (19), there holds

LwAt  h L
[ g ([ 0t ) =0

which means that the neglected term is of zero average. We also com-
ment on the fact that, taking advantage of the linear convection in

(24)
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(4), we chosed as in [21,22] to treat implicitly the stiff terms divided
by e. This is not a drawback since the equations of (25) can be in-
verted analytically as we shall see in the sequel.

We introduce now a bit of notation as follows:

2 1
I (W) = ujn(w) — h(Qi;d—&—ié‘aiz) Jo Tin(s).ds —uj_1p(w) ), (26)
2 1
I8, () = 0jn(@) — 2280 ([ a7 (s)ds — vj10(w)
We notice another important property of a®, namely,
a®(w €
S CO R e (27)
Jo a8 (w').dw’ h

Hence, up to an error of the order of &, one can integrate (25) in w
and then is led to invert the resulting linear 2 x 2 system of equations
which yields the analytic expression of the average values of ;5 +1(w)
and v p41(w):

At 1
0
At 1
Vint1(w) + oy <2wvj7n+1(w) - 2W/ 2W/uj,n+1-dwl> =17, (w).
0

(28)
This system rewrites:

( 1 1 1
2weh
/01 2(A)Uj7n+1.dw — ZE/O 2(.{)’Uj7n+1.dw = A m]j;fn(W)dw,

1 1
2weh
/0 2&)Uj7n+1.dw — Z€/0 2wuj7n+1.dw = A m[‘ﬁn(W)dw,

1 2
with Z¢ _/ _2AL
o €h+wAt

(29)
At this point, one sees that the computation of the implicit av-
erages asks for involved quantities on the right-hand side of the
type 01 %W,n(w).dw. However, in this diffusive regime, our main

point is to compute g;,,, which satisfies the following simple equation:

1 1
et = 5 /0 [ @) + 0 @)do, neN.  (30)

Hence the expensive averages cancel when integrating and adding
the scheme (28); it sounds therefore interesting to seek a simpler
version of (29) being endowed with a correct asymptotic behaviour
as ¢ — 0. A natural way to get such a simplified scheme is to use
simpler expressions in the left-hand side’s brackets of formula (28).
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2.4 The link with the Goldstein-Taylor model

A choice which gives this simplification makes us go from (13) to

1) = vr(e) + 5o (wn ) — vn(e)
1
—i—h +h2€w </0 ur, +vg(s).ds — (ur + UR)(w)> .

One could choose to neglect the last Maxwellian term which is of
zero average (always for the same reason) and this leads to the very
simple family of schemes which are indexed by the w variable:

(i (@) + 25 (w301 (0) — 5001 ()
2w At
= win(@) = i g 3ey (Uin(®) — ti1a()).
wAt (31)
Vjns1(w) + ~h (Uj,n+1(w) - Uj,n+1(w))
(.d2
= vjn(w) — M (uj,n(w) - Uj+17n(w)>.

Of course, in the case w = 1, one gets the “two-stream approxima-
tion” of the radiative transfer equation, that is to say the Goldstein-
Taylor model, [17,37]. We notice also that since we neglected the
Maxwellian terms inside the decomposition of @(w), there is no cou-
pling in w € [0,1] and what we obtain is but a collection of linear
schemes of the type already studied in [21]. Thus we do not repeat
all the analysis and we only state the final result:

Lemma 3 Assume 0 < fo € L>®([-1,1]; LY(R)) is initial data for
(2). Then under the CFL condition 2At < 3h? there holds for all
t>0,we0,1] and e — 0:

> (i @)+ g (@)]) < llol )y + o)l .

JEZ

and the scheme (31) is positivity preserving. In the case x — fo(z,w) €
BV(R), one has also:

> hlusn—vsal(@) < £(TVa(uo)+ TV (w0) )+ o w)—v0( ) | 2 ey
JEZL

where TV, stands for the total variation in the space variable.



Numerical simulation of radiative transfer equations 13

All the estimates are exactly the same than those in [21]. The only
change comes from the consistency with (3) as ¢ — 0 which is the
AP property. Then one observes that each Maxwellian estimate gives
that (uj, — vjn)(w) is of the order of € in L!(R). Hence, summing
the equations in (31) gives only:

wjnt1(w) + Uj,n+12(w) = Ujn(w) + Vjn(w)
2w At
T hh + 20w) (vj+17n(w) — Ujm(w) = Vjin (W) + uj_l,n(w)).

And this doesn’t lead to (3) because there is still a dependence of
Ujn, Vjn in w; the relaxation estimate in Lemma 3 is too weak. As
a fix, the term h%aw (fol UR(s).ds — vR(w)) could be included inside

(31), but the resulting scheme would be computationally expensive.

3 Convergence of a simple conservative AP scheme
3.1 Conservative Asymptotic-Preserving schemes

A third way to rewrite (13) is given by:

1

- __ 2ew r
u(w)—/ ’UR(S).dS—W/O vr —ur(s).ds

0
h — 2ew L
+m (/0 ur(s).ds — uL(w)> .

The main difference between (32) and (24) relies in the diffusive part,
which is now entirely given by mean values. We notice that neglecting
the last term in this expression is hopefully about to generate an error
of order e, the Maxwellian gap, on g;, because there holds (thanks
again to (19)):

/01 %(1 9% (w)) </01uL(s).ds - uL(w)> e =

Hence the important point is to ensure that the relaxation mecha-
nism is kept strong enough despite these simplifications in order to
maintain the errors on ¢ of order ¢; so far we have moved from (13)
to:

(32)

1 1
2 -
i(w) = /0 UR(s).ds — 7255:}— h/o vg — ur(s).ds,

2ew

1 1
(w) :/0 w(s).ds—w/o ur, — vR(s).ds.
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Inserting these values 4(w), v(w) leads to the following scheme

1

/ W(s).ds)

At
Ujns1(w) + %h <2wuj,n+1(w) — 2w A

2w At v
= U]’n(W) — h(h—}—quj)/Ov ’Uj,n — ’U;j_l’n(S).dS,

At !
% 2wV 1 (W) — 2w i Ujnt1(s).ds
202 At

1
= Vjn(w) — h(}H‘QEW)/o Ujn — Vj+1,n(S).ds.

(33)
Vjnt1(w) +

We observe that this scheme differs from (28) mainly by the form of
its right-hand side. However, it keeps on involving intricate implicit
average quantities on the left-hand side. Thus we choose to replace
them by simpler ones; namely, we define (compare with (26)):

- 22 At 1
) = 03nle) = i gy [, i w51

S 2w AL 1
Fj,n(w) = Uj,n(w) - h(h“‘%w)/o Ujm — Uj+1,n(w/).dw'.

And we pass from (28) to the revised scheme where the diffusive
terms are treated in a simple but conservative way:

1

At / Vjn+1 (w/).dw’>
0

winr(e) + g (wimia(0) -

2w? At !
= tjn(w) — h(h—|—25w)/o ”J'm(lw,) = 1,0 (W) do,

At
@)+ 22 (0010 = [ g

22 At !
T 2207y Mar) = sl

(34)

= Vjn(w) —

This is an approximation which is valid for kinetic densities having
weak dependence in w since fol 2w.dw = 1 and which yields the fol-
lowing relation (compare with (30)) :

1t -
Ojmt1 = 2/0 I} (w) + 17, (w).dw, n € N.
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Finally we pass from (25)—(29) to a simpler linear system obtained
by integrating (34) in w:

! ! eh L
€ u
s =W [ o = 5 [

! ! eh L
/0 Vjnt1-dw — WE/O Ujpt1-dw = 5h+At/0 Iy, (w).dw, (35)
At 2eh
thwe = 20 _q_ ="
A 2h + At %h + At

Moreover, it can be easily shown that (¢f. Appendix)

' w(2w —1).dw -
/o (2¢h + At)(eh + wAt) l =0(e/h), (36)

|28 — W¢| = 2eh At

assuming that At = O(h?) and both (29) and (35) are invertible.
The main point of such a discretization is that it enforces the so-
called ” Asymptotic-Preserving” (AP) property. If one assumes that
the data is locked on the Maxwellian distribution as ¢ — 0, that is
to say u and v independent of w, then (34) reduces to an explicit
discretization of (3) when integrated against w € [0, 1].

3.2 Positivity-preserving property

Apart from the constant velocity @ = % on the left-hand side, (34)
differs from (25) because of the presence of a monotone numerical

flux-function on its right-hand side,

202
h + 2ew

F(w:U,V) = U-V),  wuF>0,F<0, (37

and F(w;0,0) = 0 with the notations:

1 1
U :/ w(w').dw’, 1% :/ v(W).dw'.
0 0

Remark 3 In the nonlinear case (5), one is led to define

202

Fluwstd,v) = hK (o) + 2ew

U-v), Q=%(U+V), (38)

and the monotonicity is ensured if 2K (9) > oK'(0).
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We define also the piecewise constant functions:
Yw € [0,1], ul(t, W) = Ujn(w), otz w) = Vjin(w), (39)
where t € [nAt, (n+1)At],z € [xj_%,xj+%

are in position to establish results similar to those of [21]. We begin
with the positivity-preserving property:

[, zj = jh. In this case, we

Lemma 4 Assume fo(z,€) is nonnegative; then 2At < h? is enough
to ensure that for (34), u" >0 and v" > 0 with 0 < e < 3h/4.

Proof Taking (37) into account, the scheme (34) rewrites as follows:

At
Ujnt1(w) + oh (Ujnr1(w) = Vint1) = ujn(w) + *F (W Uj—1,n, Vin),
At ft

vj,n—l-l(w) + (”j,n—irl(w) - Uj,n—l—l) = vy, n(w) — F(w; Ujn, Vit, n)-

2eh
Hence integrating it and adding yields (35) and the value of Uj 541,

ch At
Uj7n+1 = m <U]7n + TKa(uj—l,n - Vj,n)+

At
h Ka(uj—l,n - Vj,n - uj,n + Vj-i—l,n))) )

At

= h(ujn+vjn+

together with the similar one of V;,,1:

ch At
Vintl = (Vj,n — —K:(Ujn —Vjyin)+

At +¢eh h
At At
257 (Z/{j7n + V]7n + WKg(Uj_Ln - V_%n - u]7n + Vj+17n)>> 9

We have used K, fo 7 +2€w .dw < 2/3h. Now we insert all this inside
the scheme (34) and rearrange terms. This leads to:

At At At
(1 " M) win+1(w) = At ¢ ch (“j” g et = Vin)

25 = (uj n+ Vin
+— 3 K, (U] 1n — Vjn —Ujn + Vj+1,n)>

At
Fugn) + P @210 Vin) ).

Inside this expression, we can split between terms in O(1) and O(1/¢);
the expressions involving negative terms read:

Ui (1 - AhtK (1+ Z’;))
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and

v (0 50) - (T 7))

It is easy to check that each coefficient is positive under our assump-
tions. Computations for v;,41(w) are similar thus we are done.

Remark 4 From these computations, one can see that a simpler choice
for F, for instance F(w;u,v) = h—%% (u(w) —v(w)), couldn’t keep
such a property. Hence in §2.4, it wouldn’t have been interesting to

S . : .
propose (w) = [y Tr(s).ds + a°(w)(ur, — vR)(w) just neglecting the
other Maxwellian term (of zero average).

In practice, for € ~ 0, the terms of the order of € become negligible
and one can of course relax the CFL to 2At < 3h? like in [29].

3.8 LP(R) and BV (R) regularity; control of the Mazwellian gap

As done before, we define the piecewise constant averages for h > 0:
Ut 2) =Ujn, V't 2) = V), (40)

where t € [nAt, (n+ 1)At[,z € [x];%,wwr%[.

Lemma 5 Assume 0 < fo(z,€) € L=([-1,1]; L N BV(R)); then if

2At < h? in (84), there hold for all 0 < e < 3h/4, t > 0:

;o (41)
L'(R)

1
Ut Yo + IV o < H / ()¢

and

TV, (Uh(t, .)) LTV, (Vh(t, .)) <TV, </11 fo(.,g).dg> . (42)

where TV, stands for the total variation in the space variable.

The treatment of the nonlinear case (5), (38) is exactly the same;
in particular, there is no need for any linearization of F in U and
V as in [22]. The only change is the explicit dependence of K. upon
0 1, = %(Uj_lm +Vjn), see §4.3.

Lemma 6 Assume 0 < fo(z,€) € L®([~1,1]; L' N BV (R)); then if
2At < h? in (84), there holds for all 0 < e < 3h/4, t > 0:

(e, = Vit ey < [UP0,) = V40w
+OETVa ([ fol€)-d¢)

where TV, stands for the total variation in the space variable.

(43)
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Hence (43) entails control on the distance from the Maxwellian
distribution in the case the initial data is “well-prepared”, that is to
say: [|U"(0,.) — V0, L1 (w) of the order of e. This kind of situation
has already been encountered in [21,22].

Under this assumption and substracting the average in w of the
second equation in (34) to the first one, we can compute in a similar
way for w € [0,1]:

(“j,n+1(w) - Vj,n+1) (1 + QA;L) = ujn(w) = Vin + QAEZ (Ujm - Vj,n)

Hence an estimate which somehow gives credit to the simplifications
made in §3.1 is deduced:

> hluin(@) = Vial < JU™(0,.) = VMO, )| 1y +
JEZ

O(e)TV, </11 fo(-,ﬁ)-dﬁ) + ﬁ (1 + %)71 > hlujo(w) = Vil
- i=1 JEZ

3.4 Regularity in time and convergence

The basic time regularity result reads:

Lemma 7 Assume 0 < fo(x,€) € L=([—1,1]; L N BV(R)); then if
2At < h?, there holds for all 0 < e < 3h/4,t > s> 0:

0"t ) = U (s, llga ey + IV ) = Vs, ey <
O (1520 I (s.) = V(5. oy + OWITV: ([ fol€).¢)
(44

where TV, stands for the total variation in the space variable.

From Lemmas 7 and 6 follows immediately an Holder regularity for
UM, V" in the case the initial data is well-prepared and h = O(v/At).

Theorem 2 Assume 0 < fo(z,&) € L¥([-1,1]; L N BV(R)) and
the CFL condition 2At < h?; then if the initial datum is such that
24" (0, .) — VR(0, Iriwy = O(e), the sequences Uh, Vi are relatively
compact in L (Rf x R) as h,e — 0 with ¢ < 3h/4. Moreover, the

loc
piecewise constant function o' = %(Uh + V") converges towards the

unique solution of (3) with the initial datum 0(0,.) = § f_ll fo(.,&).d€.
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Proof From Lemmas 5, 6, 7, one deduces strong Llloc compactness by
means of Helly’s theorem. Adding the two equations in (34), one sees
that there holds with obvious notation:

At

ﬁKe(QjH,n —20jn+ 0j-1n) + (Re)jn.  (45)

Qjn+1 = Qjn +

From previous estimates, one sees that || R:(nAt,.)|;1r) = O(¢) and

the consistency with the asymptotic equation (3) is ensured because
K. — 2/3h as ¢ — 0.

4 Numerical tests
4.1 The linear heat wave

This first numerical run consists in checking computationally the re-
sults established in §3.2-4, namely the approximation of (3) by (34)
with a particular initial data go(z) = H(3 — x) where H(.) is the
Heaviside function. The exact diffusion wave is given by:

[N

1
o(t,x) = B 1 —erf

4
3t

On the top of Fig.1, we compare the p;, produced by (34) with this
exact solution for 7' = 0.07 with ug = vg = 09, € = 279, h = 0.02
and At = h%. On the bottom, we display the Maxwellian gap divided
by € for 20 decreasing values of € together with the absolute error
between the kinetic approximations and the analytical solution. The
code involves the exact value of K.:

1 h  h? 2
Ki=———+—In(1+2).
2 262+4€3n<+h>

Looking at the error’s decay, one notices a first regime for which the
main factor is the value of & (this corresponds to € > h): the rate of
decay is approximately of order one. This illustrates the fact that, in
(45), the norm of R, is O(e) as stated in the proof of Theorem 2. In
the regime for which i > ¢, the terms of the order of A dominate and
the error stalls.
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T
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“"epsilon=1/64"  +
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08 -

0.7
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05 -
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1le-06 1le-05 0.0001 0.001 0.01 0.1 1

Fig. 1. Results for (34) on (2)—(3) with a Riemann initial datum.

4.2 A variable optical thickness

This second numerical test is devoted to a variant of (2); namely we
want to consider a very simple production term and a variable optical
thickness within a boundary-value problem as in [29],

1
58tf+£8mf:0(:)(;/lf.df—f>+€, xz €[0,1], (46)

with Maxwellian initial conditions fy = 0 and v(t,z = l,w) =
u(t,z = 0,w) = 0 for all w € [0,1] and ¢ > 0. The asymptotic
behaviour of (46) as ¢ — 0 is given by the slightly different diffusion
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Fig. 2. Results in T' = 1.35 for (46) with fo = 0.
equation:

1. ([,
00— 50s <U(x>> =1,  ot,0)=o(t,1)=0, t>0.  (47)

In our computations, we selected o(x) = 1 + 102? together with
h =0.02, At = 0.0003 and both schemes (18), in the setting proposed
in Remark 2, and (34) in order to produce the results displayed in
Fig.2. We used 20 values for £ between 1 and 272° and passed from
(18) to (34) as soon as € < hljo||p~. We also computed directly the
solution to (47) by a standard finite-difference scheme for comparison,
indexed by “diffusive” on the top picture. On the bottom picture,
we observe that the remaining terms R, separating this asymptotic
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solution from the kinetic one are of order £2/2 for moderate values.
The Maxwellian gap keeps on being O(e) for every considered value
€. It turns out that despite the fact the following scheme remains
stable for At < eh,

wAt
(@) = (@) + A = 2] (0 (@) = 1j-1.0(w))
—ho(z, 1)/ew 1 /! —_
—1—(1 —e =3 > (uj_LnA(w) ~3 /0 Uj—1,n + vj,n(s).ds) },
wAt
0 gt (@) = 0jn(@) + A+ 2 (v10(0) = 0j0(w) )
—ho(z, ew 1 ! —_
(1M (g ) - 2/ Win + U1n(s).ds) |,
0

its performances decay strongly for ¢ < 10h because of an exces-
sive numerical dissipation, see top picture in Fig.2 for ¢ = 0.125.
A 7-points Gaussian quadrature rule has been used to compute the
modified velocity averages inside the aforementioned scheme.

4.8 The porous medium equation

At last, we simulated the so-called Barenblatt’s solution of the porous
medium equation corresponding to (6) with K (g) = 1/60. We used
the schemes (18)—(34) with the modified numerical fluxes (16)-(38)
proposed in Remarks 1 and 3; the parameters were h = 0.15, At =
0.01 and an approximation for K.(p) ~ 2p (27—]138) The picture on top
of Fig.3 displays the numerical outcome at time T' = 3 in the case
e =1 and € = 27 respectively. One observes a good convergence de-
spite the singularities on both sides of the solution. We switched from
(18) to (34) for € < h/3. This is noticeable if looking at the absolute
errors’ decay on the bottom picture. In the rarefied regime, the ki-
netic densities remain far from the Maxwelian distribution. When the
diffusive scheme is used, a O(2/3) decay is observed as in Figure 1 for
moderate values of €. For € < h, the error stalls. Concerning the re-
laxation mechanism, one can observe that for ¢ < 0.05 the Maxwellian
ratio is still of the order of ¢ since we took fo(t =0,z,&) = o(t = 0,x)
for all £. The exact solution reads for ¢t > 0:

1 z \? 1
Q(t,x) = @ (1 — (T(t)) ) 1|z\§r(t)a T‘(t) = (12(1 +t))3.

Its “two-stream approximation” is the model studied in [22], §4.1.
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Fig. 3. Results for (18)—(34) on (5)—(6) with Barenblatt’s solution.

5 Conclusion

In this paper, we applied the nowadays classical Well-Balanced ap-
proach to a simple model of radiative transfer equations (2) on the
whole range of parameters ¢ € [0,1]. In contrast with [21], some
new features appeared within the numerical processing of (4): first,
the function a®(w) which plays a key role when establishing the mass
conservation property in the rarefied regime (Lemmas 1-2) and later,
when splitting @(w), 9(w) between Maxwellian and diffusive parts in
the diffusive scaling. Second, it turned out that in order to preserve
the properties (10)—(12), this Maxwellian term musts involve both
ur(w) and vr(w). Hence it became necessary to “cut” some terms
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and make some assumptions inside this decomposition to produce a
scheme like (34) which is as computationally expensive as the one in
[21] and for which all the stability and asymptotic properties can be
proved in the limit € — 0, see Lemmas 4-7.

Acknowledgements Part of this work has been conducted during the time the
first author was hosted by University of Pavia whose hospitality is gratefully
acknowledged.

Appendix: Technical proofs
Proof of Theorem 1

As a consequence of Lax’s equivalence theorem, we have to establish
stability and consistency for (18) as h — 0 with ¢ > 0 fixed under
the CFL assumption At < eh.

— Stability: We start from (21); summing on j € Z, we get for all
w € [0,1]:
D hujnet] + [jnaDw) <Y Al + vjn
jez jez

=y ond / Tzl ol (8)-d5 = Qo) (il + o))}

1
|
]7”
ez h/e 2e

)(w)+

We take the supremum over w € [0, 1] on both sides. Since the
integral term is a convex combination, we claim that the second
part of this inequality’s right-hand side is negative for h small
enough. This yields:

sup {7 A1l +oinsi)) (@) } < sup {%huuj,n
JE

wel0,1] jez wel0,1]

sl (@) }-

By linearity of (18), the same procedure can be applied to derive
a bound on the total variation in the x variable. The piecewise
constant functions (22) satisfy therefore for all time ¢t € R* :

u(t,.,.),v"(t,.,.) € L=([0,1]; L' N BV(R)).

This allows to derive some regularity in the time variable; namely,

sup {Zh(‘uj,n—I—l_Uj,n’+’”j,n+1_’”jyn’)(w)}SAt sup  TVy(fo(z,€)).
welo] N ez, £e[-1,1]

Hence u”, v € L>=([0,1]; BVjoe(Rf x R)) uniformly in h > 0.
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— Consistency: We rewrite the first equation of (18) as follows (the
second one is treated exactly the same way) for any w € [0, 1]:

Ujnt1(w) — Ujn(w) LY Ujpn (W) — uj—1,n(w)

At £ h
af(w) (1 _ h
2 (2 /h/e Uj—1n + Vjin(s)-ds — @“‘J(Qé‘)wlyn((ﬂ)) .

The left part of this equation can be shown to be consistent in a
very classical way. To carry out the other, one notices that by their
very definition, a®(w) — 1 (see Lemma 1) and 6,(h/2c) — 1 as
h — 0. Thus the interval of integration is correct and the modified
averages boil down to arithmetic ones in the limit. Moreover, by
space regularity, the integral term converges to the right one.

h

Finally, u”, v" converge towards a weak solution of the system

w 1 ! , ,
8tu+g(9IU— 52(/Ol(u—&-v)(w).dw —u),

w 1 ' ;o
Opv — gaxv =3 (/0 (u+v)(w).dw v),

whose initial data is deduced from fy. By uniqueness, all the sequence
converges.

Proof of the equality (36)

The calculation goes as follows:

1 202

1
ZF—-We = At - d
W /0 %h + At eh+wAt ™
A /1 eh + wAt — 2w?(2eh + At)
B 0o (2eh+ At)(eh + wAt)

! (1 — 2w)2weh L 1—2w
- At{ /0 (22h + A8)(ch + wAt) ™ T /0 2eh + At'dw}'

It remains to observe that the last integral is zero and to take the
modulus.

Proof of Lemma 5

Relying on the positivity of the incremental coefficients established
in the proof of Lemma 4, we can take the moduli inside the schemes
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on Ujn, Vjn. This leads to:

<1 + At) (|U] nti] + 1V, n+l|> a(|uj,n| +1V;, )

+D5<Wj—1,n| + |Vj+1,n|)-

We have:
At At At
Co=laog 1= 37K ) = 57K
At At At
De=5 (1 t hK€> + 7, e

Hence one checks readily that C. + D, =1+ %. This is enough for
(41). The linearity of the scheme ensures that (42) follows too.

Proof of Lemma 6

We compute the difference of the schemes on U ,,, V;n:

<1 + ?;) (Uj,n+1 - Vj,n+1) = <1A+;A2K€) (uj,n - Vj,n>
1)
A#K (VJ+1 n Vj7n>‘

Taking the modulus, summing and taking advantage of the TVD
property (cf. Lemma 5) leads to

U (t,.) = V(t, iy < @™ lU™(0,.) = V™(0,)[l ;1w
+aa Ve (f fo(-,€)- 5)7

for some convenient n € N and

2AtK,
o LT
At
1+ 5
Then, one notices that
3h
e< Z = o < 1,

and (43) follows.
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Proof of Lemma 7

We add the two equations in (34) and integrate in w € [0, 1]:

At AtK,
Ujn1 —Ujp = *ﬂ(uj,nﬂ —Vimt1) = —— Vjn —Uj—1,n)
A AR

Vint1 = Vin = ﬂ(ujﬂwl ~Vint+1) — T(Uj,n —Vijt1n)

Adding and subtracting ﬁ—z(l/{jm —Vjn) in both members of the first
equation leads to:

At At
1+ M) Ujn+1 —Ujn) — ooy, Vin+1 = Vin) =
AtK, At AtK,
< — 2€h> Ujn = Vin) = —— Ujn = Uj-1.0).

Adding and subtracting the same quantity in the second equality
yields a similar expression. At this level, one can take the modulus
and add both equations to obtain:

At |1
Ujnt1 — Uil + [Vins1 — Vil < - ‘5 — 2K,

AtK,
h

|ujvn - Vj,n’

—+

{I%;n —Uj—10] + Vit1n — Vj,n\}-

All the terms appearing can be controlled by means of Lemmas 5 and
6 since AtK./h = O(1); this yields the case where t = (n + 1)At,
s = At. Extension to the general case is straightforward.
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