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ANALYSIS OF AN ASYMPTOTIC PRESERVING SCHEME FOR
LINEAR KINETIC EQUATIONS IN THE DIFFUSION LIMIT*
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Abstract. We present a mathematical analysis of the asymptotic preserving scheme proposed
in [M. Lemou and L. Mieussens, SIAM J. Sci. Comput., 31 (2008), pp. 334-368] for linear transport
equations in kinetic and diffusive regimes. We prove that the scheme is uniformly stable and accurate
with respect to the mean free path of the particles. This property is satisfied under an explicitly given
CFL condition. This condition tends to a parabolic CFL condition for small mean free paths and is
close to a convection CFL condition for large mean free paths. Our analysis is based on very simple
energy estimates.

Key words. transport equations, diffusion limit, asymptotic preserving schemes, stiff terms,
stability analysis

AMS subject classifications. 656M06, 35B25, 82C80, 41A60

DOI. 10.1137/090772770

1. Introduction. Particle systems are often described at the microscopic level
by kinetic models (neutron transport, radiative transfer, electrons in semiconductors,
and rarefied gas dynamics). Simulating such systems by using kinetic models can
be computationally very expensive, but modern supercomputers now enable realis-
tic simulations. When the mean free path of the particles is very small as compared
to the (macroscopic) size of the computational domain, the kinetic model can be
very well approximated by a much simpler macroscopic model (diffusion equation,
Rosseland’s approximation, and Euler and Navier—Stokes equations) that can be nu-
merically solved much faster.

However, there are many cases where the ratio mean free path/macroscopic size
(the so-called Knudsen number in rarefied gas dynamics, denoted by ¢ in this paper)
is not constant: depending on the geometry of the boundaries, or on the boundary
conditions, this ratio may vary in time and in space. In such multiscale situations,
usual kinetic solvers are often useless: for stability and accuracy reasons, they must
resolve the microscopic scales, which is computationally to expensive in “fluid” zones
(where € is small). By contrast, macroscopic solvers are faster but may be inaccurate
in “kinetic” zones (where ¢ is large).

This is why many people have been working for more than 20 years on a kind
of multiscale kinetic scheme: the asymptotic preserving (AP) schemes. Such schemes
are uniformly stable with respect to € (thus their computational complexity does not
depend on €) and are consistent with the macroscopic model when € goes to 0 (the
limit of the scheme is a scheme for the macroscopic model).

To our knowledge, AP schemes were first studied (for steady problems) in neutron
transport by Larsen, Morel, and Miller [22], Larsen and Morel [21], and then by Jin
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and Levermore [10, 11]. For nonstationary problems, the difficulty is the time stiffness
due to the collision operator. To avoid the use of expensive fully implicit schemes, two
classes of semi-implicit time discretizations have been proposed by Klar [16] and Jin,
Pareschi, and Toscani [15] (see preliminary works in [14, 9] and extensions in [13, 12,
25, 17, 18]). Similar ideas have also been used by Buet et al. in [4].

In [23], Lemou and Mieussens have proposed a new AP scheme based on the micro-
macro decomposition of the distribution function into microscopic and macroscopic
components (similar schemes have also been proposed by Klar and Schmeiser [19] and
more recently by Carrillo, Goudon, and Lafitte [5] and Carrillo et al. [6]). A coupled
system of equations is obtained for these two components without any linearity as-
sumption. The decomposition only uses basic properties of the collision operator that
are common to most kinetic equations (namely, conservation and equilibrium proper-
ties). Then this system is solved with a suitable time semi-implicit discretization and
space finite differences on staggered grids. While almost all the schemes mentioned
before are based on very similar ideas, the approach proposed in [23] has been shown
to be very general, since it applies to kinetic equations for both diffusion and hydrody-
namic regimes. (For the diffusion regime, see [23] for linear transport equations and [3]
for the nonlinear Kac equation; for the hydrodynamic regime, see [2] for the Boltzmann
equation.) We also mention the work of Degond, Liu, and Mieussens [7] who proposed a
similar approach (micromacro decomposition) to design macroscopic diffusion models
with kinetic upscalings: this approach also leads to AP schemes, at least for a semidis-
crete time discretization (no AP space discretization was studied in this paper).

While many different schemes have been proposed in the past few years, it ap-
pears that the rigorous proof of their AP property looks rather difficult and is seldom
investigated. To our knowledge, there are only two papers on this subject. Klar and
Unterreiter [20] have proved that a scheme similar to that of [16] and [15] for the
linear transport equation is uniformly stable. However, their proof is based on a von
Neumann analysis and, hence, is restricted to a one-dimensional equation with con-
stant coefficients in a periodic domain. Gosse and Toscani have proposed in [8] an
AP scheme based on a rather different idea (discretization of the collision term as a
nonconservative product and use of well-balanced Godunov schemes): they have been
able to prove a uniform stability property, still in the linear case, but also a strong
positivity property. However, their scheme is based on techniques (like approximation
of the steady solution) that are difficult to generalize to other equations.

In this paper, we propose a very simple stability proof for the AP scheme of [23],
and we exhibit an explicit CFL condition. This condition is uniform with respect to ¢
and gives a standard parabolic CFL condition At = O(Az?) when ¢ goes to 0. While a
stability property was already proved in [23] for this scheme, this was only for a simple
two-velocity model (telegraph equation) by using a von Neumann analysis. Here our
proof is based on energy estimates that are more general than a von Neumann analysis
and, hence, is valid for one-dimensional linear equations with nonconstant coefficients,
continuous velocity variable, in the whole space. By the same technique, we are also
able to prove uniform error estimates.

Our paper is organized as follows. In section 2, we introduce a general linear
equation, we present its discretization by the AP scheme, and we give the main features
of this scheme. Then, in section 3, we give our main stability result and its proof. The
error estimates are given in section 4.

2. An AP scheme for the linear transport equation. The linear transport
equation is a model for the evolution of particles in some medium (neutron transport,
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1476 JIAN-GUO LIU AND LUC MIEUSSENS

linear radiative transfer, etc.). Generally, this model reads, in scaled variables,
0+ Q- V= gm —coad+ 8,

where ¢(t,r,Q) is the number density of particles in the position-direction phase
space that depends on time ¢, position r = (z,y,z) € R3, and angular direction of
propagation of particles 2 € S2. Moreover, ¢ is the total cross section, o4 is the
absorption cross section, and S is an internal source of particles, which is independent
of . The linear operator L models the scattering of the particles by the medium
and acts only on the angular dependence of ¢. This simple model does not allow
for particles of possibly different energy (or frequency); it is called a “one-group” or
“monoenergetic” equation. The parameter ¢ is a scale factor that measures the ratio
of a typical microscopic length (the mean free path of a particle, for instance) to
a typical macroscopic length (the size of the computational domain, for instance).
See [22] for details.

In this paper, we consider this one-group equation in the slab geometry: we assume
that ¢ depends only on the slab axis variable x € R. Then it can be shown that the
average of ¢ with respect to the (y, z) cosine directions of 2, denoted by f(¢,z,v),
satisfies the one-dimensional equation

(1) aﬁtf—kv@wf:gLf—aoAf—i—aS,

where v € [—1,1] is the x cosine direction of Q. At ¢ = 0, we have the initial data
f(0,z,v) = fOx,v). We assume that the cross sections satisfy the inequalities 0 <
om < o(x) <oy and 0 < oa(x) < oap for every z. We do not consider boundary
conditions in this paper, and hence, z € R.

The linear operator L is given by

1
2) Liw) = [ o)1) = Fw)d

-1
where the kernel s is such that 0 < s, < s(v,v") < s) for every v, v’ in [—1, 1]. We also

assume that s satisfies f_ll s(v,v") dv’ =1 and that it is symmetric: s(v,v’) = s(v,v’).

For the following, it is useful to define the operator [] such that [¢] = 1 fjl o(v) dv
is the average of every velocity dependent function ¢. With these assumptions, it is
standard [1] to state the following properties of L.
ProrosITION 2.1.

o [Lp] =0 for every ¢ in L*([—1,1]).

e The null space of L is N(L) = {¢ = [¢]} (constant functions).

e The rank of L is R(L) = N+(L) = {¢ such that [¢] = 0}.

e L is nonpositive self-adjoint in L*([—1,1]), and we have

(3) [BLG] < =25, [¢7]

for every ¢ € N+ (L).
e L admits a pseudoinverse from N*+(L) onto N*+(L), denoted by L~!.
e The orthogonal projection from L%([—1,1]) onto N+ (L) is [.].
When e becomes small (the “diffusion” regime), it is well known that the solution
f of (1) tends to its own average density p = [f], which is a solution of the asymptotic
diffusion limit

(4) O¢p — OpkOrp = —0ap + S,
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-1
where the diffusion coefficient is k(x) = — % An AP scheme for the linear kinetic
equation (1) is a numerical scheme that discretizes (1) in such a way that it leads to
a correct discretization of the diffusion limit (4) when € is small.
Now, we summarize the results obtained in [23]. By using the micro-macro de-
composition f = p + eg, where p = [f] and g is such that [¢g] = 0, we derived the
micro-macro model for (1) that reads

(5a) Owp + 0y [vg] = —oap+ S,

1 o 1
(5b) dg + E(I —[D(vozg) = _5_2Lg - 6—20310,

with initial data p° = [f°] and eg® = fO — p°. This system if formally equivalent
to (1).

Then we proposed the following numerical scheme for this system. We chose a
time step At and times t, = nAt and two staggered grids of step Az and nodes
zi =1Azand z; 1 = (i41)Az. We used the approximated values p' ~ p(ty, z;) and
gz_% (v) = g(tn, ;4 1,v), and the scheme reads

ntl _ n gt — gt
. . +, —_ =
(63,) pz At pz + v 1 2A$ ) — _UA,ip?+l + Si7
+1 n
Q?Jr; ~ Y941 1 B
(60) T e (et — i)+ (o —aiy)
_ Tits o 1 P P
g2 ity g2 Az
where v = %m Note that as in the continuous case, this scheme preserves the zero

average of g.
PROPOSITION 2.2. If the initial data ¢° satisfies [g?+l] =0 for every i, then for
2

every n and i, we have

Proof. Apply the average operator [.] to (6b): since we have [I — [.]] = 0 (obvious),
[L] = 0 (Proposition 2.1), and [v] = 0 (obvious), this relation yields [g:ff] —[97 1] =0,
2 2

which gives the result. O

In scheme (6), the upwind discretization of (I — [.])(v0,g) is to ensure stability
in the kinetic regime while the centered approximations of J, [vg] and v0,p are to
capture the diffusion limit. Indeed, it is clear that when € goes to 0, we have from (6b)

gznjél - —Ui% L= (w22 ) 4 O(e). Consequently, the flux of gznjél is
1 pn — pn
n+1 — _ L—l 1+1 ) O
g2 ] 7oy 07 S 06

where we have used the facts that p} does not depend on v and that L—and hence
L1, too—only applies to functions of v. Then, using this relation in (6a), we get

K1
Ax V2 Az

®) A R N Y Sy Sl
At Az \ 2

) = _UA,Z'IO? + Sia
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1478 JIAN-GUO LIU AND LUC MIEUSSENS

with s, 1 = —([vL™"v] /o, 1), which is the usual 3-point stencil explicit scheme for
the diffusion equation (4).

Of course, this property is true only if At can be chosen independently of ¢ or,
in other words, if the scheme is uniformly stable with respect to €. In [23], we have
proved that this scheme is indeed uniformly stable under some CFL conditions in the
simpler case of the telegraph equation (in which we have only two discrete velocities
v==xlands=1,0=1,04 =5 =0). In the following section, we extend this result
to the general equation (1) for scheme (6).

3. Uniform stability. We give our main result of stability for scheme (6). With-
out lost of generality, we assume S = 0 (source-free case).
THEOREM 3.1. If At satisfies the following CFL condition

(9) At < = (6A2° +2eAx)

Wl =

with & = 28,0, then the sequences p™ and g" defined by scheme (6) satisfy the
energy estimate

S ()P ar 42y {(g;;;f] Ar <Y () A+ 2y [(g?_i_%)j Az

€L S/ S/ i€Z

for every n, and hence the scheme (6) is stable.

Note that CFL condition (9) can be viewed as an average of a diffusive CFL
condition At < GAz? (needed for the diffusion scheme (8)) and of a convection CFL
At < eAz. Tt shows that the scheme is stable uniformly in ¢ (that is to say that
a diffusive CFL condition At < CA2? is sufficient for stability for small €, while a
convection CFL is sufficient for e = O(1)).

Moreover, while our CFL condition (9) is valid for every ¢, we point out that it
is not optimal for each €. This might be the price to be paid for getting a uniform
condition. For instance, in the simpler case of constant cross sections (o = o,,,) and
kernel (s = s,, = 3), the diffusion coefficient of the diffusion equation (8) is k =

+, and the optimal CFL condition for scheme (8) is At < AQ—iz. However, CFL

condition (9) for our AP scheme reads (for e = 0) At < %Az—f, which is 0.2 as small
as the optimal CFL.

Remark 3.1. If we have a source term S # 0, then the same CFL condition
naturally gives a linear growth of the energy. Since this is standard and does not lead
to any additional difficulty, we do not consider this case here.

Remark 3.2. In the case of a time explicit discretization of the absorption term
(that is to say when —crA,l-p?Jrl is replaced by —o4;p! in (6)), we have the same
result with a CFL condition which is a bit more complicated. Namely, the scheme is
stable if

2 3
10 At < mi , Atg |,
( ) mln<1+UA’M S+oam S)

where Atg is the maximum time step allowed by CFL condition (9) for the scheme
with implicit (or zero) absorption term.

This theorem is proved in the following sections: section 3.1 contains compact
notations and useful lemmas, and section 3.2 contains the derivation of our energy
estimate.
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3.1. Notations and useful lemmas. We give some useful notations for norms
and inner products that are used in our analysis. For every grid function u = (u;)icz,
we define

(11) lull? =Y i A,
S/

For every velocity dependent grid function v € [-1,1] = ¢(v) = (¢;;1(v))iez, We
define

(12) ligll =Y [¢2,4] Az
€L

If ¢ and v are two velocity dependent grid functions, we define their inner product
as follows:

(13) (0, 6) =D [bir 300 3] Ar.
i€Z

Now we give some notations for the finite difference operators that are used in
scheme (6). For every grid function ¢ = (¢, 1 )iez, we define the following one-sided
operators:

_ (biJrl - (bifl ¢1+§ - ¢i+l
(14) D iy = — 2 and Digyy = —i 2
We also define the following centered operators:
¢ ¢i+§ - d)i,l 0 ¢i+l - d)i,l _
(15) D1 = W and DY%); = #(z D7 ¢iy1).

Finally, for every grid function p = (;)iez, we define the following centered operator:
0 Mi+1 — Mg

LEMMA 3.1 (centered form of the upwind operator). For every grid function
¢ = ((bi—i-%)iez; we have

_ _ . Az _
(U+D +v D+) d)iJr% =vD (ler% — T|U|D D+¢i+%-

Proof. This result is easily obtained by using the relations v* = %‘”' and the

identity D~ + DT = 2D°. a
LEMMA 3.2. For every grid function ¢ = (¢i+%)i€Z; we have

3 (D+¢i+%)2mc < AixQ > 62 A
1E€EZL 7

Proof. Expand the left-hand side, use the inequality (a + b)? < 2(a? + b?), and
then use the change of index i + % — 1+ % O

LEMMA 3.3 (estimate for the adjoint upwind operator). For every positive real
number « and for every velocity dependent grid functions ¢ and v, we have

1
(" D* +vD)w, )| < alllgll® + - Ikl D1
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1480 JIAN-GUO LIU AND LUC MIEUSSENS
Proof. From Young’s inequality, we obtain for any positive real number o,
o 1 o
(17 [@TDF +o D7), 6) < ol[|gll* + =l (v DT + 0 D7) Yl

Now, the second term of the right-hand side of this inequality can be written as
follows:

1 -
(D D) P
1 1 0 2 2 ! 2 2
= — — v (D741 dv—l—/ v3(DT ;1 dv) Az.
46%2(/_1 (D bR+ [ D )

Then, with a simple changing of index, D~ can be replaced by D™ in the first integral,
which gives

1 _
E|||(U+D++u D7) y||> = Z / 2(DF 1)’ dvAw
ZGZ -
= —||l[v| DT[]
4allllvl (Al

Finally, using this inequality in (17) gives the result. O
LEMMA 3.4 (discrete integration by parts). For every grid function ¢

(¢i+ )iez, Y = (¢z+ Jiez, and p1 = (1;)iez, we have

Z 1D Ax = — Z((SONH%)QSH%A%

i€EZ 1€EZL

Z@bHéDwH%m — —Z(D*gﬁH%)(ﬁH%Aw,
1€EZ €L

D 61D 1 Ax = 0.

1€EZ

Proof. These results are simply obtained by using obvious changing of indexes
and the definitions of the finite difference operators given in (14)—(16). O
LEMMA 3.5. If g € L?([-1,1]), then

[[vlg?] .

N =

[vg)? <

Proof. We just note that

2 2
1 1
[vg]2 =1 (/ vg dv) =1 </ sign(v )\/|v|\/|v|gdv)

1t 2

< 1 / (s1gn ) / ( |v] g) dv by Cauchy-Schwarz inequality

~1

1

=3 [lolg?]. O

3.2. Energy estimates. Since the time discretization of absorption term —o 4p
is implicit, it plays no role in the energy estimate. Consequently, to simplify the proof,
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we consider the case where there is no absorption (see Remark 3.3 at the end of this
section). We proceed in five short steps.

Step 1. Here we derive a first energy relation. With the finite difference operators
defined in (14)—(16), the scheme can be written in the following compact form:

TL+1_ n
(183.) %"‘DO [Ug?“} :0,

n+1

9T =9 1 YD p D) g, = i pnt 0,
(18b) 2T+E(I—[])(U D + v D )gl-i-%: 822L z+1 _5_U6 z+1'

We define the energy of system (5) as fR p? dx + €2 I [gz} dx. It is clear that the
scheme can be proved to be stable if the energy at time n+ 1 can be controlled by the
energy at time n. Consequently, we first multiply (18a) by p7*! then we take the sum
over i € Z, and finally, we use the standard equality a(a — b) = 3(a® — b* + |a — b?)
to get the following:

1 T T T T 7 n
(192) o (™2 = "1 + o™ = p" %) + > pf DO [vgl '] Az =0,
1€EZ

Second, we multiply (18b) by g": L we take the velocity average, we sum over i € Z,

and we get the following:

(19b)
1 1 I N
saz (g™ = g™ lII” + [[lg™ =g™[I[*) + Z {g"**, (I = []) (vF D™ +v™D*) g")
1
:§<gn+170, n+1 QZ[Ung_ll} 50 +1A$

1€EZ

Now, we use relation (7): since [g]"" 1)
2

product of the left-hand side of (19b) shows that it can be reduced to

= 0 for every 7, a simple expansion of the inner

(4" (T = 1)) (" D™+ D) g")
(20) = <gn+1 , (U+D7 + U7D+) gn> _ Z |:gn:11:| [(U+D7 + UfDJr) 9;3%} Az
€L
=(g"*', (v* D~ + v D*)g").

Moreover, we can use relation (3) and the assumptions of the cross section and the
kernel to estimate the inner product of the right-hand side of (19b) as follows:

o) = Sy (o o) A
(21) €L

< = 285m0 [[lg" I
——

I
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1482 JIAN-GUO LIU AND LUC MIEUSSENS

Consequently, we add up (19a) and €2 times (19b); then we use (20), (21), and the
discrete integration by parts of Lemma 3.4 to get our preliminary energy estimate:
(22)

("2 = llp™ 2+ o™+ = o™ 12) + D o' DO Jugi ] Ax
S/

2
9 — —
e (llg™ I = g™ 1P + 119" = g7lI17) + £ (9", (v+ D™+~ D*) g)

< =65lllg" P+ Y [vD g pi A
S/

L
2A¢

Step 2. In this step, we show how the p"*1 — p" term can be eliminated in (22).

First, it is useful to write p? in the right-hand side of (22) as (o — pP**) + prt:

indeed, the terms >, ., p' ' DO [vg!' '] and 3., [vD%g) ] p T in the left- and
right-hand sides cancel out, and we obtain

(23)
1 n n n n
(1™ = P2+ 1+ = o)
2
€ n n n n n — — n
e (g B = g™ + g™ = g7 IB) + (™, (D™ + 0™ D¥) g7

= —5lllg" TP+ [wD ] (o — pi ) A,
i€Z

Now, we use the following Young’s inequality:

1 2
0 n+1 no__ 1}+1 n+l _  nj2 i 0 n—i—l
(24) % [wD g (o — pi Az < alp P12+ 4@% [vD g t]” Aw.

Then the p"*1 — p" terms cancel out in (23) if @ = 5%, and we get

AL (™11 = e ||2)+—2At (g™ M I = g™ 11 + 1™ = g™I?)
(25) n+1 + - - +) ,n =11 ,n+1]]]2 At 0 n+l 2
+e (g™, (vP D™ +v™D*) g") < —5]|[g" || +7Z{0Dgi+%} Az.

€L

Step 3. Here, we work on the inner product of (25) to show that the g"*t! — g"
terms can also be eliminated. First, we insert g"*! in this inner product to get

<g”+1 , (vtD™ 4+ v D) g")
(26) = <g”+1 , (’U+D_ + U_D+) gn+1> + <g”+1 , (’U+D_ + U_D+) (g" — g”+1)>
= A+ B,

and we rewrite terms A and B as follows. For A, we use the centered form of the
upwind operator (Lemma 3.1) and the discrete integration by parts of Lemma 3.4 to
get
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A _ <gn+1 , Uchn+1> _ % <gn+1’ |,U|D7D+gn+1>

Aa: " "
(27) 2 <D+ +1 |v|D+g +1>
Az [ 1
== |l (DFa ]Ax.
2 i€EZ ( 3 )

For B, we also use the discrete integration by parts of Lemma 3.4 to get
(28) B = —<(v+D++v_D_) g, g”—g"+1>.

Then we apply the inequality of Lemma 3.3 to B to get

(29) |B| Salllg"“—g"|||2+illllvllﬁg”*llllg

Therefore, using (25), (26), (27), and (29), we see that the g"*! — g™ terms cancel out
in (25) if o = 557, and we get

o (112 = 1"1) + o (™1 = g™ 11?)
Az + n+]_ + n+1)112
50 w5 S ol (07a2) | Aa = Gl
€L
- At .
< alllg™ P+ 53 [o000] A
i€Z

Step 4. Now, we show how all the Dt ¢"*! and the D?g"*+! terms can be controlled
by |[|g"*+|]. First, note that the term &L|[|[v]DFg"*1|||? of the left-hand side of (30)
can be estimated as follows:

A A
Sl P = 55 1o (D*a})| A

( ) 2 i€L H_
31
At .
P> {'“' (i) ] Az,

since |v| < 1. Moreover, using Lemma 3.5 and a change of indexes shows that the last
term of the right-hand side of (30) satisfies

(32) % [vDOg?:ﬂz Az < % Z |:|U| (DJr Zjl) ] Ax.

€L i€Z

Finally, we use these two estimates in (30) to obtain

2
s n € n n
o ("2 = 11" 1%) + o (g™ I = g™ l1I?)
20t 20t

i n 3AtL Az 1) 2
< =allg e+ (3 -5 ) 3 [l (0743 | A

€L

(33)
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1484 JIAN-GUO LIU AND LUC MIEUSSENS

Now, taking the positive part of the factor (=3* 34t _ A;) of the right-hand side of (33),
we have the estimate

(34)
3At Az I 3At Az\T I
S — < -
<4 £2>Z[|v|(Dg ) Ax - 3 Z(D H) Ax
1E€EZL 1EZ
3At Az\ T 4
< _ n+1 2
<(3F-<%) amlleie

where we have used |v| <1 and the estimate of Lemma 3.2.
Step 5. Finally, estimates (33) and (34) show that

2
n n € n n
o (1 = 107 12) + 5z (™12 = g I12)

3At  Az\T 4
< = _ = n+1 2.
_<(4 52) Nl cr)lllg Il

This means that we have the final energy estimate

™M1 + 2 [lg™ I < ™1 + €219 11

if At is such that

(SAt Ax)+4 5
—_— —— — <.

4 2 Az?
Since & > 0, an equivalent condition is (% - a%) =
condition
Az?5 2
At< = 74 Sele,

which proves the theorem.

Remark 3.3. As explained at the beginning of this section, when the absorption
term is nonzero and is discretized implicitly, its contribution — ZzEZ oai(pr )2 Az to
the energy estimate is nonpositive and plays no role in the previous analysis. However,
if we use instead an explicit discretization, then our analysis has to be modified. The
difference now is that there is the additional term — 3, _, oaipt Tt pP Az in the right-
hand side of (22). The idea of Step 2 can be applied to this term (replace p" by
(p" — p" 1) + p"* and use Young’s inequality) so that the p"*! — p™ terms cancel
out, but now with a = m. The other steps are the same, except that some
coefficients are different. In order to shorten the paper, these details are left to the
reader.

4. Error estimates. In this section, we simplify the presentation by taking
constant total cross section ¢ and kernel s = %, no absorption (04 = 0), and no
source term (S = 0). These assumptions are not restrictive at all, and our analysis
could be directly applied in the general case.

Let T > 0 be some finite time. For this study, we assume that the exact solution
(p,g) of (5) has the following regularity:

p € C*([0,T], H'(R)) N C°([0, T], H*(R)),

(35) 2 2 1 0 2 3
gel ([O,T],L ([_171]7H R))NnC ([O,T],L ([_171]7H (R))).
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Note that this assumption implies that g is uniformly bounded with respect to e,
which is quite strong. In particular, this excludes the case of initial or transition
layers. Indeed, if, for instance, f is not isotropic at ¢ = 0, then p(t = 0) # f(t = 0),
and hence g(t = 0) = 1(f — p)li=o = O(¢™') cannot be uniformly bounded with
respect to €.

With this assumption, we can obtain the following result.

THEOREM 4.1. If At satisfies the following condition,

Az? 2
i U"‘gSAﬂj,

(36) At <

then for every time T > 0, there exists a constant C independent of At, Ax, and ¢
such that the numerical solution obtained by scheme (6) satisfies the following error
estimate:

L max (Z Ipltnsai) = pi1Az +2 3 [[gltnsaiyyv) = g2y ()] Ax)

€L
<C((14e*)At+ Az® +eAx) .

This theorem is proved in the following sections: in section 4.1, we first derive the
truncation error of the scheme; then in section 4.2, we apply the same analysis as for
the stability result to prove the theorem.

4.1. Truncation error. Let a? and %! be the truncation errors of scheme (6),
that is, the reminders obtained by inserting the exact solution of (5) in relations (6):

(37a)
p(tns1, zi) — p(tn, x;) N g(tn+1a$i+%) - g(tnﬂ?%f%) n
v = a;

At Az i
(37b)
g(thrla xiJr%a ) - g(tnaxia )

At
1 _
+ <€A—$(I - ['])(U+(g(tnaxi+%vv) - g(tnvxi—%vv)) +v (g(tn,xi+%,v) - g(tna$i+%7v)))
o 1 p(tnaxi-i-l) B p(tn,ﬂh) 1 n
:_5_29(t71+1)$i+%7v)_§v Az +é__2bz

We can prove the following estimate of these truncation errors.
LEMMA 4.1. There exists a constant C independent of At, Ax, and € such that

la™|| +[1[6"]]] < C ((1 + e*)At + Az? + eAx)

for every n.

This lemma is proved by using standard simple techniques (Taylor-Lagrange for-
mula of different orders). But to simplify the paper, the proof—which is a bit long—is
given in Appendix A.

Now, let p' and gggr% be the convergence errors, that is, the sequences defined by

16? = p(tn7$1) - p? and gszr%(’U) = g(tnvxiJr%aU) - gszr%(’U)
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Then these sequences satisfy the “perturbed” scheme, written in the following compact
form:

(38a)
~n41 ~n
Pi _pz 0 [,sn+1 n
R
(38b)
~n+1 ~n
gz+1 _gz+— 1 _ _ -n ~n 1 ~n 1
SR g U= D O DT 0 DY Gy =~ = S0+

with the homogeneous initial data §f = 0 and g7, , = 0 for every i.
2

4.2. Analysis of the convergence error. In this section, we apply the same
analysis as for the stability result to prove that p™ and g" can be controlled by the
truncation errors.

Step 1. We multiply (38a) by 5/"! and take the sum over i to get

(39&)

(U2 = 1712 + 1 = 5712) + 32 0 [ogn 1] Aw = 3 i +ap A

2At
€L 1EZ

~n-+1

i+l We take the velocity average, and we sum over 1,

Second, we multiply (38b) by g’
which yields
(39Db)

1 ~n ~n ~n ~n - - ~n
oz (G HI = g™ 1P + [1lg™ " = g"lI17) + (g™, (T = []) (v D™ +v~DT) ")

- - 1
=~ SHg R = 5 3 [oany] O A+ 5 (7).
1€EZ

S

Finally, we add up (39a) and €2 times (39b), and we use (20) and Lemma 3.4 to get

(40)
2& (™2 = (16712 + N5™ = %) + > DO [vgr ] Az
€L
mt (NG 12 = [[1g™112 + 115" — g"[I1?) + e (g™, (v* D~ +v~D*) §")
=Y rap e —olllg P + Y [0 | Ay A+ (3 6.
€L €L

Step 2. Here, we can copy Steps 2 to 4 of the stability analysis (see section 3.2)
for relation (40). Therefore, skipping the details, we just give the resulting energy
estimate:

e (171 = 1771P) + o (1112 = 1111)

ay = ell i (350 Y ol (07 s

i€Z

+Y prarAx+(ghTt, by
€L
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Step 3. We estimate the scalar products of the right-hand side of (41) by using
two different Young’s inequalities:

~n_n 1 ~T n
R (i A
(42) i€L
(gt o) < |||g"“|||2 P
20

Moreover, by taking the positive part of the factor (%‘t —e£2) in (41), we have the

2
following estimate:
3At  Ax ot 3At  Az\T o4
e n < n+1 2.
@) (3-S5 S|l () ae < (3 -5E) malle
€L
Now, we can use the inequalities (42) and (43) to obtain the energy estimate:

(44)

12" 1% + 22 lllg™ I

4 (3At  Az\T
< (14 AD)||p"™? 21115m112 o, & [e28t 2 A|1an |12
<@+ AN+ 2NN+ -2+ 5 (S5 — <5 g™+
+ Atlla ||2+—U [1[B™][]2.

Note that the factor of |||[g"*![||> in the right-hand side of (44) is nonpositive if
= (3TAt —ef2)t < 2. Since o > 0, an equivalent condition is 25 (34t —e4%) < 2

which gives the sufficient condition

2
At<Ax0

2
+ gEA{E,

which is a bit more restrictive than the CFL condition (9). In that case, the energy
estimate (44) can be simplified to

12" + 2 lllg™ 1P

< (LA (1217 + [lg"117) + AtCo (Jla™ [ + 116" [1I) ,

where C, =1+ %
Now, by using a simple recursion, we obtain

1571 + 211" I
< (120" (1% + < 118°1?)
+ A1C, 3 (lla™ =2+ (11" 112) (1 + At~
k=1

If n is such that nAt < T, we can use the classical inequality (14 At)" < At < e
Moreover, we can use Lemma 4.1 and the fact that p° = §° = 0 to get

17" 1 + €%[11g™ 117
< TC,TC ((1+%)At + Ax® +eAx)?,
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and hence

1™ + elllg" |
< C((1+e*)At + Az? + eAx),

where C = e3+/C,TC is independent of At, Az, and e. This concludes the proof of
the theorem. d

5. Conclusion. In this paper, we have proposed a very simple stability proof
for the recent AP scheme of [23]. An explicit CFL condition that can be used in
a computational code has been found: it ensures that the scheme is stable and ac-
curate, independently of . This condition gives a classical parabolic CFL condition
At = O(Az?) when € goes to 0. Our proof uses very basic and simple arguments
(energy estimates and Young’s inequalities) and is valid for one-dimensional linear
equations with nonconstant coefficients, continuous velocity variable, in the whole
space. Our technique applies to general linear collision operators like operators of
neutron transport or linear radiative transfer. By the same technique, we have also
proved uniform error estimates. We mention that, in a work in preparation [24], we
are able to apply our method to a simple nonlinear problem coming from radiative
transfer.

In the future, the analysis of this scheme for initial boundary-value problems will
be investigated. It would also be important to extend the scheme and its analysis to
two- or three-dimensional problems.

Appendix A. Estimate of the truncation errors: Proof of Lemma 4.1.
First, we remind readers (with no proof) that standard Taylor expansions give the
following estimates for some time finite differences.

LEMMA A.1.

(i) Ifv € CH([0,T)), then

|¢(tn+1) - ¢(tn)| < At 1[1(})374“}]( |¢/|

(ii) If v € C%([0,T)), then

¢(tn 1) - ¢(tn) /
}JrT - dj (tn)

< Atmax [¢"].
[0,7]

Then we also have the following estimates for some space finite differences.
LEMMA A.2.
(i) If ¢ € HY(R) and Az < 1, then

D b(xi)* Az < 2|¢] 31
1E€EZ

(ii) If ¢ € H3(R), then

O(ziv1) — ¢(xi)

2

A 2
S| )| A < S
€L
(iii) If ¢ € H3(R), then
i _ i / 2 A 4 us
I ey St L P L P P

€L
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Proof. For (i), we write the difference of the continuous and discrete L? norms of
¢ as follows:

/(b 2dr =) p(r:)’A

€L

_;f“ xlm_g/“KE%www@M
> / ( / )6(v) dy) .

Then, using a simple Young inequality, we get

zezz¢$l Ax</¢ dx+Z/mm </

2 ) +6(y)°) d )dw

/¢ dx+§/</ (>2+¢(y>2)dy>dx

= llolz> + Az (ll¢']17- + lI¢ll72)
< (1+ Az)llgll-

For (ii), we use the Taylor-Lagrange formula up to first order to get
P(Tit1) — P(xi) ooy L / o _ ”
Av ¢ (331) ~ T Az v, (ZIJ $1+1)¢ (3:) d.

Then a simple Cauchy—Schwarz inequality gives the following

2

P(xiy1) — (i)
Y@

Finally, we get the result by multiplying by Az and taking the sum over i € Z.
For (iii), we use the Taylor-Lagrange formula up to second order to get the fol-
lowing two relations:
Bwis) = 8@ y) = 36 @) + S () + [ LI ) g
Ti+1 Titi) = 9 Titl 3 Tivl -~ Az r)aw,
)
1 Ax? Tird (x— xi)Q
§¢/($i+%)+ Téf’”(xw%) _L» ’ WQW(Z’) du.

Bls) — i y) = —

Then we take the difference of these relations to obtain
(b(xiJrl) B ¢(CE1) / /wi+1 (CE - xi+l)2 " /wﬂ'% (CE — xi)2 "
- , = - d - dx.
Az ACRY ... 2A o (@) det | 2ny O @d
ity
Now, using Young’s inequality and then a Cauchy—Schwarz inequality gives
P(Tiv1) — d(x:)
‘A—x - ¢/(xi+%)

2 AQ:B Tt

< i 2 .
< 330 5 ¢" (z)* dzx
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Again, the final result is obtained by multiplying by Az and taking the sum over
1 € Z. 0

Now we study the truncation error af which is defined by (37a). Since (p, g) is
the exact solution, we have the following:

n_  PUng1,@i) — pltn, @i) '
ai - ( At 3tp(tn,$z)

g(tn+1,x»+;)—g(tn+1,a:-,;)
v( . 2 0pg(tugr, i) || -

+ Az

Then we estimate the norm of a™ as follows: we use Young’s inequality, Lemma A.1,
(iii) of Lemma A.2, and Lemma 3.5, and we obtain

1 [Az?*
n|2 2 2 2
Z |CL1- | Az <2 (% At %%%ilattp(tvxi)' Az + 5 {% Harwwg(thrlv '7U)||L2:|> .

i€z
By using (i) of Lemma A.2, the first term of the right-hand side of the previous
estimate can be controlled by a norm of p (if Az < 1), and we get

n 1 Az?

S laras < 2 (2820l + 13013
i€z
where X = C?([0,7], H'(R)) and Y = C°([0,T], L*([-1, 1], H*(R))). Consequently,
it is clear that ||a”|| < C1(At + Ax?), where C; depends only on the norms of p and
g.

Now, we study the truncation error b which is defined by (37b). Again, since
(p,g) is the exact solution, we have

by =

2 g(thrlaxiJr%av)_g(tnaxiav)
e
At

- 8tg(tn7 L, U))

Az
g(tn, ;0 3,0) — g(tn, ;0 1,v)
—|—U_< ny Vit 2 ny it 3 _ zg(tm$i+%;v)

Ax
+o (g(thrlvxiJr%ﬂv) - g(tm xi+%7v))

+v (P(tmxm) — Pt 2i) 8zp(tm$i+%)) '

Az

The following is similar, though a bit longer, to what we did for a}. By using again
Lemmas A.1 and A.2, and some standard inequalities (Young’s and Jensen’s), the
reader can easily find that the following estimate is satisfied:

n 4 Azt
S (1017] A <4 (28l + 25 A2lgl + 20 gl + 2 1ol ).
i€Z

where X = C?([0,T], L*([-1,1], H'(R))) and Y = C°([0,T], H*(R)). Therefore, we
have |[|b"]|] < Ca2((1+€2)At +eAx + Az?), where Cy depends only on the norms of p
and g¢. Finally, the estimates of ||a™|| and [||0"]|| allow us to complete the proof. O
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