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(Communicated by the associate editor name)

ABSTRACT. In this work, we propose numerical schemes for linear kinetic equa-
tion, which are able to deal with a diffusion limit and an anomalous time scale
of the form e2(1 + |In(¢)|). When the equilibrium distribution function is
a heavy-tailed function, it is known that for an appropriate time scale, the
mean-free-path limit leads either to diffusion or fractional diffusion equation,
depending on the tail of the equilibrium. The bifurcation between these two
limits is the classical diffusion limit with anomalous time scale treated in this
work. Our aim is to develop numerical schemes which work for the different
regimes, with no restriction on the numerical parameters. Indeed, the degen-
eracy € — 0 makes the kinetic equation stiff. From a numerical point of view,
it is necessary to construct schemes able to undertake this stiffness to avoid
the increase of computational cost. In this case, it is crucial to capture numer-
ically the effects of the large velocities of the heavy-tailed equilibrium. Since
the degeneracy towards the diffusion limit is very slow, it is also essential to
respect the asymptotic behavior of the solution, and not only the limit. Vari-
ous numerical tests are performed to illustrate the efficiency of our methods in
this context.

1. Introduction. The modeling of a large amount of particles, from a theoretical
or numerical point of view, is a very active field of research. The direct application
of Newton’s laws leads to a large system of coupled equations, one for each particle
of the system. Since such a huge number of unknowns is beyond the reach of numer-
ical computations, the so-called microscopic scale is not adapted to the numerical
analysis of these systems. Instead, an approach based on statistical physics is pre-
ferred, where the distribution function of particles f.(t,z,v) depending on the time
t > 0, the position x € R?, and the velocity v € R? is considered. The parameter
¢ € (0,1] denotes here the Knudsen number, which is proportional to the mean free
path of the particle.

Provided an initial condition f(0,z,v) = fi,(z,v), we consider the following
kinetic equation for f;

9(5)8tfs+gv‘vmf€ = L(fe) (1)

2010 Mathematics Subject Classification. Primary: 35B40, 65104, 41A60 ; Secondary: 65M22.

Key words and phrases. BGK equation, anomalous diffusion limit, multiscale scheme, asymp-
totic preserving scheme, asymptotic analysis.

The author is supported by ERC starting grant MESOPROBIO.

* Corresponding author.


http://dx.doi.org/10.3934/xx.xx.xx.xx

2 HELENE HIVERT*

The quantity ©(g) = €2 (1 +1n(g)), is a suitable scaling parameter to be chosen
according to the nature of L, in order to capture a non-trivial dynamic when ¢ goes
to 0. The linear operator L describes the collisions of the particles. We will consider
the particular case of the BGK operator

L(fe) = peM — fe, (2)
with
pelta) = [ fltiz, oo = (£ (t.),
Here, the equilibrium function M is even, positive and normalized to 1
M(—v)=M(v) >0 forall veR? and (M)=1.

In what follows, the integral in v of f on a domain D will always be denoted (f),.
The integral is on the whole space R? when no domain is specified.

The asymptotic analysis of (1) when e — 0 can be found in [27]. Our aim in
this paper is to construct numerical schemes for (1) that fit with this asymptotic
analysis. The properties of the equilibrium function M, and the scaling ©(g) of
(1) make various asymptotic behaviors arise. For instance, considering the scaling
O(e) = € with a local Maxwellian equilibrium in (1) and the Boltzmann operator
instead of the linear collision operator L, leads when € goes to 0 to a fluid limit for
(1) (see [1, 2]). With the BGK collision operator, the scaling ©(g) = 2, and a global
Maxwellian equilibrium M (v) = (27)~%2e="/2, the solution f. of (1) degenerates
when ¢ — 0 to a distribution at equilibrium f = pM, where p solves a diffusion
equation

0tp — Vg - (DVyp) =0,

with initial condition p;, = (fin). A rigorous derivation of diffusion-type equations
in this last case was first investigated in [31, 3, 5, 15]. When M is a Maxwellian
and O(g) = €2, the diffusion coefficient D is finite because of the exponential decay
of M for large v, and is given by

D= {vuvM). (3)

However, for non Maxwellian equilibrium, it may happen in many situations
that the coefficient D becomes infinite. An important example is the case of a
so-called heavy-tailed function M(v) ~ 1/[v|*® for large v, a € (0,2). In this
case, the scaling ©(¢) = &2 is not the suitable choice and does not lead to a non
trivial dynamics when € goes to 0. It is well-known that, in this case, the time
scale ©(e) should be modified according to « in order to capture a non-trivial
dynamics, which turns out to be a fractional diffusion model [27, 4]. Heavy-tailed
equilibria arise in the study of granular media (see [17, 7, 6]), astrophysical plasmas
(see [28, 29]), tokamaks (see [16]) or in economy (see [23]). Usually, the fractional
diffusion equation describes the motion of the particles driven by a Levy process
(see [14, 13]), while the classical diffusion is governed by a Brownian process.

From a numerical point of view, the case « € (0, 2) has been treated in [11, 10, 30].
In this paper, we consider the so-called critical case o = 2, of the above heavy-tailed
equilibrium, which induces a different asymptotic behavior when € goes to 0. For a
sake of simplicity we will consider here the following particular case

M) = {

m v <1
m/l*2 o] > 1, (4)
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where m is such that (M) = 1. With this assumption, it has been shown in [27]
that if ©(e) ~ €?|In(e)| in (1) the solution f. of (1) converges weakly when ¢ — 0
to poM, where pg solves a classical diffusion equation

dpo — camApy = 0,
{ po(O,x) = Pm(x) = <fm> (x) (5)

Here ¢4 is a coefficient that only depends on the dimension d (¢; = 2,¢o = 7, and
¢ = 8m/3). To have a non-vanishing of O(e) for e = 1, we shall consider

O(e) = (1 + (&) (6)

In this work, we prove that when the initial data f;, is at equilibrium, the
convergence when € — 0 of the solution f. of (1) to the solution of (5) is very slow.
However, we will show that f. approaches much faster an intermediate equilibrium
peM, where p. is the solution of the following equation (in Fourier variable)

{ Ope + ac(k)p. =0, t>0,keRY

p-(0.k) = pin(k), kR, (7)

and

1 e2(k - v)?
) = 5% <1+62(k~v)2M>’ ®)
where 55 is the space Fourier transform of p..

The main goal of this work is to construct numerical schemes for (1) which do not
need to be refined in order to capture the right asymptotic behavior, when ¢ goes
to 0. There are, in fact, some stiffness in the problem (1). First, the smallness of ¢
imposes severe conditions on the numerical parameters, if a naive approach is used.
We will follow an Asymptotic Preserving (AP) strategy [18, 21, 22] to overcome this
difficulty. Namely, if we consider a problem P. which degenerates into a problem
Py when ¢ tends to 0, then an AP scheme S should enjoy the following properties:

1. at fixed ¢, S must be consistent with P. when the discretization parameter
h tends to 0.
2. S must degenerate into a scheme S consistent with Py when ¢ goes to 0.

An AP scheme can even enjoy the stronger property of being Uniformly Accurate
(UA), meaning that its accuracy does not depend on ¢.

The construction of AP schemes for the case of classical diffusion with classical
time scale ©(¢) = 2 has been widely investigated (see [18, 19, 19, 20, 21, 8, 9,
26, 25]), but the heavy-tail of the equilibrium brings an additional stiffness, which
is not usual in the classical cases. Indeed, the anomalous time scale (6) in (1) is
designed to capture the effect of the high velocities in the asymptotic analysis. From
a numerical point of view, taking into account these high velocities is then crucial
to ensure the AP property of the scheme. In previous works (see [10, 11, 12]), we
investigated AP schemes for kinetic equations in the fractional diffusion limit. In the
critical case, the same methodology can not be applied since the resulting schemes
do not respect the dynamics of the convergence towards the diffusion equation (1).
This is due to the slow convergence in this critical case, and a specific study will be
performed to capture the right asymptotic behavior.

Three numerical schemes will be investigated in this paper. The first one is
based on a fully implicit in time scheme for (1) using a Fourier variable in space.
A suitable modification is introduced in this case, and its AP behavior is proved.
Then, a scheme based on a micro-macro decomposition of the distribution function
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fe is presented. It allows to avoid, if needed, the use of the Fourier transform and
of the time implicit character of the previous scheme. Moreover, it can be adapted
to deal with more general collision operators in (1). Once again, the convergence
towards (7) has to be treated with care to ensure the good asymptotic behavior of
the scheme. Eventually, we propose an approach based on an integral formulation
of (1) in Fourier variable, which enjoys the stronger UA property.

To summarize, we will show that (1) approaches (7) with a rate e/1 + |In(e)|,
while (7) approaches the limit model (5) with the slower rate 1/ (1 + [In(¢)]), and
we will construct numerical schemes which respect this asymptotic behavior. This
can be illustrated by the following diagram

P:(l) — & P (7 Po: (5
e (1) e\/THIE)] = (7) 1/(1+/In(e))) 02 (5)
o o o
1 1 1 (9)
sk - gh sh
‘ ()| y 1/(1+1n(e)]) 0

The schemes S and SZY are respectively consistent with the problems P. and P.
when & > 0 is fixed, and S} is consistent with Py. The scheme S? approaches S”
with rate ey/1 + [In(g)| while S? approaches Sy with rate 1/ (1 4 [In()|) when the
discretization parameter h is fixed and when € goes to 0. The asymptotic behavior
P, — ]35 — Py will be proved in suitable functional spaces and illustrated by several
numerical tests.

The paper is organized as follows. In the next section, we will start by establish-
ing the convergence rates of (1) towards (5), and of (7) to (5). Then, in Section
3, we present an asymptotic preserving scheme for (7), and the three asymptotic
preserving schemes for (1), which are tested in Section 4.

2. Degeneracy to the diffusion limit. In this section, we show that the con-
vergence of (1) towards the diffusion limit (5) can be quantified by two steps as
described by the diagram (9). This will be the basis of the numerical methods pro-
posed in Section 3. In what follows, the space Fourier transform will be often used.
We will denote f(t,k,v) (resp. p(t,k)) the space Fourier transform of f(t,z,v)

(resp. p(t,x))
f(t,k,v) =/ e kTt x v)da.
Rd

We will use the following weighted L? norm

Il f(x,v ||L2 /Rd /]R" x,v) ( )dvdx (10)

where M is given by (4). We have the following propositions:

Proposition 1. Let f. € L™ (O,T; L?\/I,l) be the solution of (1) with initial con-
dition fin(z,v) = pin(x)M(v), with p;, € HN4 (]Rd) (N1 = 3,Ny = N3 = 6), where
HNa (Rd) denotes the usual Sobolev space, and let T > 0. Then, there exists a
constant C' such that

Ife = ﬁEM”Loo(o,T;LiFl) < CTe/1+ ()|l pinll grva, (11)
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where p. € L™ (O,T; L2) solves (7) with initial condition p;,, and with M defined
in (4).

Proposition 2. Assume that the previous assumptions hold, and let
pe € L™= (0,T;L*(R%)) be the solution of (7) with py, € HM* (R?) (My = 2,
My = M3 =4), and let T > 0. Then, there exists a constant C' such that

cT
O — 0o 72 < —— || pin , 12
||Pe PO”L (0,T;L2(R4)) = 1+ [In(e)] ||P HHMd ( )

where py € L> (0,T; L*(R%)) solves (5), with initial condition pi,.

These two propositions establish that the convergence € — 0 of (1) makes appear
two dynamics with very different rates in €. Indeed, in a first step, the solution f.
approaches (relatively) quickly a distribution function at equilibrium p. (¢, )M (v),
with g solution of (7). Then, in a second step, this density p. goes much more slowly
to the solution pgy of the limit diffusion equation (5). Hence, the approximation of
f< by its diffusion limit (5) is valid only for very small €. At the numerical level,
it implies that a large range of € may stay out of reach if no appropriate strategy
is used in the numerical schemes. The next parts present numerical methods for
(1) degenerating when ¢ to 0 into numerical methods solving (7). In particular, the
schemes enjoy the AP property that is

e when ¢ is fixed, the scheme is consistent with (1),
e the difference between the numerical scheme S” for (1) and the numerical
scheme S for (7) converges to 0 when & goes to 0.

Afterwards, letting € go to zero in the scheme S'Eh for (7) makes it degenerate in a
scheme Sg solving the limit diffusion equation (5). This approach enables to capture
numerically the two scales of convergence of the solution of (1) to its diffusion limit,
as described by (9).

The proofs of Prop. 1 and Prop. 2 follows the ideas developed in [4] in the
case of a fractional diffusion limit for kinetic equation, coming from a heavy-tailed
equilibrium function. We start by proving the following lemma, which gives the
limit of a. when € goes to 0.

Lemma 2.1. Considering a. defined in (8), there exists a constant C such that,
Vk € R?

1. Ifd=1,
|ac (k) — 2mk?| < ¢ (1+£%). (13)
1+ |In(e)]
2. Ifd=12,3,
|ac (k) — camlk|?| < T )| (1+[%[*) (14)
with co = 7 and c3 = %’T.

Proof of Lemma 2.1. In the 1-dimensional case, with the change of variables w =
ev, the coefficient a. reads

m k202 m k2w? 1
ac(k) = 2122 + 202 w3 , (15)
1+ |1H(8)| 1+ e2k%v lv|<1 1+ |1n(5)‘ 1+ k2w ‘w| |lw|>e
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where the last term in (15) can be computed for nonzero k with the change of
variables u = 1/w

m Ew? 1 omk? + 2mk? 1 I (&2 + 1 1
- - _ar (2 — )=
14+ |In(e)| \ 1+ k2w? |w|? lw|>e 1+ |In(e)| \ 2 k2 ’

and the first term is bounded by Ck?/(1 + |In(¢)|). Eventually the inequality
In(z)/2 <14z for > 0, gives (13).
When d = 2,3, with the change of variables w = ¢|k|v for nonzero k, (8) reads

. om (k-v)° mlk[® (wee) 1
a<(k) = 13 |In(e)| <1 +e2(k-v)’ >v|<1+1 +[In(e)| <1 + (w-e)? >|w>e|kl |

(16)
where e denotes any unitary vector. The first term is lower than C|k|?, it remains
to consider the second one. Depending on the dimension, a change of variables in
polar or spherical coordinates can be applied in it. Since no additional difficulty
arise when d = 3, we treat here the case of polar coordinates, when d = 2. Choosing
e such that w - e = |w]| cos(f), it can be rewritten as

(w-e)? 1 L L]
1+(w-e)2 |w[d+2 = I + Iy + I3,
lw|Zelk|

I = / / r? cos? drdﬂ (17)
0=0 J r=¢|k|
/ / 72 cos? ! -1 idrd@ (18)
0=0 Jr=c|k| 1+ 72 cos2(0) cos?(6) 73

7% cos
Is = —drdd. 19
8 /9 /11—|—r200s2 @) r3 " (19)

At this stage, the last two integrals can be bounded

r* cos® (
Ll s *dd9< 0)drdd < C(1 + |k
12| /9 /rek|1+r20052 /(9 /Tekrcos() r (1+ k%)

27
|13|</ / —drd9<C’

and the first one can be computed explicitly

with

I = —wIn(|k|) — 7w In(e).
Eventually, the inequality In(|k|) < |k| yields (14). O

Remark 1. The proof of Lemma 2.1 provides, for nonzero k, a rewriting of a. in
which the diffusion limit clearly appears. In dimension 1, it is

_ k202
d=1 — 9mk> m
ac (k) = 2mk” + L+ [In(e)| \1+e2k20? /|,

+2m7k2 Tn(e2s 2 oo
1+ [In(e)] \ 2 k2 ’
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and in dimension 2 it reads

_ m (k-v)? mlk|?
a?=2(k) = mm|k|* + — oo (L In(|k])
(k) || < > .

1+|1n( NANL+e2(k-v)2/ s, 1+ [In(e)]
2
_mlk[® / rcos*(0) _reos™(0) 4o
1+ |In(e)| ek 1+ 1% cos?(0)
m|l€|2 cos
—drdé.
+1+\ln )| 90/11+7‘2C0829) "

(21)

Eventually, a change of variables in spherical coordinates provides the case of di-
mension 3

_ 8 2 m (k- v)? ml|k|> 8r
a2 () = b+ ) <1+52(k.v)2>|v>1‘1+|1n<s>|3“”("”“)

2
2mmlk[* / / rsin® 2) drdd
T )] Somo Srepp 1+7“251n (0)

2
27rm|k\ / / sin? fdrdﬁ.
1—|—|1n )N Jo=o Jre 11—|—r2s1n 0)r

Proof of Prop. 2. We denote by po and p. the solutions of (5) and (7) in space
Fourier variable, with initial condition p;,, and ag(k) = cqmk?. They satisfy

P:s(t, k)= eima(k)ﬁin(k)v
po(t,k) = et ") b (k).

Since a.(k) > 0 and ag(k) > 0, the inequality e —e Y| < |z —y| for x > 0,y > 0
yields

(22)

S Ct
o — pe| < ————— (1 + k%) |p; ifd=1
|Po p5| =17 |ln(5)\ ( + ) |pm| 1 ,

N Ct 2
po — pe| < ———— (14 |k|>)" |pin| if d=2,3,

and gives (12). O

The convergence of the solution of (7) to the solution of (5) is very slow in €, but
Prop. 1 states that the degeneracy of (1) to (7) happens much faster. The proof
of Prop. 1 is based on the proof of the similar result stated in [4] for the case of a
kinetic equation with heavy-tailed equilibrium degenerating to a fractional diffusion
equation. It uses the following properties of the collision operator, established in
[15] and [27] in a more general case:

Proposition 3. The collision operator L given by (2) has the following properties

1. The operator L is bounded in L3, , (R? x RY).
2. There exists a constant C' > 0 such that

Vfel3, - / L(f) du<——/ |f — M|2

3. For h € L2, ., the equation L(g) = h has a solution if and only if (h) = 0. If
(9) = 0, this solution is unique.
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Proof of Prop. 1. As in [4], the proof relies on the following Hilbert expansion of
the solution f. of (1)

fa :ﬁ£M+gl +g2+,
where p, g1, g2 and r solve

(I1+ev-Vy)g1 = —ev-VypM (23)

(g2) M — g2 = —(g1) M + O(e)0sp- M (24)
€ 1 €

Or + 7@(5)1) Ver = 6] ({r) M — 1) = 091 — <5‘t92 + 7@(5)1} : Vm92> (25)

with initial condition p.(0,2) = pin(z),91(0,2,v) = g2(0,2,v) = r(0,z,v) = 0.
Considering (23) in Fourier variable leads to
Furthermore, the left-hand side of (24) is such that ((g2) M — g2) = 0. Still in
Fourier variable, (24) then reads — (g1) + ©(g)9;p = 0, that is using (26) and the
symmetry of M

8t56(t’ k) + as(k)p:s(tv k) =0,

with a. defined in (8). Note that solving this equation leads to
pe(t, k) = e =W pi (), Oepe(t, k) = —ac(k)e™ =™y, (k). (27)
As p solves (7), the proof of the proposition relies on establishing estimates for

g1l = o,m;z2 ) l92llLoeo,riz2, ) and [Pl o,m;z2 ) Since a- >0, (27) and
M M M
the expression of §; in (26) give

2 dv R
/]Rd |gl|2 i < @(E)QE(k)|pin|2;
with ©(e) defined in (6). The estimation of a. given by Lemma 2.1 yields

g1l 0,22 ) < Cev/ 1+ [m(e)][|pinll prva (28)
with N1 = 1, and NQ = N3 =2.
The solution gy of (24) is unique if (go) = 0. It can be rewritten as
—g2 = —(91) M + O(£)d;p: M,

and (26) and (7) imply g2 = 0.

The estimation of r can be done with (25) integrated on the characteristic curves,
multiplied by /M and integrated in velocity. Since go = 0 and the term in (r) M —r
gives a negative integral with the second point of Prop. 3, it reads

1d [ r2(t,X(t),v) r(t, X(t),v)
il AN T Qe < — AN
53 /Rd 7 dv < » Orgr (¢, X (t),v) i dv,

where X (t) = = + B@ytv- After an integration in time and space, and using a
Cauchy-Schwarz inequality, it eventually writes

1

§||7’||Loo(o,T;wal) < ||at91||L1(o,T;wal)7

so that an upper bound for the right-hand side is needed to complete the proof of
the proposition. A differentiation in time of (26), together with (27), gives

|z < @(5)/ ac ()P O o P
M Rd
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hence, using Lemma 2.1

) < CT=y/TH (@) il

which completes the proof. O

||at91 (PR (0,T;L2
M

3. Numerical schemes. This section presents three numerical schemes designed
to approximate the solution of (1), and to respect the asymptotic behavior of Prop.
1 and Prop. 2 when € becomes small. These schemes are based respectively on an
implicit formulation of (1) in Fourier variable, a micro-macro decomposition, and an
integral formulation of (1). These three strategies have been investigated in [11, 12]
in the case of the fractional diffusion limit of the kinetic equation, « € (0,2). Here
we extend them to the case a = 2. In this critical case, we required that not only
the limit equation (5), but the asymptotic behavior (7) of the numerical solution is
prescribed.

In what follows, we will denote by ¢, = nAt,0 < n < N, such that NAt =T
the time discretization, and we will set f™ ~ f(t,). All the numerical tests will
be performed at time T' = 0.1, the time step At being specified in each case. The
schemes require a velocity discretization, we will denote

(Fn,p =280 fv), (29)

the quadrature formula for the integration in velocity on the domain D. When no
domain is specified, the integration is for all the index 1 < j < N,. In the tests,
we will consider a uniform discretization of the domain |v| < 10, with N, points
symmetrically distributed on both sides of the origin to ensure that (vM) N, = 0.
Namely, we will consider N,, = 2N, with N/ = 100 and use the grid

A
v = =10+ ==+ (- DAv, 1< <2N], (30)

with Av = 10/N]. The normalization constant m of the equilibrium M is chosen
such that (M), = 1. The space domain is bounded, and we consider periodic
conditions, allowing the use of the Fourier variable. At the discrete level, the discrete
Fourier variable will be used. In the tests, we will consider = € [—1, 1], discretized
with N, points such that

zi=—14(G—1)Az, 1<i<N,, (31)

where Az = 2/N,. This space discretization is linked to the Fourier modes we
use for the computation of the discrete Fourier transform, that are the integers k
such that —N, /2 < k < N, /2. At the discrete level, the usual L? norm in space,
and the norm L?w,l defined in (10) will be computed using the space and velocity
discretization

N, N,
‘f('ria Uj)|2

= AzAv Z —— (32)

Ny
2 N2 2
PO Miod

1 Ny, N , N

1=15=1
Eventually, in the following numerical tests, we will take N, = 32 and consider the
initial condition

fin(z,v) = (1 4 sin(wz)) M (v). (33)
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We want our schemes to enjoy a stronger property than the AP one. Indeed, they
respect the two steps of the convergence of (1) towards (5) following the diagram
(9).

The peculiar asymptotic behavior of (1) comes from the effect of the high veloc-
ities in the equilibrium function M. Indeed, its heavy-tailed character makes the
usual diffusion coefficient (3) be infinite. The anomalous scaling O(g) is chosen to
counterbalance the weight of M for large velocities. It is then necessary to take
them into account in the numerical computations. One idea would be to consider
an adaptive grid for large velocities, to use as much large velocities as needed. How-
ever, linking the stiffness € and the discretization parameters is not in the spirit of
AP strategies. We propose a method based on analytical modifications of the terms
degenerating into (8) in the schemes. These modifications are done consistently in
the schemes, and (8) is carefully discretized to ensure the degeneracy to the limit
equation (5). Once it is done, we are able to prove that the schemes respect the
asymptotic behavior of (1).

3.1. Discretization of a.. Since the degeneracy of (1) to the diffusion limit (5)
goes through the equation (7), it is necessary to handle the degeneracy of (7) to (5)
numerically to design AP schemes for (1). In Fourier variable, both (5) and (7) are
differential equations, which can be solved analytically, and that can also be solved
with classical schemes. For instance, a semidiscrete-in-time implicit scheme for (7)
reads

prtt —pr

pE n+1 4
U i = (39

and it degenerates into a scheme solving (5) if a. (k) — ag(k) = mc4|k|? when ¢ goes
to 0. If the velocity integrations are done continuously, this is ensured thanks to
(13). Unfortunately, the discrete velocity integration breaks this property. Indeed,
with (29) the discrete version of a. (k) writes

1 e2k?v? Ay ol k2v?
< > - M) (35)

O(e) \1+e2k20? 1+ |In(e)| o+ e2k2v?

2,2
ae01—|—|ln Zk vy M (vj).

Since the quadrature uses a finite number of points, the sum above is finite whilst
its continuous version is infinite. Then, the naive numerical version of a. (k) tends
to 0 when € — 0, which is not satisfactory. Consequently, it is necessary to modify
analytically a. before applying the discretization (29), to ensure the correct asymp-
totic behavior of a.. In Remark 1, the expressions a. (k) rewritten in (20)-(21)-(22)
make the limit behavior of a. clearly appear. Hence, at the discrete level, we rather
use a discrete version of these terms, where the integrals are computed with an
usual quadrature (29). It ensures the discrete version a¥* of a. to degenerate to
the expected diffusion coefficient when ¢ tends to 0. To do so, in dimension 1, we
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use the following discrete version of a., from (20)

m < k202 >
1+ |In(e)| \1FeF20% /N o<t
N, — Iin(e?4+-1y)—1
az (k) = +2m|k[? (1 + w> , k#0 (36)
0, k=0,

which respects the estimates (13) at the discrete level. Eventually, with a®v, the
Euler scheme for (7) degenerates when & goes to 0, to a Euler scheme for (5).

The numerical tests highlight this behavior. Indeed, Fig. 1 displays the solutions
given by the scheme (34), with a. computed with the discretizations (35) and (36).
The solutions are computed with At = 1072, for a range of . We also plot the
numerical solution of the limit model approximated by

n+l _ an

% + 2m|k|2pn+! = 0. (37)
When a. is computed directly with (35), we observe that the solution of (34) does
not tend to the limit diffusion when ¢ goes to 0, but to the initial condition p;, =
(fin) n,» With fin defined in (33). Conversely, the solution of (34) with a. computed
with (36), comes close to the solution of (37) when ¢ goes to 0. Moreover, Fig. 2
suggests that this convergence in ¢ happens with the speed 1/(1 + |In(¢)]|), proved
in Prop. 2. To obtain this figure, we computed the solution p. A of (34) with (36),
and the solution pa; of (37), with At = 1072. Then, we plotted the relative error

lpe, a6 = paill 3,

Error(e) =
O = oalla,

with || - HL%L defined in (32), as a function of € € (0, 1).

FIGURE 1. For At = 1072, the solutions of (37) and (34) at time
T = 0.1 for different values of €. Left: when a. is computed with
(35). Right: when a. is computed with (36).

3.2. Implicit scheme (IS). The first idea to write a scheme for (1) which enjoys
the AP property is to use a fully implicit scheme for (1) written in Fourier variable.
Indeed, it is well-known that in the case of the classical diffusion limit, such a
scheme degenerates when € — 0 into a scheme solving the limit equation. In our
case, such an approach does not work, due to the effects of large velocities. Then,
it is necessary to suitably write the scheme to make this degeneracy appear. We
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——Error
---1/] In(e) |

Error (log scale)
aw

S

|
10
107 10

10 0
€ (log scale)

FIGURE 2. For At = 1072, the relative error between the solution
of the scheme (34) and the limit scheme (37) at time T' = 0.1, in
function of € (log scale).

start with (1) written in space Fourier variable, and we consider a fully implicit
time discretization

il + (1+ick - v) fr = —— iy (38)
At O(e) ’

o(=)”

where the dependence in ¢ of f**1, f* and p"*! has been omitted to simplify the
notations. This scheme degenerates when € — 0 into

fn-‘rl _ ﬁn+1M.

Therefore, provided that the density p"*! is known, the scheme (38) enjoys the AP
property, and f"t! reads

Oe)f" 4+ At p"H M

fn+1 _
Oe) + At +ieAt k-v’

(39)

An expression for pnt!

grated in velocity

is given by a fully implicit time discretization of (1) inte-

An+1 AT
P b Loy g g1\
A7 + o) <1€k‘ vf > =0,

which writes, using the expression of f"*1 in (39)

prtt — pn N iek - vfm N At iek - oM 1 _ g
At O(e) + At + iAtek - v O(e) \O(e) + At +icAtk - v P
(40)
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Using the symmetry of M, the last term of the previous expression can be rewritten

At ik - oM o
O(e) <®(€) + At +ieAtk - v>
_ At? 62(k ) U)Q n+1
~ 0(e) < (O(e) + At)® + 2A82 (k - v)° M> P (41)
_ 1 e? (k ) U)Q ~n+1
= @(6) < (@(EgtAt)2+52 (k.v)2M>P . (42)

The expression (41) indicates that the term is of order At? for fixed e, and thus
can be removed or modified with no incidence on the accuracy of the scheme. The
expression (42) shows that it degenerates into the coefficient a. (k) when ¢ decreases.
Since the second term of (40) vanishes for small ¢, if the integrations in velocity are
done continuously, the scheme degenerates when ¢ to 0 into a scheme solving (7).
To ensure the AP property at the fully discrete level, (42) can be approximated by

(@(E)Ai At>2 @15) <1 fﬁf(',f?;@ prry2 = <@(€)Aim>2 au (k)72

where p"t1/2 can be taken equal to p" or p"t!, depending on the desired limit
scheme (implicit or explicit). Then the coefficient a. is numerically approximated
as in Section 3.1 to ensure the AP property. Eventually, we have the following
proposition

Proposition 4. We consider the following scheme defined for all k and all time
indices 0 <n < N, NAt=T by

fn-‘rl _ fn 1 . - 1 B
1 k- ntl _ _— antlpg
A e TR = e
~n+1 ~n . in 2
P — P ik -vf L N (a2
At + <@(€)+At+iAt5k-v>N + (At+®(€)> Qe (k)P =0,
U (43)

with O(e) and a* defined in (6) and (36), and with initial condition fO(k,v) =
fin(k,0), p0(k) = <fo(k,-)>N . The quantity p"t'/? can be chosen equal to p™ or

Pt depending on the desired asymptotic scheme (implicit or explicit in time). This
scheme has the following properties:
1. The scheme is of order 1 for fized € > 0 and preserves the total mass.
2. The scheme is AP: for a fixred At, the scheme solves the diffusion equation
(5) when e goes to 0

n+l _ an

p p
At

with ¢1 = 2,¢0 = w,c3 = %’T and where m has been defined in (4).

+ meglk|?p" Y2 =0, (44)

Remark 2. The degeneracy of (43) to a scheme solving (5) respects the two dy-
namics discussed in the diagram (9). Indeed, the numerical tests show that (43)
degenerates with speed £4/1 + |In(e)| to

n+1 _ ,5”

4 N, An1/2
k =0 45
xp tac(k)p : (45)
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which solves (7). Then letting € going to 0 in the previous scheme makes it degen-
erate to (44) with speed 1/(1 + |ln(e)]).

Proof. The first point of Prop. 4 is a direct consequence of the fact that we used
an Euler scheme for (1), and that the modifications we applied to it were done
consistently. Taking k& = 0 in the second line of (43) yields the conservation of the
total mass. Eventually, with the modification of the term (42), the AP character is
straightforward. Indeed, letting & becomes small with fixed At in (43) leads to

fn+1 _ p'\n-i-lM
~n+1 ~n
14 — P v ~n
PO e o,
which degenerates into a scheme solving (5) when & — 0. O

3.3. Micro-macro scheme (MMS). In the previous part, we proposed an im-
plicit scheme for (1), which has the same behavior as the solution of (1) when &
goes to 0. However, the use of the Fourier variable may be restrictive in some cases,
and its extension to more general collision operators seems difficult. Moreover,
the implicit treatment of the transport operator induces high computational cost,
especially in multi-dimensional cases. We propose here a scheme based on a micro-
macro decomposition of the distribution function f., which respects the behavior
of f. when ¢ — 0. It treats the transport terms explicitly, and can be extended to
the case of general collision operators of [27] with a strategy similar to [24].
Denoting p. = (f.), we consider the decomposition f.(¢t,z,v) = p.(t,z)M(v) +
ge(t,x,v), such that (g.) = 0. Inserting it in (1) and integrating in velocity gives

€
Orpe + 5] (v-Vgzge) = 0. (46)
Then, we multiply (46) by M and we subtract it from (1) to get an equation for g.
€ 5 1
Bhge + ——v - Vyp- M Vage — (0 Vg ) M) = ———g.. (47
9=+ 5" Vaup-M + o0 (v Vige = (v Vyge) M) 0@ (47)

A semi-discrete-in-time numerical scheme can be designed following [26], in which
we implicit the stiffest terms

I G VMt (0 Vg — (v Vag") M) = — g
At 0@’ Ve o(e) =9 9 GO
n+1 n
1Y —pP € . n+1
At +95) (v Vag™™) =0
(48)

Here, the dependence in € of p™ and ¢g” is omitted to simplify the notations. For
fixed ¢, it is a consistent scheme, it remains to check wether it preserves the correct
asymptotic. With the first line of (48), ¢g"*! = O(¢) when At is fixed, and then
g™t = —ev - V,p"M + o(e). When reported in the second line of (48), this gives
the following limit scheme for p
anrl _ pn 1

At 1+ |In(e)]
which does not corresponds to the expected diffusion limit. Indeed, the term into
brackets is infinite when the integration in velocity is done continuously, but it is
finite when the discretization (29) is applied. Hence, in this latter case, when ¢ — 0,
the limit scheme is p"*1 = p", which is not consistent with (5). It is then necessary

(V- Vg (v -Vgp"M)) =0, (49)
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to modify (48) to ensure the correct asymptotic behavior. To do so, we modify
the macro equation by making appear the inverse of the transport operator. We
first remark that <v . ng"+1> = <v . sz"+1>7 we then use a semi discrete implicit
formulation of f as in the previous part (see (38) for instance)

0(c) o
@(a)—i—At( +@(8)+Atw.vw> !

At At -1
2 (1 2 v, L
+®(5)+At( T e AV > P

This expression is injected in the flux of the macro equation of (48) to get

fn+1 —

n

Pt —p £ At o

€ At At - n+1
+@(a)@(a)+At<”'v“<<I+@(s)+At€”'v”> "’+M>>:O'
(51)

Since the scheme is first order in time, the bracket in (50) can be simplified consis-
tently in (v- V., f™) to avoid the inversion of a differential operator. For the same
reason, we could remove (51) with no incidence on the consistency of the scheme;
however, it degenerates when ¢ — 0 to the diffusion of (5). Therefore, this term
is kept to ensure the AP property of the scheme, but it must be treated with care
to take correctly the effects of the high velocities into account. In Fourier variable,
and using the evenness of M, (51) reads

1 At 2 e2(k -v)? 1
O(e) <@(E) +At> <1+ (@(?frAt)252(]g.v)2M>p )

This term is of order At? when ¢ is fixed, and it degenerates to a.(k)p" ! (with a.
defined in (8)) when € becomes small with At fixed. Thus, (51) can be modified
consistently in At?/(0(e) + At)%a.(k)p™T1/2, which ensures both the AP character
of the scheme, and the fact that the numerical solution solves (7) when e belongs
to the intermediate regime in which the solution f. of (1) solves (7). Here, p"*+1/2
can be chosen equal to p" or p"t1.

The passage from the semi-discrete-in-time scheme to the fully discretized scheme
can then be done with the quadrature (29), and the suitable discretization of a.
defined in (8), as in section 3.1. The derivatives in space are treated with a classical
first order upwind scheme; for a sake of simplicity in the notations, we still write here
the spatial derivatives as continuous. Eventually, we have the following proposition.

Proposition 5. We consider the following scheme (discretized in time and velocity)
defined for all x € R4, v;,1 < j < N, and all time indices 0 <n < N, NAt =T >0
by

e v g Voo™ M gt
At +@(€)U P +@(5) (U' zd —<’U' ) >Nv ) __@(6)
pn+l _pn c

n At ? —1 Ny an+1/2\ _
A temaar Ve >N”+<6(€)+At> FH (alleprt?) <o,
(52)
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with ©(g) and alv defined in (6) and in (36), where F~1 denotes the inverse of the
Fourier transform, and with initial condition p° = <fin>Nv> and ¢° = fin — p°M.
The quantity p"/2 can be chosen equal to p" or p"t' depending on the desired
asymptotic scheme (implicit or explicit in time). This scheme has the following
properties:
1. The scheme is of first order in time for any fired ¢ > 0 and preserves the total
mass.

2. The scheme is AP: for a fized At, the scheme solves the diffusion equation
(5) when e goes to 0

pAnJrl _ pAn
— T meq|k?p" T2 =0, (53)
with ¢y = 2,c9 = T,c3 = %’T, and where m has been defined in (4).

Remark 3. As in the case of the implicit scheme, this scheme enjoys a property
stronger than being AP, since it respects the diagram (9). Hence, it respects the
dynamics of the convergence to the solution of the diffusion equation (5) when ¢ — 0.
Indeed, the numerical tests show that (52) degenerates with speed £4/1 + |In(g)| to
the scheme (45), which solves (7). The degeneracy to the limit scheme (53) happens
much more slowly, with speed 1/(1 + [In(¢)|).

Remark 4. If we want to avoid the use of Fourier variable, we can replace

F=1 (ale pnt1/2) by —meqAgp /2. This modification is consistent with (1), and
still enjoys the AP property, but the convergence to the limit scheme does not make
a scheme for (7) arise in the intermediate regime in €.

Proof. Since the first point comes immediately from the derivation of the scheme,
let us prove the second point. The first line of (52) gives that g"*t! = o(1) when
€ — 0. Once injected in the second line, it yields

prtt—pn 1( Ny ant+1/2

Pl P (o i72) = o),
which is a consistent approximation of (7). Finally, a* tends to mcq|k|?> when
¢ — 0, which concludes the proof. O

3.4. Integral formulation based scheme (DS). In the previous parts, we pro-
posed two numerical schemes solving (1), which in addition respect the asymptotic
behavior of the continuous solution when ¢ goes to 0. They enjoy the AP property,
but their precision is not uniform in €. In this section, we propose a scheme based on
an integral formulation of (1) in Fourier variable. This approach was investigated
in [11]-[12] in the case of the fractional diffusion limit. This scheme was shown to be
uniformly accurate (UA) : its precision does not depend on the stiffness parameter
€. A similar strategy is performed here, to deal with the diffusion case with an
anomalous scaling.

We start from the Duhamel form for f., solution of (1) in space Fourier variable

felt, kyv) = Ao(t, k,v) + / T e sk 5 (1 — @(e)s, k) M (v)ds,
0

where
Ag(t, k,v) = e R fo (1, 0). (54)
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Evaluating at time ¢,,11 and integrating in velocity, we get
O(e .
peltnins k) = (oltnns k) + 32 [ 7 (7 RN ot~ ©(e)s. ).
Jj=0"8()

(55)
To write a scheme on p., we perform a quadrature of order 2 in the integral in s;
we have Vj € [0,n],Vs € [ b | L

CIOMCIONY
. O(e)s —t;\ .
peltnin = 0I5, = (1= XL ) et 1)
56
O(e)s —t; (56)

. Pe(tns1 — tj+1) + O<At2)-

Assuming that the time derivatives of p. are uniformly bounded in €, the remainder
is uniformly bounded by a term of magnitude O (AtQ) independently of €. Inserting
(56) in (55) yields the following scheme for p.

n

P = (Ao(tnga, ks ) + Y by p" 7 ey pm (57)
j=0

where the dependence in € of p. has been omitted to simplify the notations. The
coefficients b;,c;,0 < j < n are given by

¢ At

_[FE O(e)s — t; —s(1+iek-v)
. / (1 - At) (o M) ds.

The consistency of this scheme comes directly from its derivation, but the discretiza-
tion of the integrals in velocity appearing in b; and ¢; is crucial to ensure the AP
property. Indeed, as in the previous parts, their continuous limit when ¢ goes to
0 makes the diffusion (5) appear. But the effects of the high velocities are not
captured if (29) is used. Therefore, it is necessary to modify analytically b; and
¢; before applying the velocity discretization. The velocity integration of b; and ¢;
can be rewritten as

é(s) — 1. .
; :/ 6(5)5 t] <e—s(1+1sk~v)M> ds

<efs(1+i5k-v)M> —e 4 <<efs(1+iek»u) -~ efs) M>

n <(e—s(1+iak~v) _ e—s) M>

lv|<1

lo|>1"

because (M) = 1. After that, the change of variables w = ev is performed in the
last term to capture the high velocity effects, and the integrals in s of b; and c; are
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computed exactly to get

tit1 ek
_br O(e) Y _ A _t e oo (HHiekw)
b, = —e ©6) 4+ ——~¢ O (]_—e (')(E)) +m(e 6 — ———M
J
At
lv|<1

14iek - v
(58)
At 3
O(e) — o (1ickw) L — € oo (IHekv) 4 ( _ A
O(e) — O(e) 1 — @(s))
A m<e 1+ick-v)2 ¢ ¢ e
+e? T
em{ —— e & - ——
|w|d+2 1+ik-w
|w|>e
s — _A; (1+ik-w)
+ 9(5) €2m e@(Js) (14ik-w) 1—e °©
At |w|d+2 (1+ik-w)? .
_ GA(? 2m <| ‘24_2 67%(1 —e” eA(;) )> ,
w
lw|>e
cg=e shy _ @A(i) Q_Wjﬂ (1 — e eA(;)) (59)
. — &L (1+iek-v +
B @(E)m o otsy (1+ickv) 1 — ¢ 8(e (Mick) S (1 - 67@%))
At (1 +iek - v)? le
e—%(l-ﬁ-iek-v) y
—_— — e °
tm 1+ick-v ¢
lv]<1
ts .
1 Q_W]E)(I—Hk'w) 4
? —e % 60
+€m<w|d+2 1+ik-w ¢ (60)
lw|>e
ts — AL (1+ik-w
_ 9 2m, 1 ooty (1Fikw) 1—e 8 :
At |w|d+2 (1+ik - w)?
|w]>e

@(6) 9 < 1 _ 4 _ At >
+ e“m e °© <1 —e 9(6)) .
At |w‘d+2 |w|>e

However, it is still not sufficient to ensure the AP character of the scheme when the
integrals are discretized since, when j = 0, the term (60) reads

m (k-v)? m 1 (k- w)?
o) (1 + |In(e)| <1 +e2(k - v)? >|v|<1 + 1+ |In(e)| <w|d+2 1+ (k-w)? >|w|>€> ’

which is equal to ©(¢)a., with a. defined in (8) and rewritten in (15) (note that
the equality (15) is valid for any dimension). In Section 3.1, we established that
the discretization of this term is crucial to ensure the AP property of our schemes.
Following the strategy presented previously, we then replace (60) by an appropriate
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discretization ©(g)al> defined in (36) when j = 0. Eventually, co rewrites

E

co = O(e)al (k) +1 (61)

. g5 (1+iekv) .

O(e) (1—6_9A(5>)—®(8)m 1—e @@ C14e &Y
1+ ick -0)2 e
v|<

k) o/ 1 1 — e~ Bte (1Hikw) s
At |w|d+2 (1+ik-w)? +e ol '

The expressions b; (j > 0), ¢; (j > 1) and ¢, defined in (58)-(59)-(61), computed
with the discretization (29) make the scheme (57) AP. Moreover, let us remark that
the scheme only uses p and not f. It implies that the computation of the whole
distribution f is not necessary, which represents a gain of computational cost, since
the problem for f is of higher dimension than the problem on p. Let us note that f
can even so be computed in Fourier variable with a scheme similar to (57). Indeed,
Duhamel formula of (1) between the times ¢, and t,11 leads to

feltnyr,bv) = e 8T HED L (1 g 0)
At (62)
6(<) .
+ /O e SUHERY) 5 (01 — O(e)s, k)M (v)ds.
0

As in the scheme for p, we apply the quadrature (56) in the integral in s, and the
scheme for f reads

fn+1 _ efﬁ(uisk-y)fn 4B M +7ﬁ”+1M,

where the dependence in ¢ of f has been omitted, and with

At — &L (1+iekv) — &L (1+ickv)
_ /e(g) @(8)5 —s(1+iak~v)d _ e °® 9(8) 1—e ®®
= —e s=—
0

(63)
Y= /9A<;) 1— % e—s(1+i£k-v)ds _ 1 B 9(8) 1— e_%(l-i-iak-v)
0 - Lick-v At (Ltick-v)?

(64)

Eventually, we have the following proposition.

Proposition 6. Provided the initial condition (fo(k,vj)) (]
JE[L,Ny

= (fm(k’vj))je[[l,m]]} (k) = <f0(k,~)>Nu, we consider the following scheme,

defined for all k and all time indices 0 <n < N,NAt =T, by

<AﬁmmhmeMwW@+§:Wmﬂ%ﬂfﬂwlNW

~ j=1
p"+1(/€) - 1 fJCo

fn—i—l _ e—%(l—i—iekw)jﬁn_t,_l 4B M + 7/3"+1M,

(65)
with Ao, 8,7 defined in (54)-(63)-(64), and b;(j > 0),¢;(j > 1) and ¢y defined in
(58)-(59)-(61) and computed with (29). This scheme has the following properties:

1. The scheme is first order in time and preserves the total mass.
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2. The scheme is AP: for a fized At, it solves the diffusion equation (5) when
goes to zero
[)n+1 _ [)n
At
with ¢y = 2,c5 =, c3 = %’T, and where m has been defined in (4).
3. Moreover, the semi-discrete-in-time scheme enjoys the UA property: it is first
order uniformly in
IC > 07 sup ||fN(7 ) - f(T7 K )HLECU < CAL.
e€(0,1] ’

+meglk?p" Tt =0,

Remark 5. The UA property of the scheme ensures that it respects the dynamics
of the convergence towards the diffusion equation (5).

Proof. The conservation of the mass can be proved by induction on the expression
of pnt! for k = 0. Moreover, since the proof of the third point of Prop. 6 is very
similar to the one presented in [11]-[12] in the case of the fractional diffusion limit,
we just prove the AP character of the scheme (65). First of all, let us remark that
Ap,bj and ¢; (j > 1) defined in (54)-(58)-(59) are exponentially small when & goes
to 0. The expressions (58) and (61) then give the following equivalents for by and
co

O(e) O(e)

— 1 = No 1).
bo Az +0()o(1l), co=06()a "+ Az + O(e)o(1)
Hence the scheme for p degenerates when € goes to 0 into
~n+1 A
14 —p v ATL
A Tett=o

The asymptotic behavior of a* has already been studied, it remains to consider
the limit of the expression of "1 when € goes to 0. From (63) and (64), we have

p=0(0()), v=1+0(0()),

and eventually the scheme for f7! degenerates for small € into f7+! = pntiM. O

4. Numerical tests. In this section, we propose numerical tests in dimension 1
to validate the schemes of the previous parts. For simplicity, we will denote IS
the implicit scheme of Prop. 4, MMS the micro-macro scheme of Prop. 5, and
DS the integral formulation based scheme of Prop. 6. The implicit Euler scheme
(45) for the equation (7), with a. computed with (36), will be denoted quasi-diff.
Eventually, the scheme (44) for the limit diffusion equation (5) will be denoted diff.
To highlight the consistency of the schemes, we will compare their solutions to the
solution of a reference scheme which is an explicit Euler scheme in Fourier variable
for (1)

fn—i—l _ fn 1 ' . 1 .

AL +@(€) (1 +iekv) f —%p M

[)n+1 — <fn+1> (66)

~ A Ny

Fkv) = fin(k,v).
As detailed in the beginning of Section 3, all the tests are performed at time 7' = 0.1,
the time step being specified in each case. We will consider N, points in space on the
interval [—1, 1] with periodic boundary conditions, and the velocities are discretized
with N,, = 199 points symmetrically distributed on the interval [—10, 10]. The initial
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condition is (33). In the DS scheme, the velocity integrations with the variable w in
(58)-(59)-(61) are computed with the same grid as the integrals with the v variable.

4.1. Implicit scheme (IS). In this section, we test the properties of the IS scheme.
First of all, its consistency is tested. The left part of Fig. 3 shows that, for ¢ = 1,
its solution coincides with the solution of the explicit scheme (66). For this figure,
the two solutions are computed with the time step At = 1072. Then, the solution
pag of the IS scheme for a range of At is compared to the solution PAt,.p=10-6 Of
the IS scheme for At,.; = 1075 at time 7' = 0.1. The relative error between these
densities

||p7‘eference — PAt ||L?\,
=

Errorconsistency (At7 5) - ) (67)

||p7'eferenc€ ||L?\,
=

with |[-[|z2  defined in (32), is displayed in the right-hand side of Fig. 3 in function
of At. As it is a line with slope 0.98, the numerical order of the method is 1.

At

FIGURE 3. Left: for At = 1072 and ¢ = 1, the solutions of the
IS scheme and of the explicit scheme (66). Right: The relative
consistency error (67) for the IS scheme (log scale).

Then, the AP character of the IS scheme is tested. The dynamics of the con-
vergence towards the diffusion limit (5) is highlighted in the left part of Fig. 4,
where the densities obtained with the IS scheme are presented for a range of €, and
compared to the densities given by quasi-diff and diff schemes. These solutions
are computed with At = 1072, For intermediate ¢, the solution of the IS scheme
sticks to the solution of quasi-diff, and the two densities goes together to the solu-
tion of diff when ¢ tends to 0. The convergence towards the solution of quasi-diff
happens with speed £4/1 + |In(g)], as suggested by the error study presented in the
right-hand side of Fig. 4. Denoting by f the distribution function obtained with
the IS scheme, and pgyqesi—difs the density obtained with the quasi-diff scheme for
At = 1072, the quantity

Errorap(e) = If = pquasi-aissMllzz (68)
with || - [z defined in (32), is displayed in function of €. This numerical
M—1 Ny, Ny

quantity decreases with the expected rate €1/1 + [In(e)| stated in Prop. 1. Note
that the numerical results of section 3.1 assure that the convergence of the solution
of IS to the solution of diff happens with the speed 1/(1 + |In(g)|) proved in Prop.
2.
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FIGURE 4. Left: for At = 1072, the solutions of IS, quasi-diff
and diff schemes for different values of €. Right: for At = 1072,
the error (68) between the solution of IS and quasi-diff scheme in
function of € (log scale).

4.2. Micro-macro scheme (MMS). In this section, we focus on the MMS scheme
and we highlight its properties with the same tests as in the previous section. As the
transport operator is treated with a classical upwind scheme in the MMS scheme,
the CFL condition imposes to take time steps smaller than in the previous section.
The left-hand side of Fig. 5 shows that the solutions of the MMS and explicit
schemes with At = 107 and € = 1 coincide. The numerical order of the MMS
scheme is studied in the right-hand side of Fig. 5, where the consistency error (67)
for € = 1 is displayed in function of At. For this figure, the density preference 1S
the density obtained with the MMS scheme for At = 1076 and pa; are densities
obtained with the MMS scheme for a range of At. As expected, the numerical order
of the method is 1.

FIGURE 5. Left: for At = 10* and ¢ = 1, the solutions of the
MMS scheme and of the explicit scheme (66). Right: The relative
consistency error (67) for the MMS scheme (log scale).

Concerning the AP character of the MMS scheme, the left-hand side of Fig. 6
shows, for a range of ¢, the densities obtained with the MMS, quasi-diff and diff
schemes with At = 10™%. Once again, the solution of the MMS scheme first joins
the solution of the quasi-diff scheme when & becomes small and the two reach the
solution of diff scheme together when ¢ tends to 0. The speed of the convergence
towards the solution of quasi-diff scheme is e4/1 + |In(e)| stated in Prop. 1. Indeed,
the right-hand side of Fig. 6 displays the error (68), where pguqsi—aisf, and the
solution f given by the MMS scheme are computed with At = 1074,

4.3. Integral formulation based scheme (DS). In this section, we test the
integral formulation scheme DS. For ¢ = 1, we check in the left-hand side of Fig.
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FIGURE 6. Left: for At = 10~%, the solutions of MMS, quasi-diff
and diff schemes for different values of €. Right: for At = 1074,
the error (68) between the solution of MMS and quasi-diff scheme
in function of e (log scale).

7, that the solutions of the explicit and DS schemes are close. This figure was
obtained with At = 10~2. The order of accuracy of the DS scheme is studied in the
right-hand side of Fig. 7. For € = 1, it displays the error (67) between prcference
defined as the solution of the DS scheme for At = 5-107°, and the solution of
the DS scheme pa; for a range of At. In a logarithmic scale, the slope of the line
obtained is close to 1, as expected.

slope = 1.05

At

FIGURE 7. Left: for At = 1072 and € = 1, the solutions of the
DS scheme and of the explicit scheme (66). Right: The relative
consistency error (67) for the DS scheme (log scale).

Then, we can study the AP character of the DS scheme. The dynamics of the
convergence towards the diffusion limit (5) is highlighted in the left-hand side of
Fig. 8. It presents the densities obtained with the DS, quasi-diff and diff schemes
for At = 1072. The solution of the DS scheme has the right behavior, since it
is very close to the solution of quasi-diff for intermediate €, and remains stuck
to it as it goes to the solution of diff when e goes to 0. The right-hand side of
Fig. 8 displays the error study of the convergence in € of the solution of the DS
scheme to the solution of the quasi-diff scheme. The error (68) is displayed in a
logarithmic scale in this figure, where both pguasi—dirs and the solution f of the DS
scheme are computed with At = 1072, The convergence happens with the expected
ey/1+ [In(e)| rate.

To highlight the fact that the DS scheme is of order 1 uniformly in e, we compare
the results given by the DS scheme for At,.; =5-107° to the results given by the
same DS scheme for different values of At and . With these densities, the error
(67) is displayed in Fig. 9 as a function of e. We observe that the error curves are
stratified with respect to €, showing the uniformity of the scheme with respect to €.
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FIGURE 8. Left: for At = 1072, the solutions of DS, quasi-diff
and diff schemes for different values of €. Right: for At = 1072,
the error (68) between the solution of DS and quasi-diff scheme in
function of € (log scale).
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FIGURE 9. The error (67) as a function of €. The density preference
is the density given by the DS scheme for At,.; = 5-107°, and pay
are the densities given by the DS scheme for different values of At
(log scale).

5. Conclusion. In this paper, we presented three AP schemes for a kinetic equa-
tion with a diffusion limit and an anomalous time scale We first proved that the
convergence of the solution of the kinetic equation towards the solution of the as-
ymptotic model happens with a slow rate in e, but that this convergence goes
through an intermediate model with a quicker convergence rate. The degeneracy
€ — 0 makes the problem stiff, which complicates the numerical computations, but
moreover the slow rate of the convergence towards the asymptotic model makes the
limit model unattainable in the numerical computations. Hence, we proposed an
adaptation of the AP approach for numerical schemes, by requiring in addition the
schemes to respect the dynamics of the degeneracy towards the limit equation. A
second stiffness arise in the design of numerical schemes for kinetic equations with
the anomalous diffusion limit we studied, since the high velocities play a crucial
role in the asymptotic analysis of the model. From a numerical point of view, it is
then necessary to take these high velocities correctly into account to ensure the AP
property of the schemes. To deal with this stiffness, we proposed a method based
on analytical transformation of the terms leading to the asymptotic model in the
schemes. A similar approach was proposed in [11, 12] in the case of a fractional
diffusion limit for the kinetic equation.
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The first scheme we presented is based on a fully implicit discretization of the
kinetic equation in Fourier variable, and the second one uses a micro-macro de-
composition of the distribution function and treats the transport explicitely. Both
of them enjoy the AP property and respect the dynamics of the convergence to-
wards the limit model. The last scheme we proposed, which is based on an integral
formulation of the kinetic equation in space Fourier variable, even enjoys the UA

property.

In a near future, we aim at extending this work to more general context, consid-
ering an integral collision operator. In this context, the study can not be simplified
by the use of the space Fourier variable. However, schemes based on a micro-macro
decomposition of the distribution can be written. Moreover, the case of fractional
diffusion limit of kinetic equations with an integral collision operator can also be
treated with such an approach.
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