NUMERICAL SCHEMES FOR KINETIC EQUATIONS IN THE
ANOMALOUS DIFFUSION LIMIT. PART II: DEGENERATE
COLLISION FREQUENCY.
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Abstract. In this work, which is the continuation of [9], we propose numerical schemes for
linear kinetic equation which are able to deal with the fractional diffusion limit. When the collision
frequency degenerates for small velocities it is known that for an appropriate time scale, the small
mean free path limit leads to an anomalous diffusion equation. From a numerical point of view, this
degeneracy gives rise to an additional stiffness that must be treated in a suitable way to avoid a
prohibitive computational cost. Our aim is therefore to construct a class of numerical schemes which
are able to undertake these stiffness. This means that the numerical schemes are able to capture the
effect of small velocities in the small mean free path limit with a fixed set of numerical parameters.
Various numerical tests are performed to illustrate the efficiency of our methods in this context.
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1. Introduction. The theoretical and numerical study of particle system equa-
tions has major applications in plasma physics, galactic dynamics, chemotaxis or bi-
ological models. Depending on the physical properties of the system, different scales
can be considered to describe it. When the mean free path of the particles is large
compared to a typical length, a kinetic description of the system is required. Kinetic
equations describe the time evolution of a distribution of particles depending on the
time, the space and the velocity. This distribution of particles represents the prob-
ability for a particle to be at a given point of the phase space (z,v) at the time ¢.
When the mean free path of the particles is small, a macroscopic description can be
used. In this regime, the former distribution function is close to an equilibrium and
can be averaged in the velocity variable. The relevant quantity is then the density of
the particles, which only depends on the time and the space.

The passage from the microscopic to the macroscopic scale is mathematically
performed by asymptotic analysis. From a numerical point of view, the small mean
free path limit corresponds to a singular perturbation problem which is known to
be difficult to simulate (although a lot of works has already been achieved in this
context). Indeed, this limit induces the presence of multiple scales in the system, so
that the numerical parameters have to solve the smallest ones for stability reasons. As
a consequence, the construction of efficient schemes in this context is of great interest.

In this work, we are interested in the time evolution of the distribution function
f which depends on the time ¢ > 0, the space variable z € Q C R? and the velocity
v eV CR? with d =1,2,3. If f stands for a distribution of particles, they undergo
the effect of collisions which are modelized here by a linear operator L acting on f
through

L(f)(t,z,v) = V(U) (pl/(ta x)M(U) — f(t,@,v)),
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where

WOty _ Jy v(e)f (2. )dv
(v(v)M(v))y, ' fv v(v)M (v)dv

is not the usual density p(t, ) = (f(t, x,v)),, but has been modified to ensure the mass
conservation for L: (L(f)),, = 0. In the sequel, we will always denote by brackets the
integration over v. The equilibrium M (v) will be taken constant on V' = {v, |v| < §}
(we choose § =1 in the sequel)

(1.1)

pu(t, ) =

M(v) = Mo, |v] <1, Mo >0, (1.2)

such that (M(v)),, = 1 and we will consider the case of a degenerate collision fre-
quency

v(v) = V0|v|d+2+5, lv] <1, (1.3)
for a given 8 > 0. Hence, the second order moment of M is not finite

VR U

D =
lv|<1 v(v)

M (v)dv = +o0. (1.4)

In order to capture a nontrivial asymptotic model, a suitable scaling has to be con-
sidered (see for instance [2]). We consider the kinetic equation

. 2d+2+ 0
O f +ev-Vuf =L(f), witha = ————
e*0f 4+ ev f (f), with « s

€ (1,2), (1.5)
where € > 0 is the Knudsen number, which is proportional to the mean free path
of the particles. Equation (1.5) has to be supplemented with an initial condition
f(0,z,v) = fo(x,v) and spatial periodic boundary conditions are considered.

Considering « = 2, an equilibrium function M and a collision frequency v such
that the integral (1.4) is finite, (1.5) degenerates into a diffusion equation for p

dp(t,z) — V- (DVy)p(t,x) =0,

when e goes to zero. There is a huge literature on this subject, we refer for example to
[18, 27, 4, 10] for details. When the diffusion coefficient (1.4) is no longer finite, this
asymptotic breaks down which can be interpreted by saying that the time scale t ~ e~2
is too long. Then, it is necessary to consider an appropriate scaling to get a nontrivial
limit for (1.5). For instance, it is known (see [23, 21, 3]) that when the collision
frequency is not degenerated for small velocities and when the equilibrium M is an
heavy-tailed function (equivalent to a power of v for large velocities) (1.5) degenerates
into a fractional diffusion equation when € goes to zero. As the scaling € is not an
integer power of ¢ this fractional diffusion limit is called an anomalous diffusion limit.
This scaling arises in the study of granular media (see [12, 6, 5]), plasmas (see [11]) or
even economy ([17]). The case with degenerate collision frequency we are considering
has been studied in [2]. Tt does not correspond to a particles dynamics physical
situation but rather to the modelization of some chains of oscillators, see [13, 22].
When € goes to 0, the solution of (1.5) converges to p(t,z)M (v) where p is the
solution of the fractional diffusion equation that can be written in Fourier variable

op(t, k) = _’i|k|aﬁ(t7k)v (1'6)
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where p stands for the space Fourier transform of p, k is the Fourier variable and « is
a constant which depends on M, and « and is defined by

L M0u3“< 1 (v-e)? > | ()
R

S d+1+8 \|u[tte 14 (v-e)?

for any e € R? such that |e| = 1 (note that x does not depend on e). The fractional
diffusion equation can also be written in the space variable

1 Moy °T'(a+1)
Cd,a d + 1 + ﬂ

w2

6tp(t=$) = (_Am) p(t,.’L‘), (1'8)

where T' is the usual Gamma function defined by I'(z) = fOJrOO t*~le~tdt and cq.q
ol (45*)
2rster(1-g)

(—A.)% can be defined with its Fourier variable

((=8.)%p) (k) = [k1*4(K),

but has also an integral definition

(—A,) % p(x) zcd@P.V./ Wdy,
R¢ ly| @+

is a normalization constant given by c4o = . The fractional Laplacian

where P.V. is the principal value distribution.

From a numerical point of view, the presence of € makes the numerical simulations
challenging. Indeed, if one uses a naive approach, a relation linking the space and
time numerical parameters to the stiffness e (typically At ~ %, where At is the
time step) is required for stability reasons, which implies a redhibitory cost when &
is small. The Asymptotic Preserving (AP) schemes are designed to overcome this
strong restriction on the numerical parameters. Indeed, if we consider the continuous
problem P. degenerating into Py when & goes to zero, we ask the scheme S” to be
consistent with the problem P. when the discretization parameter h tends to 0 and to
degenerate into a scheme S’(’} solving the problem Py when ¢ — 0. An AP scheme can
also enjoy the stronger property of being Uniformly Accurate (UA). It means that the
accuracy in h of the scheme does not depend of . Note that it is very desirable for an
AP scheme to enjoyy the stronger property of being Uniformly Accurate but this is
not automatic and is a difficult issue in general. For kinetic equations, AP scheme has
already been developed (see [14]) and there is an important literature for the diffusion
asymptotic, for example [15, 25, 24, 19, 20, 16, 7, 1]. In the case of a fractional
diffusion scaling, the previous schemes do not enjoy the AP property. Indeed, as the
velocities must be discretized with a finite number of points, the diffusion coefficient
(1.4), which is an infinite integral in the case of the anomalous diffusion, appears to
be always finite at the numerical level. Hence, the effects of the low velocities are
missed and the approaches for the classical diffusion show only a numerical diffusion
which does not match with the expected fractional diffusion.

In the case of the fractional diffusion induced by a heavy-tailed equilibrium, we
set in a previous work ([9]) three numerical schemes enjoying the AP property. As the
fractional diffusion limit did not naturally appear in the formulation of the schemes,
we had to suitably modify them to make the fractional diffusion arise numerically.
Let us remark that when a € (1,2), an alternative approach has been proposed in
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[26] for the case of heavy tail equilibria. In this paper, we present an extension of the
strategy presented in [9] when the fractional diffusion comes from the degeneracy of
the collision frequency. In addition to the technical difficulties which are inherent to
the velocity dependency of v there are many important differences with the heavy-tail
case that we have to face. First, to numerically capture the important effects of the
low velocities (instead of large velocities in the heavy-tail case). Second, in the present
case, the renormalized density p, defined in (1.1) is different from the usual density p
while these two quantities coincide in the heavy-tail case. This property induces an
additional difficulty, as we will see, and a specific treatment is required in order to
cover an asymptotic preserving property for the scheme. Lastly, the convergence rate
to the fractional diffusion limit is very slow, so that the intermediate regime involves
a large range of €; as a consequence, the numerical validation turns out to be more
difficult.

We will present three different Asymptotic Preserving schemes. First, we consider
a fully implicit scheme for (1.5) in which Fourier space variable is considered. The
delicate issue of the velocity discretization is highlighted to explain how the fractional
diffusion arises. Then, a second scheme is proposed which allows to avoid, when
desired, both the use of the space Fourier transform and that of a fully implicit scheme.
A micro-macro formulation of (1.5) is then studied to write an semi-implicit scheme
enjoying the AP property. Once again, the terms giving theoretically the anomalous
diffusion limit will have to be treated with care to ensure the AP character of the
scheme. Finally, a scheme based on a Duhamel formulation of (1.5) is proposed,
which enjoys the stronger property of being uniformly accurate (UA) with respect to
. These results were announced in [8]. Moreover, a proof of the convergence of the
solution of (1.5) to the solution of (1.8) is given in [2]. We propose a formal derivation
of the convergence rate in ¢ for this limit. This convergence rate is illustrated in the
numerical tests that we present in the last part.

The paper is organized as follows. In the next section, we will start by establishing
a formal derivation of the fractional diffusion limit equation (1.8), and the rate of
this convergence is formally derived (the related computation is postponed in the
appendix). Then, in Section 3, we present the three asymptotic preserving schemes
for (1.5). Eventually, we will present in the last section some numerical tests to
highlight the properties of our schemes.

2. Formal derivation of the fractional diffusion limit. In this section, we
formally derive the fractional diffusion (1.6) from the kinetic equation (1.5), where
the computations are based on spatial Fourier transform. This will be the basis of
the numerical methods proposed in Section 3. The proof has been done in [2].

We remind that f(t,k,v) (resp. p(t,k)) denotes the spatial Fourier transform of

f(tv T, U) (resp. p(t, ‘T))

ft ko) = /]Rd e mTf(t x v)da.

PRrROPOSITION 2.1. Let f be the solution of (1.5) in the Fourier variable for a

gwen initial condition fo. Then, when € — 0, f converges to pM with p solution of
the fractional diffusion equation

Oup(t, k) + K|k|*p(t, k) = 0,

with k defined by (1.7) and with initial condition p(0,k) = <f0(k,v)>v
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Proof. Considering the Fourier transform (in space) of (1.5), we get
Of +e (v+ick -v)f =e “vp, M. (2.1)
Integrating with respect to the velocity variable leads to
Op+ict ™k -vf)y = 0. (2.2)

From (2.1), we can write

. vpM o Of
= — 2.3
/ v+ick v c v+ick-v’ (2:3)

so that f;s P M and with an integration in v, p e pu, then (2.2) becomes

vk -vM

Op+iet~*( ——— o, = O(e7 0. 24
The fact that the right hand side is negligible compared to the left hand side will
be detailed in the Appendix. Then, the fractional diffusion operator is obtained by
considering the limit € — 0 in the second term of the left hand side. Let us focus on

this term in the sequel. First, since M and v are even, we write
1o/ Vk-OM oo/ vik-v)2M
1€ Ee—— =€ S .
v+ick-v/y, v24e2(k-v)?/y,

We can remark that the limit € — 0 is not defined since the term into brackets goes
to infinity when € — 0 because of the degeneracy of v for small velocities. Then, to
capture the effect of small velocities, we perform the change of variable w = e|k|v/v
with

d+2+43

d+1+p8
) , dv=

jul = B2+, =y (2
0

4
e|k| TP g
vo|w]|

1
PESEN; (vO\w\d+2+B

)

to get

e kM o My [ (RfHw)? 1
lim ie O — = lim 2 |w|d
250 vtick v/ e50d+1+ 8\ 1+ (k/|k| - w)? [w]4te w|>elk|/vo

Movg ™ 1 (w-e)? o o
- S Ikl = wl
d+1+p8 \|w/** 1+ (w-e)?/pa

where e denotes any unitary vector, and x has been defined in (1.7). Moreover, since
when ¢ — 0, we have p — p,, we then deduce the fractional diffusion asymptotic
model from (2.4). O

Furthermore, we have the following result for the convergence rate (at the formal
level). The proof is postponed to the Appendix.

PROPOSITION 2.2. Let f be the solution of (1.5) in the Fourier variable for a
given initial condition fo. We get the following rate of convergence

f—ﬁM:O(EWdW)—i—O(EWBW).
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3. Numerical schemes. In this section, we present three different numerical
schemes, based respectively on a fully implicit scheme, a micro-macro formulation
and an integral formulation of (1.5), designed to approximate the solution of (1.5).
We will denote t,, = nAt,0 < n < N the time discretization, such that NAt =T and
we will set f™ ~ f(t,). The space domain € is bounded and we consider periodic
conditions, allowing the use of the Fourier variable. At the discrete level, we will use
the discrete Fourier transform. The computation of the numerical solution requires the
use of a velocity discretization. In the tests, we will consider a first order quadrature
method based on a uniform fixed set of N, points v;, symmetrically distributed in
the domain [v| < 1. In the sequel, we will denote by () p the discrete integration
in v on a domain D :

Nwyp=0v > fvy). (3.1)
JEN,No]
v €D

We want these schemes to be Asymptotic Preserving (AP), indeed that for any

initial condition fy

(i) when € is fixed, the solution given by the numerical scheme is consistent
with the solution of (1.5),

(ii) when the numerical parameters are fixed, the scheme degenerates into a
scheme solving the anomalous diffusion equation (1.8) when ¢ tends to 0.

Since the fractional Laplacian of the asymptotic equation (1.6) comes from the
small velocities of the degenerate collision frequency, it is necessary to take it into
account in the schemes to ensure the AP property. One idea would be to consider an
adaptive grid which is refined around v = 0 but this will impose to link the velocity
discretization to e, which breaks down the AP property. We propose a method based
on an analytical modification of the terms degenerating into the fractional Laplacian
in the scheme. This modification consists into applying a change of variable in some
integrals in v of the scheme before discretizing them. Once it is done, we are able to
show that the three schemes we propose preserve the asymptotic of fractional diffusion
for a fixed set of numerical parameters.

3.1. Implicit scheme. The first idea to write a scheme for (1.5) which has the
AP property is to use a fully implicit formulation of (1.5) in Fourier variable. It is
well-known that in the case of the classical diffusion limit, such a scheme preserves the
asymptotics, but here in the case of the fractional diffusion limit, it is not true, and a
suitable modification of the scheme has to be performed to ensure the AP property.

We start with (1.5) written in Fourier variable and we consider a fully implicit
time discretization

fn+l _ fn k- R
% + 5104 (1 +i¥> fn-l-l _ E%ﬁZ-HM,

that is
1- /\(v) m
+
1 +iM(v)Eke f

v

/\(1)) nJr1]\47 (32)

fntl A
/ 1+ ir(v)

with A(v) = Atv(v)/(e® + Atv(v)). Remark that 0 < A(v) < 1, A goes to 1 when
e — 0 and X goes to 0 as At — 0. So when ¢ — 0 with fixed At, we get

frt =i, (3.3)
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which is the expected limit for f Now, it remains to find an expression for p”*t. To
do so, we multiply (3.2) by v and integrate in v to get

< 5"<+Atuyfn >
1 +i(v)eke MM v)2 (gkv 2
putt = W% V with = 1 <y S

5"‘+Atuy‘zl\€4 . e«
1 +iX(v) =t .

At the continuous level, the term I gives the anomalous diffusion limit when ¢ goes to

zero. Indeed, the change of variable w = ¢|k|v/v(v) in I enables to capture the small

velocity effects so that lirr(l) I = k|k|*, where k has been defined in (1.7). However, the
E—

situation is completely different at the numerical level, namely when a discretization
in velocity with N, points has to be used. Indeed, a naive quadrature of I given by
(3.4) would lead to

M (v;)At? (k - v;)? NZ (k- v] M(vy)
EO‘—I—AtV (vj))? + 2 At2(k - v;)? S0 ° = 7

Mz

This implies that I goes to zero when € goes to zero since the velocity discretization is
fixed (remember that o < 2). Therefore, the asymptotic numerical scheme becomes
Pt = p" when € — 0, which is not a consistent numerical scheme for the asymptotic
model. To recover the correct asymptotic behavior, the main idea is to transform the
expression of I at the continuous level before applying the discretization in order to
make the anomalous diffusion operator appear in it. To do so, we perform a change

of variables w = ¢|k|v/v(v) in I to get

2
At 2
||y~ > My / 1 (—aad’w) (w-e) 1
- v =@~ w
d+1+ wl> ekl |w|dte A 2 ’
B Jiw> o |w] 1+ (EQ_F’X’W) (w-e)?

d+248
where e denotes any unitary vector and ¢ = vy(e|k|/(vo|w|)) T+ . Note that I does
not depend on the choice of e. Once the change of variables has been done, the
velocity discretization can be performed so that we get

2
At
L < 1 () weep (3.5)
Tod+1+48 \ Jw[tte A 2 '
| | 1+(5a+§t@) (u}-e)2

NU)

_"0

where (), p has been defined in (3.1). Let us remark that I is of magnitude At? for
fixed ¢ and that when & goes to zero, it degenerates towards

[klovg ™My /1 (w-e)? = R[k|® (3.6)
d+1+p [wldta 1+ (w-e)? Ny, |w|< | wmax| a ’ '

which is a consistent approximation of k given by (1.7). Let us remark that the
numerical integration is done up to a maximum discrete velocity |wmax|. Eventually,
we have the following proposition
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PROPOSITION 3.1. We consider the following scheme defined for all k and for all
time indices 0 <n < N,NAt =T by

1 N
< Tan S >
: ek
n+1 __ 1+ 1)\(’0) v N,,V

(L= M) + Mw)py ™ M

pv - 1 M ) fn-i—l = Ek"U 5 (37)
< raw” > it 1+iX(v)
: ek-v v
L +iA(v)= N
with I given by (3.5), p"tt = <f"+1>N v Av) = Atv(v)/(e™ + Atv(v)) and e is

any unitary vector and with the initial condition fO(k,v) = fo(k,v). This scheme has
the following properties:

(i) The scheme is of order 1 for any fixed € and preserves the total mass.

(ii) The scheme is AP: for a fixzed At, the scheme solves the anomalous diffusion
equation when € goes to zero

~n+1 k) — o™ (k
% = —R|k|*p"TY(K), with & given by (3.6). (3.8)

REMARK 1. We can go further, modifying the approzimation (3.5) of I by

~ At? _
I ~ Py EE: R,
(e ati+8 + At)?

where  is defined in (3.6). The so-obtained scheme enjoys the same properties stated
in the above proposition.

Proof. The first point of (i) is a direct consequence of the use of a fully implicit
Euler scheme for (1.5). For the conservation of the total mass, let us write (3.7) for
k = 0 and integrate with respect to v

vM 1 v A
S L)y = ———— (0 3.9
<sa+Aty>NmVp“ (0) <s°é+Atyf()>va’ (3.9)
. Atv
" 1(0) = 5(0) — At { — X F7(0 —— M »"T1(0)(3.10
0 =0 - & (o P 0) (ST M) AT oe0

Injecting (3.9) in (3.10) leads to the result.
For the AP character of the scheme (ii), letting € to 0 with fixed At in the first
equation of (3.7) leads to

An+1 A

_an
Py 14 _ —R|k|aﬁ:}+1

At

and with (3.3) we have p™ = p?,Vn > 1 when ¢ — 0. It implies that (3.7) degenerates
into (3.8). O

3.2. Micro-macro decomposition based scheme. In the previous part, we
presented a fully implicit scheme designed to solve (1.5); however the use of Fourier
transform may be restrictive in some cases and one may have to use the original space
variable. Therefore, making the transport part implicit in time may induce high
computational cost especially in the multidimensional case. Here we write a scheme
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based on a micro-macro decomposition of the distribution function f in which the
transport part is explicit. As for the previous scheme, suitable modifications have to
be done to ensure the AP character.

Denoting f(t,x,v) = p(t,x)M(v) + g(t,x,v) such that (g),, = 0, we insert this
decomposition into (1.5) before integrating in v to get

op+e(v-V,g), =0. (3.11)

Then we multiply this last equality by M and subtract it from (1.5) to write an
expression for g

—a —a 1 (vg)y M
g +e' " VopM + ! (U-ng—@)-vwg)VM):_E_ay<g_m>'
(3.12)
From (3.11) and (3.12) we can write the following semi-discrete micro-macro scheme

(see [20, 19])

n+1 n
p —P 11—« n+1
gt (0 Vet =0
gn+1 _gn
T 4 E1—0¢,U.Vzpn]\4_|_{51—oz (U'Vzgn— <v~Vzg">VM) (313)

n+1
— —LV gn+1 _ <Vg >VM .
ex (vM),,

As previously, if the velocity integrations are done directly using the approximation
(v =~ () n, v where the discrete bracket (-)y . is given by (3.1), the so-obtained
scheme does not enjoy the AP property. Indeed, as ¢"*! goes to zero when ¢ goes to
zero, we have

<V9n+1>N v
ev-Vup"M = —v [ g" — WM + o(e),
N,V

that is, for nonzero v

n+1

vg

ntl — MM _ .. Vap"M + o(e).
(VM) y, v v

Then, we insert this expression in the first line of (3.13), reminding that M is even,
to get

g

anrl B pn 2—a <M n >
— —¢ —v-Vg(v-V =o(¢e).

Al p o ( «p") Ny (€)
As in the previous part, the term into brackets is finite although it is not finite at
the continuous level. Hence, when & — 0, (3.13) degenerates into p"*! = p" which of
course does not solve the fractional diffusion equation. To obtain the right asymptotic
scheme, we must modify (3.13) to make the anomalous diffusion limit appear. To do
so, we first express the term (v - ng"+1>v = (v- sz"+1>v appearing in the first
line of (3.13) with a semi-discrete implicit formulation of (1.5)

A(v)

v

1 - 1 A(v) -
= A(v) (I—l—a v-Vx> P M + (1 — A(w)) <I—|—5 > v-Vz) .
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with A(v) = Atv(v)/(e® + Atv(v)). The first line of (3.13) then reads

prtt—pr 1 eA(v) R
Y +5a <€)\(U)v Ve (I-i— Y Ve py M )

<I+E¥U~Vz)1f”]> =0, (3.14)
14

and can be simplified in a consistent way. Indeed, since the scheme is first order
accurate, it is possible to remove terms of order At in (3.14) with no incidence on its
global accuracy. Hence, we decide to keep the first line unchanged, as it plays a role
in the AP character of the scheme and, in the second line of (3.14), the inverse of the
transport operator is approximated by

+elme <(1 —Av))v -V,

[+:20, g, 71:I+O At),
(r+:220.7,) (A1)

as A\(v) is of magnitude At for fixed e. Eventually, the first line of (3.13) becomes

prtt—pr 1 eA(v) R
—x + = <5/\(v)v Va <I+ —, v V. ot M )
+e (1= Av) v Vag™)y =0, (3.15)

because ((1 — A(v))v - Vo f™), = ((1 = A(v))v-Vzg™),, . As the anomalous diffusion
limit comes from the second term of (3.15), we have to rewrite it in order to make the
fractional Laplacian appear. First, we have to express p, in terms of p; to do that,
we inject the decomposition f = pM + g in the definition of p,

_ why _ wpM+g))y _ (vg)y
7 Vs Y 17 Vs W 7 VoW

Then, using space Fourier transform, we rewrite (3.15) as

<Vgn+1>v
<’/M>v

_pn

—1 ~n+1 -1
A S @)+ (I

) +el 71 = Aw) v Vag")y =0,

(3.16)
where F~1 denotes the inverse Fourier transform and

Iala<iA(“)k'vM(v)> aa< Aw)2 EE2 oy >
N T aw,. /) = —)
1+1—V(—)k.v v 1+/\(’U)2(k—) .

v

Let us remark that for K = 0, we have Z = 0. For k # 0, the change of variables
w = ¢|k|v/v(v) is performed in Z before applying the discretization () y, , (using the
definitions (1.2) and (1.3) of M and v). Then, we have

Atwolk|P 2 )
zzlkl%é_aMO< ; <€q(Volwl>p+Atuo|k|p> w >
d+1+p5 \ |w[d+e Atvg|k|P 2 )

(Eq(Vo|w|)p+AtVo|k|p) et

N, [wmax| >|w| > <X
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where p = Zﬁig and ¢ =

modified consistently into

T e ( At )2 |k|°‘ué_°‘Mo< 1 (w-e)?

g1+ At d+1+p Jw|@te (w - e)? + 1>Nv [wmas] > [w] > 2L '
JWmax| > w]> =5

ﬁ. Since T is of order At? when ¢ is fixed, it can be

(3.17)

Note that this approximation conserves the degeneracy rate in € of Z to the fractional
diffusion coefficient & defined in (3.6).

To compute (p" 1, g" 1) recursively with the second line of (3.13) and (3.16), we
need to determine <ug"+1>NmV. To do that, we start with the with the second line

of (3.13) which gives an expression for g"*!

gn+1 _ gn — %T” n AtvM <I/gn+1>
1+ &ty (VM) (e* + Atv) No, V7
with
T™ :av-prnM—l-E(v-Vzg"— (V- Vg™ y. v M). (3.18)

Multiplying the expression for ¢g"*! by v and integrating it using (-) N,.vs we find an

expression for (vg"*! >NU7V

<L> _ &< vT" >
A @ At
n+l> 1+ 4t v(v) Ny, V € 1+5iv N,V

)

Ny, V 1— At v2 M
M)y, v \1+8v /N, v

Finally, we have the following proposition.
PROPOSITION 3.2. We consider the following scheme (discretized in time and
velocity) defined for all z € R v € V and all time indices 0 < n < N with NAt =

T(T > 0), by
e + Aty NV

<I/gn+1>NmV: <VM>NWV< N >
N,V

(vg

e + Aty
ntl_gn 1 vg"t! 3.19
9 9 + Tn:__y n+l < >Nv,VM ( )
At e« (vM)y, v
n+1 n An41
p__—r -1 An+1/2 —1 <Vg >NU,V
R (ITMMV

+er 7 (1= Aw)v-Veg™) n, v =0,

with T™ defined in (3.18), A(v) = Atv(v)/(e* + Atv(v)), where F~1 denotes the
inverse Fourier transform in space and with the initial conditions p°(x) = p(0,x) =
(fo(z,v)) N, v and g°(x,v) = folw,v) — p(0,2)M(v). The quantity p"+'/2 can be
chosen equal to p™ or to p" T depending on the desired asymptotic scheme (explicit or
implicit in time) and T is given by (3.17). This scheme has the following properties:

(i) The scheme is of order 1 for any fized ¢ and preserves the total mass.
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(ii) The scheme is AP: for a fized At, it solves the anomalous diffusion equation
when € goes to zero

pri(k) — p (k)

— _ kaAn—i-l/Q k
s R /2 )

where K is defined by (3.6).

REMARK 2. Assuming that the space and velocity discretizations have been fized,
(p™, g"™) are computed recursively with (3.19). The first line of the scheme enables to
compute <Vg"+1>NmV which is reported in the second and third lines to compute g"+!

and p"tl.

As the term I defined in (3.17) has been precomputed to make the anomalous
diffusion operator clearly appear, the velocity discretization is not a difficult issue
anymore. Once it is defined, the integrals in v are computed with any quadrature
method, such as rectangle formula. Finally, a standard upwind scheme is used to
approximate the spatial derivative appearing in the term T™ defined in (3.18).

REMARK 3. To guarantee the structure of the micro-macro model, it is important
that the scheme satisfies <g"+1>NmV = 0. To do that, g"*' is modified consistently

as gn+1 — gn+1 _ <gn+1>Nv1VM'
REMARK 4. As in the fully implicit scheme, we can go further by approximating

consistently T given by (3.17) as

At?

1= RE T a1 e

[k|*R,

where & is given by (3.6) and ¢ =d/(d+ 1+ B). The so-obtained micro-macro based
scheme still enjoys the same properties stated in the above proposition.

Proof. The proof of (i) is immediate from the derivation of the scheme, let us
prove (ii). At first, we remark that 7" goes to 0 as € — 0, then the first line of (3.19)
gives that <V(v)g"+1>NU7V goes to 0 as € — 0 because ("), = 0. After that, the
second line of (3.19) implies that ¢g"™ = o(1). When reported in the fourth line of
(3.19), as el 7*(1 — A(v)) = O(e), we get

pn+1 _ pn
At
Finally, Z is equivalent to &|k| for small e, with % given by (3.6). O

+F (2 2) = o),

3.3. Scheme based on an integral formulation of the equation (1.5). In
the previous parts, we wrote two AP schemes solving (1.5). In this section, in the
spirit of [9], we present a scheme based on an integral formulation of (1.5). However,
the presence of the collision frequency v requires specific developments to ensure the
AP property. In particular, for general initial data, the strategy proposed in [9] leads
to an AP scheme for p, instead of p (which are different if f is not at equilibrium).
Then, the present section is decomposed into two parts: first, the case of equilibrium
initial data is tackled, for which the scheme is proved to be uniformly accurate, and
second the more delicate case of general initial data is studied, for which the scheme
is proved to be AP.

3.3.1. Equilibrium initial data. We start from the Duhamel form for f

ft ke, v) = e~z ieko) fok ) 4y /E e svHiek ) 5 (t — e%s k)ds,  (3.20)
0
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which we multiply by v, integrate in v and evaluate at t = t"T1 to get

gnt1

Kp, (1", k) :Ao(t"+1,k)+/ ’ <V2Me_s(”+i8k'”)>v[),,(t"H—so‘s,k)ds, (3.21)
0
where
K = (uM),, , and Aq(t, k) = < ye~ # (vHiskv) £k v)>V. (3.22)
Then, we get
Kpu n+17 Z ¢ <V2Mefs(u+isk~v)>v ﬁu(tn+1 - EaS, k)dS + AO(tn—i-la k)u

0 _Ot
(3.23)

where Ay and K are defined in (3.22). We perform a quadrature of order 2 in the
integrals in s. Assuming that the time derivatives of p, are uniformly bounded in ¢,

we have Vj € [0, N — ]]Vse{j ”1]7

gy ca

. o €% —t;\ . e%s —t; . 9
pu(tn+1 —&°s, k) = (1 - TJ) pu(tn-i-l—ja k) + TJPV( n—j; )+ 0O (At )
(3.24)
Inserting this expression in the integral terms of (3.23) leads to
o
. <V2Me_s(”+i8k'”)>Vﬁy(tn+1 —e%s, k)ds = ¢j(e, k) pu(tns1 — tj, k)
b (e k) (bt — o1, k) + O(A),  (3.25)
where the remainder is bounded independently of £ and where we denoted
Y ol
bi(e, k) = / EZ% <V2Me—S<V+i€’f'”>>Vds, (3.26)
kS ag ¢
, - [ _&es57Yy 2 1 [ o—s(vtick-v)
c;(e, k) /t—z; (1 Y ) <1/ Me >Vds. (3.27)

Then, we use the quadrature (3.25) in (3.23) to write (using the obvious notations
bj :=b;(e, k)) and ¢; := ¢j(e, k))

A 1 & ) 1.
Po(tnsr k) = = D lespultari—gi k) +bipu(ta-j, k) + O(AL)] + 7 Ao(tnt1, k).
§=0
As NAt =T, then nAt? < TAt and the last expression permits to write a first order
scheme for p, that writes

Ao(tns1 k) + é( L () + by (k)) + bopt (k)

"t (k) = / . 3.28
Py (k) Frg (3.28)
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To ensure the AP property for this scheme, the discretization of the terms b; and c;
is crucial: as in the previous cases, their limit as € goes to zero makes the anomalous
diffusion operator appear, but when computed numerically it does not arise because
of the effects of the low velocities missed with the discretization. Indeed, we consider
the velocity integration appearing in (3.26)-(3.27)

<V2Mefs(v+i5k-v)> _ <I/2M (efs(erisk-'u) _ efu('u)s)> + <V2M67U(U)S> ) (329)
14 Vv \4

At the continuous level, the first term in the right hand side gives the anomalous
diffusion when e goes to zero. Indeed, with M and v defined by (1.2) and (1.3), the
change of variables w = ¢|k|v/v in the integral in v reads

<I/2M (efs(erisk-'u) _ efv(v)s)>
\%4

e k|ovi = M, < 1 ( —os(Itiwee) - S4,)>
— S 1w-e _ S , 3.30
d+1+5  \ Jue \° ’ ] > L% 330

Yo

b\ diiis
. €

with ¢ = 1 (Uo‘w‘)
diffusion limit clearly appears. We then inject (3.30) computed with discrete brackets
() Ny Joman | > w] ekl /vo 11 (3-29) and eventually compute explicitly the integrals in s

of (3.26)-(3.27) to get the following expression of b; and ¢;

and where e denotes any unitary vector. Here, the fractional

[e3

bi(e, k) = % <Me’s_jf.¥” (1 - e’%”)>N . <VMe* ];31">N L

* ayl-a t; —tjj;l iw-e
R o
d+1+p |w|d+e 1+iw-e
iy (1 +iw-e)? B o
Ny, W
i e tj At
(e, k =< M*s—é"> __<M fs—av(l_ fs—au)>
Cj (5 ) viie Nov Al e e N
okt M, 1 — 4 o(1+iw-e) .
£ | | 1) 0 e . . (3'32)
d+1+0 |w|d+e 14+iw-e

€
N o(1 +iw - e)? @

ts . . s
o o~ e (ltiw-e) (1 o 67%@(1+1w-e)) 4 (1 _ 67%@) >
b)

Ny, W

with W = {w € R, |wmax| > |w| > €[k|/1p}. The so-obtained scheme (3.28) for p,
where b;, ¢; are given by (3.31)-(3.32) enables us to find a way to recover the distri-
bution function f in Fourier variable. Indeed, with a Duhamel formulation of (1.5)

integrated between ¢, and ¢, it is possible to write an expression for f(t,+1,k,v)

At
ftng1 k,v) = e_%(”Jriak'”)f(tn, k,v) + / e sWHER ) 5 (1,1 — &%, k)ds VM.
0
(3.33)
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Then, the quadrature (3.24) leads to

Fltngr, ko) = e R0 £ b0y 4 UM (py(tngt, k) + Bpu(tn, k) + O(AE2)

where

At At
e e%s . T g% .
_ 1— 7S(V+l€k'v)d _ / 75(v+15k-v)d ) 3.34
7 A ( AJG S P=) A&C ’ (3:34)

This provides a first order scheme for f using the values p! determined with (3.28)

At

fnJrl _ e*ET(VJriEk"U)fA‘n +uM (,Y[)LlJrl + B[)Lz) 7

with the values of 8 and v computed exactly to ensure the AP property of the scheme

1 e 1 — e—%(u—i—iak-v) e 1 — e—%(u—i—iak-v) e—%(u-{-iak»v)
T Utk -v At (v+ick-v)? = At (v+ick-v)2  v+ick-v

(3.35)

A simple integration of f"! with () n,.v gives an expression for 5" *!. Eventually,
we have the following proposition.
PROPOSITION 3.3. We consider the following scheme defined for all k and for all
time index 0 <n < N,NAt =T by
AO (t""rlu k) +
put (k) = .

-

(e () + bigp 7 (k) + bop (k)
K~ (3.36)

1

fn+1 _ efﬁ(lﬂriskm)f% +uM (,.Y[)LLJrl + ﬂﬁz) ,

with K, Ag,bj, cj,y and B defined in (3.22)-(3.31)-(3.32) and (3.35). For an initial
data fo(k, v) at equilibrium, this scheme enjoys the following properties:

(i) The scheme is first order in time and preserves the total mass.

(ii) The scheme is AP: for a fized At, it solves the anomalous diffusion equation
when € goes to zero

P (k) — p" (k)

:_—kaAnJrl k
A7 R|k|*p™ T (k)

where p = <f">N ; and F is defined by (3.6).

(iii) Moreover, the semi-discrete-in-time scheme enjoys the UA property: it is
first order uniformly in

3C > 0, sup ||fN(7 )= f(T, . -)||Lgov < CAt.
e€(0,1] ’

REMARK 5. The numerical tests (see Fig. 4.3) suggests that this scheme is of
order 2 for a fived value of € and of order 1 uniformly in €.

Proof. For the mass conservation (i), we integrate (at the discrete level) with
respect to v the second equation of (3.36) and evaluate it at & = 0. For an initial
data at equilibrium, we have p%(k = 0) = p°(k = 0) so that

pAl _ <6—At/aauM> , ﬁO + <VM7>NU,V ﬁ,lj + <VMﬁ>Nv,V ﬁ?,, for k=0.

vy
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From the first equation of (3.36), we easily get pL(k = 0) = p’(k = 0) so that the
previous equation leads to p*(k = 0) = p°(k = 0). The mass conservation is deduced
by induction, assuming that p’(k = 0) = p(k = 0) for £=0,...,n

For the AP character (ii), let us remark that with (3.31) and (3.32), the formula
for p, in (3.36) degenerates into

An+1 An

PR =) e

v v — —Rlk|xpm k).
= SN

Moreover, the second line of (3.36) gives f"+! = pr+1M(v) for n > 0 when & — 0,
that 1mphes p”Jr1 = pn*tl for small e. As the initial condition is at equilibrium, we
also have p° = pU. Eventually, when & — 0, (3.36) degenerates into

LR — 57 (R)

_ = a sn+1

for all n < N, which proves the AP property.
Now, let us prove that the semi-discrete (in time) scheme is first order accurate
uniformly in e (iii). Using the notations (3.31)-(3.32), (3.23) writes

. 1 = R At?
pv(thrl? k) = EAO nt1, K ZCJPV n+l—j, ) =+ bjpu(tn*ja k) + YF’ (3-37)
7=0

where the remainder F' is given by

n tit1 2
1 o= e%s — 1, e%s — t; . o
re iy <<1— - J>< - J) 02y (tnss — <61(s), ) (338)
j=0" ==

2
e%s — tj tj+1 —&%s 2 A L« 2 —s(v+iek-v)
A ( At ) Oipuliner = e 52(5)’“) (e >v as.

with &1(s),&(s) € (0,At/e¥). As 1 > (1 - EQZ—?J) >0and 1 > % > 0 for

ot
s € [gi, Jgil},we have

) < 102 ||at2y||oo Z/ <(1 J> <sa2 tj)Q
+5“SA; ti ( 41— € S) ) VEMe=) ds
IIQ?AuIIoo Z/ ( )< 2Me™*),, ds. (3.39)

Now, let us denote E,, = p,(tn, k) — pit(k) and suppose that Fy = 0. From (3.28) and
(3.37) we have

Co bo 1 2 At2
(1 — E) E,4 = EEn + e ;(CjEn.H_j + bjEn_j) + 7}7 (3.40)
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In the sequel, to get an estimate for E, 1, we will need two different bounds for
(1—%)"t=K/(K — ¢). From the definition (3.27) of ¢o, we directly get

At
= €S —sv
col §/0 <1 — E) (v*Me >Vds

from which we deduce the first estimate for |K/(K — ¢o)|

K
'K —|< - - . (3.41)
= E”S 2 —sv
<VM>V—/O <1_E> (v*Me >Vds
Now, using 0 <1 — 2 <1 forse [0, Aﬂ we get
%
leo] < VQM/ e ds) < K- <1/Me*sATt”>
0 v v

so that we deduce the second estimate for |K/(K — ¢p)]

At -1
oo | <K <1/Me_s_""’>v . (3.42)

In (3.40) let us focus on the term containing F'. From (3.39), we have

At
< (g% 9 s

_ M SV d

o (¢ ) ey, o

1
= | _
1—% K—CO - 2 |K—Co|
/ < ) < 2Me_s”>vds
”at pu”oo Jj=1
+ , 3.43
|K — CQ| ( )
82 Al/ o0
= 7” t 2 || (Tl +T2)
To find an estimate for 77, we use (3.41) to write
& a
c 2 —sv(v) _ © s - 2 —sv
/0 <1/ Me™s¥( >Vds /0 (1 At>< Me >Vds
T < =7 , (3.44)

that implies that the first line of (3.43) is bounded by |07y ||« /2. Now, using (3.42),
T5 can be estimated as

tnt1
[3

< [ (M), ds|K —co| ' < 1. (3.45)

At

ey

Eventually, (3.44) and (3.45) give

F
K —

‘ < 167 p | oo- (3.46)
Co
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Now, for the other terms in (3.40), we introduce &,, = max |E;|. From the definition
i,

g€ (0,1]

(3.31) and (3.32), we have for the first two terms of the right hand side of (3.40)

n

boEn + Y (¢jEnt1—j +b;Enj)

j=1
< 1 /E_"‘ Ea_S ‘<V2Me—s(u+iakv’u)> E,
- o At v
n tj# e t
N Sy —s(v+iek-v
(S (S [, o

i+l
TS/, —olitizho)) ;
+/tj A (e v Enea] s
1

- _ = _& 2 —vs
§K<K /0 <1 At><uMe >Vds>5n.

Hence, using (3.41), we get

==

ds

boEn + > (¢ Ent1—j +b;Bn_j)| |K —col ™ < &n. (3.47)

Jj=1

Eventually (3.40) gives, using (3.46) and (3.47), E,11 < &, + |07 pu||ccAt?. Hence
Eni1 < En + 1|02 pu|| o At%. As we supposed & = 0, it writes

Ent1 <107 pu || T AL, (3.48)
where T' = NAt is the final time. This proves that the scheme in p, is first order

accurate uniformly in €.

Now, to prove that the scheme in f is first order uniformly in € we consider the
Duhamel formulation for f

At

Fltngr, kyv) = e" S @R F ) 4 VM/ e SR bt gy — €%, k)ds,
0

and with the same Taylor expansion as previously, we have

f(tn+1v k,v) = vM (vpu(tns1, k) + Bpu(tn, k) + VMAG + e_%(u-“akvv)f(tm k,v),

with 8 and 7 defined in (3.34) and

At 2
1 e e%s e%s 9 A o
G=-3 | [(1 o) (52) #auttrn — (o0

« a 2
£ £s ) «a —s(v+iek-v
* (E) (1_ E) O pu(tnsr — € 62(8)7/@] e stk )y, (3.49)
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where &1(s),&2(s) € (0, At/e*) . As previously, we can estimate [vMG]|

A

||6t2 Au“oo /50f e%s — tj e%s — tj 2
< =t FYiiee _
lv MG| <vM 5 ; 1 7 7

fe «Q 2
L& - lj (€% —tjp ‘e—s(z/—i-isk-v)
At At

azAu 00 % 1
SUM%/ e‘”dsﬁC(l—e_EA_‘*”).
0

ds

One can now look at the truncation error Ef = f(t,, k,v) — f"(k,v) which satisfies

El | = e S WHEIRS L UM (vEyi + BE,) + v MAEG. (3.50)

The term vM (yE,+1 + SE,) can be estimated by (using definition (3.34))
A_Df
lvM(yE" + BE™)| < VM/ e=ds Eni1 < C (1 - e*%'/) At,
0

where we used (3.48) for the last inequality. Hence, denoting A,, = max  |E]|
v#£0,k,e€ (0,1]

we get from (3.50): Apyq1 < e_%”An +C (1 — e_%”) (At2 + At). With Ag = 0, it
finally comes that

Apir <C (1 - e*%”) (At + Ar?) ie*j%“ < CAt.
j=0

3.3.2. General initial data. In the previous subsection, we observed that the
asymptotic scheme of (3.36) as ¢ — 0 writes

(k) — (k)

PR = K| L (k) ¥ 2 0,

and moreover, we have p"t1 = pntl for all n > 0. But, for general initial data, since
pY is different from p°, the asymptotic scheme is not the correct one because of this
initial mismatch. Then when the initial data is not at equilibrium, the previous scheme
is not AP and a suitable modification has to be done to recover the AP property. To
do so, we modify (3.36) to ensure that the first step of the asymptotic scheme writes
(when € — 0)

A1 A0
pu(k) = p°(k) e
= —R|k|%p,,.
A7 Rk,
Hence, we have to find an expression for the term p? appearing in the first equation
of (3.36) for n = 0. Starting from (3.33) for n = 0, we get, up to first order

~ _At(ytick-v) P ~
pH(R) = (e BRI O dpf(),
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where d is given by

J 1— e—%(u-ﬁ-isk-v) o -
B vtick-o ' (3:51)
N,,V

Up to an error of order At, it is possible to replace p' by ¥ so that 5" becomes

1 At (1 A
30— — [ 50 _ [ S (vtiekv) £O
Py =7 (p <e f >NU7V) . (3.52)

This expression is injected in (3.36) for n = 0 to compute p.. Then, for any ¢, (3.52)
is a consistent approximation and when & goes to zero, pY tends to p° which ensures
the AP property for any initial data.

Another defect in the previous scheme (3.36) is that, for a general initial data, it
does not preserve the total mass. To overcome this, we add the following consistent
step for fnt!

Ptk = 0) « frr(k = 0) - <f”+1(k - 0)>N M+ <f0(k: - 0)> M. (3.53)

v v

Eventually, for a general initial condition, we have the following proposition
PRrROPOSITION 3.4. We consider the scheme defined for all k and all time indices
1<n < N,nAt=T by (3.36)-(3.53) and for the first step by

(k) = 5 i - [Ao(tl, k) + %0 (ﬁo - <e—%<u+iek»v>fo>%vﬂ
FHk,v) = e~ SFWHRD) fO(k 0y 4 UM (vl (k) + B0 (k) (3.54)
F10,0) = F10,0) = (1 0,0) M+ (f00) M,

N,V

vy

with K, Ag, by, co, 7y, 8 and d defined in (3.22)-(3.31)-(3.32)-(3.35) and
(3.51). This scheme has the following properties:

(i) The scheme is first order in time and preserves the total mass.

(ii) The scheme is AP: for a fixzed At, the scheme solves the anomalous diffusion
equation when € goes to 0

LR - 57 (k)

_ = a san+1

where & is defined in (3.6).

REMARK 6. for a general initial data, the time derivatives at t = 0 are not
bounded uniformly in €. Hence, the uniform accuracy of the scheme is not a relevant
property to be considered. However, the numerical tests tends to suggest that the
consistency error is of order At uniformly in €.

Proof. To prove that the scheme is first order in time, we have to show that when
€ is fixed

HPAV(tlv ) - p/\lll()HOO < CaAta
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where C; is a constant when ¢ is fixed. We will then be able to use the proof of Prop.
3.3. At the continuous level, (3.33) gives

>

t

2l

€

5t k) = — &t (vtickw) ¢ k /
plta, k) = (e folk,v)) +

<VM675(V+iEk'U)> pu(ti —e%s, k)ds.
0 \%4

Denoting by G(s) = Otlisas Opy(u)du and H = — fOAt Op(u)du the remainders of

the Taylor expansions of p,(t; —e%s, k) and p(t1, k), we have
plto, k) = <e—?—(f(l/+iak.v)f0(k7v)>v +dp,(to, k) + H

At
ey

+/0 <I/Me_s(”+i8k'”)>v G(s)ds,

with d defined in (3.51). Hence, the error made by replacing p, (to, k) by its approxi-
mation (3.52) in the first iteration of (3.36) is of magnitude

At
1 B .
- —s(v+iek-v)
g <H—|—/O <1/Me >VG(s)ds> .

Eventually, the error done in the first iteration of (3.54) writes

At
1 bo = —s(v+iek-v)
iK (H + /0 <VM6 >V G(s)ds (3.55)

F
K_CQ

15w (t1, ) = (oo <

A2,

"

with K, bg, co defined in (3.22)-(3.26)-(3.27) and F' in (3.38) for n = 0. The proof
of Prop. 3.3 gives estimates for 1/(K — ¢g) and F/(K — ¢p) in (3.42) and (3.46).
Moreover, since

At

/Ea <V2Me—s(u+i€k-v)> ds|,
0 14

an exact computation of this integral shows that when e is fixed, the term by/d is
bounded. Assuming that the time derivatives of p and p,, are bounded, there exists a
constant C. depending a priori of € such that ||, (t1, ) — pL(*)|lcc < C-At. The proof
of Prop. 3.3 can then be used to show that the scheme is of order 1.

To show that (3.54) enjoys the AP property, we freeze At and let € go to 0 in the
expression of the scheme. The first iteration degenerates into

|bo| <

1 _ 0
W — —RIK[*pL(K), P (k,v) = pL(k)M,

then, when e goes to zero pt(k) = pl(k) which ensures that the first iteration of the
scheme enjoys the AP property. As the following iterations are the same as in Prop.
3.3, this proves (ii). O
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4. Numerical results. In this section, we present some numerical tests to vali-
date the three schemes we proposed in Section 3. For simplicity, we denote by IS the
the implicit scheme, MMS the micro-macro scheme and DS the scheme based on the
Duhamel formulation of the kinetic equation. Eventually, the implicit Euler scheme
for the anomalous diffusion equation (3.8) is denoted adiff. We use the equilibrium
(1.2), the collision frequency (1.3) and the initial data

fo(x,v) = (1 + sin(rz)) M, (4.1)

for z € [-1,1] and v € V = [-1,1] and wmax = 1 for the computation of the
terms in (), , of the schemes. The normalization constant My is chosen such that
(M)y, v =1 and vp is fixed vy = 1. We consider periodic conditions for the space,
then the discretization used for the space variable uses N, + 1 points and is given by

x;=—1+iAz, 0<¢<N,, (4.2)
where Ax = le This space discretization is linked to the Fourier modes we use for
the discrete Fourier transform in the numerical computations, that are the integers
k such that —N,/2 < k < N,/2. The uniform discretization of the velocities is
done with N, = 2N/ points symmetrically distributed to ensure that the property
(vM)y, v = 0 is conserved at the discrete level. Denoting Av = 1/N,, we set

Av

’Uj:—1+ 5

+jAv, 0<j<2N/ —1. (4.3)
Since the schemes do not require a refined velocity grid to enjoy the AP property, we
fix N/ = 10 in all the following tests. All the tests are performed using a final time
T =1 and 8 =1, the time step At being specified in each case.

4.1. The implicit scheme (IS). In this part, we test the properties of the IS
scheme. To highlight its AP character, we present in the left hand side of Fig. 4.1
the densities p(7T,z) obtained by IS for At = 10!, N, = 32 and a range of . For
this figure, we compare our results to the anomalous diffusion limit given by the adiff
scheme with the same time step. It appears that the densities converge slowly to the
anomalous diffusion limit when e goes to 0. In the right part of Fig. 4.1, we plot the
L norm (in space) of the error between p(T', x) given by IS and p,qig(T, x) given by
adiff as a function of & (in log scale). Then, we can compare our numerical results to
the rate of convergence computed in Prop. 2.2. We observe that the numerical rate
0.334 is in a very good agreement with the theoretical rate d/(d+ 1+ ) =~ 0.333. Let
us remark that we showed in Prop. 2.2 that theoretically, the convergence happens
rather with rate smi“(m’ﬁﬁﬁ), but the terms (5.1)-(5.2) giving the O(sdﬁﬁ) do
not arise numerically. Indeed, it is given by a divergent integral multiplied by a power
of e. As we use a bounded domain for v and we did not apply a specific treatment for
these terms, this divergent integral is numerically finite and then it vanishes when e
becomes small.
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F1G. 4.1. Left: For At = 1071, the densities given by IS for a range of € and by adiff. Right:
For At = 1071, the error between the densities given by IS and by adiff as a function of € (log
scale).

4.2. Micro-macro based scheme (MMS). In this part, we test the properties
of MMS. In the left hand side of Fig. 4.2 we present the densities p(T,x) obtained
with the MMS scheme for a range of ¢ and we compare it to the anomalous diffusion
limit given by adiff. We used N, = 32 points to discretize the space. We use Fourier
variable for the equation on p (macro part), but the space derivatives of the micro part
are discretized with a classical first order upwind scheme. Hence, a CFL condition has
to respected so that At = 1073, When ¢ goes to zero, the densities obtained by MMS
converges towards the density obtained by adiff. On the right hand side of Fig. 4.2,
we plot the L® norm (in space) of the error between p(T,x) obtained by MMS and
padi (T, ) obtained by adiff (using At = 107?), as a function of e. We can observe
that the convergence happens with a rate 0.337 which is very close to the theoretical
value 7177 = (.333.

d/(d+1+beta) = 0.33333

FIG. 4.2. left: For At = 1073, the densities given by the MMS scheme for a range of € and the
anomalous diffusion limit given by the adiff scheme. Right: For At = 1073, the error between the
MMS scheme and the DSA scheme as a function of € (log scale).

4.3. The integral formulation scheme (DS). In this section, we test the
properties of the DS scheme. First of all, we remark that for ¢ = 1 the scheme
appears to be of second order, as suggested by Fig. 4.3. For this test, we consider
N, = 8 and we consider the L> norm (in space) of the error between the densities
given by DS for a range of At € [2 x 1072,0.5] and the density given by DS for
At = 1073 (which is the reference).

Then, we study the AP character of the scheme, fixing At = 107!, considering
a range of €. As previously, on the left hand side of Fig. 4.4, the densities p(T, )
obtained by DS and by adiff (using At = 10~1) are plotted as a function of space with
N, = 32. On the right hand side of Fig. 4.4, the L> norm (in space) of the error
between p(T, z) obtained by DS and p,qig(T, x) obtained by adiff (using At = 1071)
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At
FIG. 4.3. For € = 1, the error between DS computed for At = 1073 and DS computed for a
range of At € [2 x 1073,0.5] (log scale).

is plotted as a function of ¢, for N, = 8. As in the previous cases, we observe that
d
the numerical convergence rate is close to the theoretical one e #+1+5 .

E ; ; " " " T Anormalous aifeson it T d/(d+1+B)=0.33333
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FIG. 4.4. Left: For At = 1071, the densities given by DS for a range of € and by adiff. Right:
For At = 1071, the error between DS and the adiff as a function of € (log scale).

Eventually, we illustrate that DS is first order in time uniformly in . Indeed, the
left hand side of Fig. 4.5 displays the L™ error (in space)

E(Ev At) = ”pgAt(Tv ) - pEAt:IO*3 (Ta ')HOO? (4'4)

where pS,_,-s(T, x) is obtained by DS with At = 10~% and p%,(7, -) is obtained by
DS using larger At. The error E(e, At) is computed for a range of At € [5x 1073, 0.5]
and of € € [1077,1]. For this test, we fixed N, = 8. These errors are stratified with
respect to At, confirming the uniform accuracy of DS with respect to e.

We now consider the following non equilibrium initial data

fo(z,v) = (1 + sin(rz))e ", (4.5)

and the same numerical parameters as in the last test. As previously, we also look
at (4.4) (see the right hand side of Fig. 4.5). It turns out that even if the initial
condition is out of equilibrium, the Duhamel based scheme is uniformly accurate. As
a consequence, considering the maximum with respect to ¢ € [1077,1] of E(e, At)
enables to highlight that DS is of order 1 uniformly in € (obviously, the same occurs
for the well-prepared initial data). Note that when this test is applied to the IS and
MMS methods, the resulting error curves are not stratified.

5. Appendix. In this section, we deal with the proof of Prop. 2.1.

The proof is a direct consequence of the following lemmas:

LeEMMA 5.1. Let f be the solution of (1.5) in the Fourier variable for a given
initial condition fo and let t > 0 be fizred. Then its modified density p, satisfies
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FIG. 4.5. The error between DS computed for At = 1073 and DS computed for a range of At,
as functions of € (log scale). Left: equilibrium initial data (4.1). Right: non equilibrium initial data
(4.5).

formally
Oupu(t, k) + [KI°kpy (8, k) = O (77875 ) + O (e77i7 )|

with k given by (1.7) and with the initial condition p,(0,k) = <Vf0(k,v)>v /(v M),,.

Furthermore, the density and modified density p and p, satisfy formally p(t, k) =
pu(t, k) + 0O (e*7), for all0 <~ < a.

Proof. (Lemma 5.1) The proof relies on the integral formulation (3.20) which
gives the expression (3.21) after an integration in v € V. Using the notations K and
Ag defined in (3.22), let us rewrite (3.21) at time ¢ as follows

t

o

Kp,(t k) = Ag(t, k) + /05 <V2M67VS>V (P (t —e%s, k) — pu(t, k)) ds (5.1)

= 2 —s(v+iek-v) _ —vs N et _ A

+/0 <u M(e e )>V(p,,(t %, k) — pu(t, k) ds (5.2)
= 2 —s(v+iekwv) _ —vs N

—i—/o <V M (e e )>Vdsp,j(t,k) (5.3)

+ / T AMe) dspu(t k), (5.4)
0

and consider each line separately. First of all, let us remark that in (5.4), the integral in
s can be directly computed and that the initial layer term Ag in (5.1) is exponentially
small. Let us denote Z; the integral term appearing in (5.1) and show that is equivalent

to —e“0yp, (t, k) for small € up to a rest of order O (ao‘+ dféiﬂ). We rewrite Z; as

= t
— c 2 —vs ~
I, = /0 (v*Me >V (/t (’%p,,(f,k)df) ds,

—&%s

and we permute the integrals before computing exactly the integral in s to get

I = —/Ot Bipu(t — £, k) <uMe*”s%>Vd§+O(5°°).

Hence, up to an exponentially small error in €, 77 reads

t

Ty = —e0up, (1, k) — ° / (vMeTIE) (@1 (¢ — 26 ) — Dup (8, 1)) dE.
0
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It remains to show that the second term appearing in Z; is smaller that €. Indeed

in the brackets we do the change of variables w = (1§) TF37F 4 to make appear a
fractional time derivative. Then with the change of variables £ — £*¢ in the integral
in &, 77 writes

Ty = —e%0epo(t, k) + O (™)
t ~ ~
LTl (G WU L L B
0

. 241218
[w|<o &atatn

1
) P and ()1 <5 denotes the integration in w on the domain |w| <

where § = (';Lf
5. The. term into k.)rackets is integrable on Rd.and 2;:22:5 =1 +.ﬁ € (1,2).
Supposing that p, is regular, the integral in £ is well defined and is bounded by a

constant for any fixed ¢. Hence

Ty = —e%0ypy (t, k) + O (aa+id+"éia) . (5.5)

Now, let us denote Zy the term (5.2) and remark that it vanishes for & = 0. We

want to show that it is of magnitude O (5‘” d+§+5) when € goes to 0. For nonzero

1
k we apply the change of variable w = fjléj;, such that v = (w\ﬂ%) T w and

d
clk] ) S dw, to make the limit appear in the brackets. Then,

_ 1
dv = G155 (uO|w|d+2+ﬂ
with a Taylor expansion of p,, Zy writes

& t

« c 14 —sp(l4+iw-e —s ~
I:—EO/ <—e pltiwe) _ o S4’> (/ ap,,g,kd§>ds,
’ 0 |w|d+a( ) lw|>A \Jt—eos v (&)

|| Moy~ “ e|k| T
— 0 J—

where C = Tdriis ® = 1 (u0|w|>
unitary vector. As for Z;, we permute the integrals before computing the integral in

s to get the following expression of Zy

, A = %’;I and where e denotes any

Ty = **CIy + £*COrpy (t, k)I5 + O (™), (5.6)
with
7 o 1 o—Ep(1+iw-e) . ; o .
= — - AU t_ « , _ AU t7
? /0 <|w|d+a< ltiw.e ¢ )>IwIZA(tp( €8, k) — Oupu(t, k)) d€
(5.7)

t £ iw-
1 e s p(1+iw-e) ¢
T2 e za® de. 5.8
: /o<|w|d+a< 1+iw-e ¢ 3 (58)
lw|>A

The exact computation of the integral in ¢ leads to

2 =0 (gw) (5.9)
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and we now focus on Z3. In the brackets we do the change of variables
_ d+148
v= IZ% (€vp)~ #+2+7 such that £p = —ziers, to get

|v| TFTF5

1 e~ ewe(l+ivre) —L,
—e e
|w|d+e 1+iw-e
w|>A

o — iy (1+iv(v)-e)
ve 1 < 1 e ol THIFP

1
d4+218
|v| d+I+B

- N —e )
STk B \ o | 1) e
lv|>A
d+1483 ~
with 1(v) = %ﬁ‘ (Evp) 2P v and A = (§u0) T35 A. This last expression gives

the following upper bound for Z3

A1+ df,

|§|O‘d+2+5

wqw<0/"@”t‘§f“ 2upu(1,1)

we then apply the change of variables & — £%¢ to get e“Zs = O (a dfﬂﬂ) , which
combined with (5.9) in (5.6) leads to

T, =0 (2777 ) 4+ 0 (277857 ) = 0 (747t ). (5.10)

It remains to consider (5.3), let us denote

T = = I/2M e—s(l/-l—isk-v) — eV ds
ARG ), s
0

that writes after the change of variables w = EIJ‘EC’L‘/;} and an exact integration in s

£¥\k|%vy My < 1 (w - e)?
Ty = -

+ O(e™),
d+1+/8 |w|d+°‘1+(w~e)2>w>A ( )

where we see the anomalous diffusion coefficient appear. Eventually, we get the fol-
lowing equivalent for 73

Ty =k + 0 (a“*f‘fﬂa) : (5.11)

with & given by (1.7). Finally replacing the lines (5.1)-(5.2)-(5.3)-(5.4) with their
equivalents leads to the result

Oupy + K| p, = O (777 ) 4.0 (77577 ) (5.12)
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