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Asymptotic Preserving scheme for a kinetic model
describing incompressible fluids

Nicolas Crouseilles* Mohammed Lemou' S.V. Raghurama Rao?
Ankit Ruhi® M. Sekhar¥
Abstract

The kinetic theory of fluid turbulence modeling developed by Degond and Lemou in
[6] is considered for further study, analysis and simulation. Starting with the Boltzmann
like equation representation for turbulence modeling, a relaxation type collision term is
introduced for isotropic turbulence. In order to describe some important turbulence phe-
nomenology, the relaxation time incorporates a dependency on the turbulent microscopic
energy and this makes difficult the construction of efficient numerical methods. To investi-
gate this problem, we focus here on a multi-dimensional prototype model and first propose
an appropriate change of frame that makes the numerical study simpler. Then, a numerical
strategy to tackle the stiff relaxation source term is introduced in the spirit of Asymptotic
Preserving Schemes. Numerical tests are performed in a one-dimensional framework on the
basis of the developed strategy to confirm its efficiency.

1 Introduction

Modeling and simulation of turbulence in fluid flows is a challenging task. Though the research
in this topic has been pursued for nearly a century, the ideal model is still elusive. We refer to
the books of Pope [21] and Wilcox [23] for details of various turbulence models. The concepts
from Kinetic Theory of Gases have been of significant use in some of the models for turbulence.
Extending this approach further, Degond and Lemou [6] developed a model fully based on Boltz-
mann type equation and its expanded analogy for a description of turbulence. Chen et al. [3] also
followed a similar approach in developing a different model. This work is a first step, following
the approach of [6] for study, analysis and simulation of turbulence from kinetic theory.

In [6] it is proposed to describe a turbulent incompressible fluid flow through a probability
distribution function f(¢,z,v) of fluid elements (or structures) depending not only on time and
on the position = of these elements but also on their velocity. In this description, the fluid
elements are assumed to interact in order to bring the fluid to an isotropic distribution in velocity
(isotropic turbulence) and this is described by a relaxation collision operator. On the other hand,
the pressure in the fluid acts in order to maintain the probability nature of the distribution
function in such a way that the incompressibility (divergence-free) condition is satisfied. In the
relaxation term (collision kernel), the relaxation time can be tuned in a such way that the model

*Inria Rennes Bretagne Atlantique (team IPSO) and IRMAR, University of Rennes 1, France
TCNRS and IRMAR, University of Rennes 1, France

tDepartment of Aerospace Engineering, Indian Institute of Science, Bangalore, India

§IMI, Indian Institute of Science, Bangalore, India

9IDepartment of Civil Engineerig, Indian Institute of Science, Bangalore, India



incorporates some turbulence phenomenology and is able to describe two important regimes: the
molecular viscosity regime and the turbulence (the so-called inertial range) regime which follows
the well-known Kolmogorov law on the energy spectrum of the fluid structures. In particular,
this relaxation time should depend on the turbulent velocity and, as we shall see, this makes more
difficult the construction of efficient numerical schemes solving the corresponding kinetic model.
Let us mention that this kind of relaxation operator has been studied in different frameworks
such as rarefied gas dynamics in [2], [22], [19] or to describe wave-particle collision in plasma
physics [8], [9], or for cometary flows modeling [10, 13].
We first give the basic kinetic equation introduced in [6]. The distribution function f(¢,z,v),

with v € R4, 2 € Q C RY, d =1,2,3, t > 0, satisfies the following equation

of 1

E""U'vwf_va'vvf: EQuf(f)"’—nQdiSS(f% (1)
where 17 > 0 is a constant parameter. We shall now define the different terms in this equation.
First the operator ;¢ is & dissipative operator which allows to take into account the dissipation
of turbulence in a fluid, that is its tendency to become laminar. We shall omit it here in our
preliminary numerical study and refer to [6] for a detailed description and different possible
choices of such operators. Secondly, the operator @, is the relaxation collision operator that
brings the distribution function to an isotropic state and is given by

Quy () = (Ill) /@) - f)],

where uy is defined from the following (nonlinear) equation

(v—uy) B
/. Mfwdv ~0, ¢

2
and the relaxation time 7 is a function of the microscopic energy = Which will be made

precise later on. The operator II is the projection on to the space of isotropic functions around
uy
1
Hf(v) = <o flup + v —uplw)dw,
|S ‘ wesSd—1

where S?~! is the sphere in R? (|S?~!| denotes its measure). The distribution function f is

constrained to satisfy
/ fw)dv =1, (3)
Rd

and this allows to see the pressure P in (1) as a Lagrange multiplier of this constraint. Note
that this kinetic model was also used in [6] to derive a k—e type turbulence model or Modified
k—e turbulence model (M-k—¢).

Defining the mean velocity o = fRd vf(v)dv, we remark that in general, we have uy # .
However when the relaxation time 7 is a (nonzero) constant function, then these two velocities
coincide (see (2)). Now we emphasize that the collision operator Q. (f) satisfies the important
properties of conservation and leads to an entropy function (see [6] for details). In particular it
preserves the mass, momentum and energy (see [6])

1
/ o | Qu, (f)dv =0,
Rd

¥



and it is worthwhile to see that the constraint (2) is necessary to ensure the momentum conser-
vation property.

The goal of this work is to provide numerical simulations to efficiently solve the model (1)-
(2)-(3) satisfied by f,us and P. There are two main difficulties in constructing such efficient
numerical schemes for this model. First, the determination of the velocity u; from formula
(2) requires the use of an iterative method like Newton- Raphson technique at each time step.
This turns out to be numerically expensive and avoiding it would significantly accelerate the
simulation, especially if one deals with multidimensional models. The second difficulty is with
the stiffness of the collision operator. The usual way of solving stiffness problem is to use an
implicit discretization for the collision operator, but this is not possible here since u; should be
determined before. We note that advancing the mean velocity @ is possible but advancing in
time the velocity uy is not possible since it is determined by (2). This means in particular that
classical approaches based on Asymptotic Preserving schemes for a class of other stiff kinetic
equations (see [15, 17, 11, 12, 16, 4, 1, 18, 14, 20]) do not work in this context.

The appellation Asymptotic Preserving has been introduced in [15] for numerical schemes
that are stable with respect to a small parameter (7 in this work) and degenerate into consistent
numerical schemes for the limit model when 7 goes to zero. This class of numerical schemes is
particularly well adapted to our framework since we want to solve (1)-(2)-(3) for arbitrary small
values of 7, which may lead to a severe constraint on the time step (it has to be of order » for
stability) when a standard explicit numerical scheme is employed.

The above mentioned difficulties in designing an AP scheme are overcome in this framework
with an efficient strategy as described in the following steps. First we perform a suitable change of
frame to make the full implicitization of the collision term possible. Usually, this implicitation is
at the heart of designing AP schemes. Unfortunately this is not sufficient to get such AP schemes
in our context, since an additional stiff transport term arises after the change of frame (as we shall
see in the next section) and therefore this requires a specific treatment. In fact, this new stiff term
originates with the constraint (2) in the new frame. The numerical scheme we propose is then
based on two main steps. Firstly, we focus on the stiffness of the collision operator and make it
fully implicit by following for example the strategies in [17, 12]. As mentioned above, the obtained
scheme still contains a stiff transport term. We then propose a suitable way to implicitize this
new stiff term, by making a part of it implicit. We emphasize that the whole obtained implicit
scheme is computationally explicit, which means that no additional computational step is needed
to solve the implicit schemes compared to the resolution of an explicit one. In particular, this
results in a first order numerical scheme which enjoys the Asymptotic Preserving property, and
has the same computational cost as a standard explicit solver (it does not require any linear
system to invert).

The rest of the paper is organized as follows. In section 2, we give a reformulation of the
continuous kinetic model under study through a suitable change of frame. The asymptotic limit
n — 0 is also studied. In section 3, a suitable time discretization is performed on the new
formulation, and the spatial discretization is discussed. Finally, in section 6, some numerical
results are presented in a one-dimensional setting to illustrate the behavior of the new scheme
in various configurations.

2 A reformulation of the continuous kinetic model

In this section, the model is reformulated by using a suitable change of frame. In particular, the
constraints (3) and (2) are reformulated in a more tractable way in view of the construction of
efficient numerical schemes. The asymptotic limit  — 0 is then studied for this new formulation.



2.1 A change of frame

As underlined in the introduction above, the collision time 7 allows to incorporate some important
turbulence phenomenology (viscosity regime and turbulence regime following the Kolmogorov
law). For instance it is shown that in the molecular viscosity regime (small turbulent energies &,
with & = |v — uys|?/2), the relaxation time 7 must satisfy 7(§) ~ C/¢ whereas in the turbulent
regime (large energies €), T should satisfy 7(£) ~ C/+v/€. Then a general power-law is considered
for 7 in [6], 7(§) = £~ with € = [v—wuy[?/2, =3 > a > —1, and extended k—e models are derived
from the corresponding kinetic equations. We will not detail this study here and refer to [6] for
a thorough description of these aspects.

Here we will then consider 7 as a general function of the particle kinetic energy £ = |[v—uy 12/2,

lo—uy|?
2

e, T=T ( . One of the main difficulties at the numerical level is to determine u; which

is the solution of the following nonlinear equation

/]Rd (Ulv quZ)f

In the following we will use the notation v := uf. Hence, for a known function f, the computation
of u needs typically a Newton type algorithm, which can be very expensive. Since we are working
on a model where most of the parameters depend on (v — w), it makes sense to rewrite the
equations after using the transformation v — (v — u) = v’ (see [7]). The greatest advantage of
using this change of frame is that both 7 and the projector Il can now be considered independent
of time and space variables. In particular, the projector in the new frame will commute with
the transport operator and the time derivative, a fact of great importance in the construction
of efficient numerical schemes. Using this transformation, the constraints (3) and (2) can be
rewritten as:

Fdv=1, (4)
R4

/Rd L <|”2|> Fdv =0, (5)

where f(t,z,v) = F(t,z,v — u). Moreover, since f]Rd vfdv = u, we have

/ vFdv =1 — u. (6)
R4

Let us now write the equation satisfied by F. The derivatives of F' in terms of f can be
written as

8tf = &gF — 8tu . &,F,
Oz f = 0, F — (0,u)0y F,
8vf = avF,
with (Ou); j = Oy, uj. Using the above relations we can rewrite (1) as follows

WF + (v+u) 0, F — (E+ (0,u)"v) - 0,F = 11

(o F — F), (7)

where E = 0;u + 0, P + (0zu)Tu and

o = gy [, Fiblwiae



Hence, the unknowns (F,u, P, F) satisfy the model given by the equations

11
OF + (v+u) 0, F — (B + (0pu)v) - 0,F = - (IIoF — F),

()
ou+ (u-0p)u=FE — 9,P, )
/ Fdv =1,

d
/& Y Fdv = 0.
R4 T

This model is equivalent to the original model (1)-(3)-(2) satisfied by (f,u,P).
In the following, we rewrite the constraints fRd Fdv=1and f]Rd %F dv = 0 in a more tractable
way to construct numerical schemes.

Let us first consider the constraint fRd Fdv = 1. Integrating the first equation of (8) with respect

to v leads to
3m~</dev+u>—O, (9)

since — [[(0yu)Tv] - 0, Fdv = 9, - u. Then, taking the divergence of the first moment of the first
equation of (8) and summing the obtained equation to the divergence of the second equation of
(8) leads to (using (9))

Oy - /v ® (v+u)0y Fdv — 0y - /’U(E + (0pu) ) - 0, Fdv + 0, - [(u - 0x)u] = 0, - E — AP. (10)

The left hand side gives 92 : [ [(v + u) ® (v + w)Fdv] + 8, - E — 9, - [(9, - w)u] which finally gives
an equation for the pressure P

—AP =092 {/(U+U)®(v+u)de — 0y - [(0z - w)u], (11)

where “:” denotes the contracted product of two tensors. We refer the reader to appendix 7.1

for the details of the computations.

Let us now consider the constraint [y, 2Fdv = 0. Multiplying the first equation of (8) by v/
and integrating with respect to v gives (using the constraint [, £Fdv = 0)

/B(UJru)~8erv—/EE'&,def/E[(@Iu)TU]~6dev:fl/%de.
T T T nJ) T

This provides an explicit expression of F

(/”@@de) E= 1/%de+5‘m~/lv®(UJru)def/B[(&,:u)Tv] 9y Fdv. (12)
T n T T T

Let us remark that the d x d matrix ( Jt®0,F dv) is invertible (see Appendix 7.2).



Finally, the system to solve is the following, satisfied by (F,u)

11
OF + (v+u) 0, F — (BE+ (0pu)"v) - 0, F = — (IyF — F),

()
Ou+ (u-0y)u=F —9,P,
—AP =02 [/(v—i—u) ®(v+u)de] + 0y - [(0r - w)ul,

(/U®8,Ude>E:1/1;de+8$~/1U®dev—/U[(8xu)TU]-adev.
T n) T T T

(13)

Remark 1. The case T constant (equal to 1) leads to specific expression of E since the constraint
(5) becomes [, vFdv =0 and as a consequence the stiff term in the last equation of (13) vanishes.
Then, in this configuration, the equation for E reduces to

(/v ® &,de) E=0,- /v ®@vFdv — /U[(@zu)Tv] - Oy Fdv,

and the equation for F' becomes
1
WF + (v+u) 0, F — (E+ (0,u)Tv) - 0,F = —(IloF — F).
n

This equation has the same structure as the Vlasov-Poisson-BGK model in the hydrodynamic
regime. Applying Iy to this equation enables to derive a non stiff macro equation. At the nu-
merical level, IMEX methods proposed in [1, 5, 11, 12, 14, 20] can be applied in a straightforward
way.

Remark 2. The equation for F in (13) can be formulated in a conservative form

OF +v-0,F — - 0,F — 0,u)" : 0,(vF) + 0, - (uF) = - ('1)
(%

from which the conservation of mass % [ f(t,z,v)dzdv =0 is deduced easily.

(HOFfF)7

3

2.2 Asymptotic models from the reformulation

The aim of this section is to derive the asymptotic model, i.e., the model obtained formally
from (1) when 7 goes to zero, or equivalently, from (13). It is of importance to understand
the asymptotic limit at the continuous level when one wants to design Asymptotic Preserving
schemes. To alleviate the notation, in the following we use brackets for the velocity integrals

(-) == Jga - dv.
First of all, we rewrite (13) using the following notation

AF = (v +u) - 0, F — (0,u)Tv - 8, F, (14)

so that the first equation of (13) reads

1
OF + AF — E - 0,F = —(II,F — F).
nrt



where E is given by
1 v v
E = - - ® 0, Fdv — Fdv
N T T
-1

+</U®8dev> {3m-/1v®dev/U[(amu)Tv]~8dev .
T T T

This term makes an additional stiff term appear so that the operator

-1

LF := M 9,F + %(HOF —F)

with M = ([ £ ® 0,Fdv) ! (/ % Fdv) needs to be studied. This is the purpose of the following
proposition.

Proposition 2.1. The null space of L is the same as the null space of Qq, with Qo(F) = %(Ho F-F),
i.e., the space of functions ¢(|v|), where the function ¢ is arbitrary.

Proof. Considering the relation (L(F)F) := [z, L(F)Fdv = 0 gives
1
(o F — F)F) = ~(MO,F F), (15)

with M = (f%@&,de)_l ([ % Fdv). We now use the fact that (L(IlgF — F)IIiF) = 0.
Indeed, since Il is self-adjoint in L? and commute with isotropic function like 1/7, we have,

(0P - P)LF) = (1 (Lo - F)) F) = Gl - F)F) 0.
Then, (15) becomes
é(noF _F)I-T)F) = —(M-8,FF)=0,

so that 1
”F(HOF ~ |72 =0.
The function 7 being positive, we conclude that if (L(F)F) = 0, then F' = IIoF, which means
that F is isotropic, i.e., F' depends on |v|.
O

We can now derive formally the asymptotic model from (13) satisfied by (Gp, ) which are
the limits when 1 goes to zero of (F,u). This is presented in the following proposition.

Proposition 2.2. The asymptotic model obtained from (13) in the limit n goes to zero, satisfied
by the limit (Go, @) of (F,u), writes

0:Go + 1 - 0,Go =0,
o+ (- 0z)u = Eg — 9, Po,

1
AP, = 7A/ [v[*Godv + 02 : (7 ® @), (16)
d” Jra

E() = —7893/ |’U|2G0d'l}.
A" Jga



Proof. We first derive the asymptotic model from the first equation of (13). To do that, we
consider the Chapman-Enskog expansion of F: F = Gy + nG; + O(n?), where Gy = IF.
Inserting this expansion in the first equation of (13) leads to

WGy + AGy — E - 9,Gy = f%Gl + O(n). (17)
Applying IIj to this latter equation leads to the asymptotic equation for Gy
0tGo + I AGy — TIH(E - 0,Gy) = 0. (18)
The term Iy (E - 9,Go) vanishes whereas the term IIgAGy becomes

Iy AGy = Il [(U + U) - 0,Go — (6IU)TU . 8UG0]
= Uu- 835G0 — Ho((axu)T’U . &,GO).

Rewritting the isotropic function Go(v) := g(§) with & = |v|?/2, we have 9,Gy = vd¢g so that
the last term becomes

o ((0pu) v - 0,Go) = (9pu)" : Tl (v @ v)Oeg.

Let us compute (v @ v)

1
Ho('l}i'l}j) = @ éd_l |v\2wiwjdw
1 2 2
= Sd_1|’0| 5i,j i W dw
1 d
_ 2¢. . 2
= @l’lﬂ 61,] /Sd71 ;wz dw
1 2
= 7d8d71 |’U| (Si’j . dw
1 _
= eylvl*0 8T
1
= P

We then conclude (9,u) Tl (v - 8,Go) = §|v|23$ -u. When 7 goes to zero, we have u converging
towards @ since [vFdv = @ — u with ' which tends towards Gy and [ vGodv = 0; hence, the
incompressibility condition 9, - & = 0 makes this term null when 7 goes to zero. The asymptotic
model of the first equation of (13) then writes

0:Go + 1 -0,Gg =0,

which is the first equation of the asymptotic model (16).

To get the limit of the second equation of (13), we need to derive the limit of £ and 9, P
when 7 goes to zero. The so-obtained model will be satisfied by the limit @ of w.



Let us first focus on the derivation of the limit of E. To do that, we apply (I —IIy) to (17)
and get (neglecting O(n) terms)

1
(I —Ty)AGoy — E - 0,Gy = ——G4.
T
We multiply by v and integrate with respect to v to get
(v(I —IIH)AGo) + E = 0.

Indeed, we used ((v/7)G1) = 0 since 0 = ((v/7)F) = ((v/7)Go) +n{(v/7)G1) and {(v/T)Gy) =0
(since Gy is even), so that we deduce ((v/7)G1) = 0. The expression of the limit Ey of E when
7 goes to zero then becomes

By = —(u(I—TIH)AGo)
= —(vAGy)
—(v [(v+u)-0,Go— (Opu)Tv - dvGol)
—(v(v+u) - 0:Go) — (v(8yu) v - 8,Go))
= =0, (v®vGy)
~ 50, (o Go) (19)

We then focus on the limit equation satisfied by the pressure Py, limit of P when 7 goes to
zero. Considering the third equation of (13) when F' is replaced by its limit Gy and w by its
limit @, we have

APy = 9% {(v+a) @ (v+a)Go) + 0y - (0, - w)d]
= 07 :((v+a)® (v+a)Go)
= 92: (v@VGy) +02: (u®a)

= §A<|v| Go) + 02 : (u® ). (20)

The asymptotic of the second equation of (13) satisfied by @ which is the limit of « when 7
goes to zero, finally writes

8th + (ﬂ . 895)11 = EO - amPOv

where Fy and Py satisfy (19) and (20). This corresponds to the second equation of (16), and
with (19) and (20) correspond to the third and fourth equation of (16). This concludes the
proof. O

3 Numerical schemes

In this section, we propose some numerical schemes for the kinetic models described previously.
We divide our approach into the cases 7 constant and 7 non constant, the latter case being more
complicated and needing different techniques. Our main goal is to provide semi-discretized (in
time) numerical schemes which enjoy the Asymptotic Preserving (AP) property, that is: (i) they
are stable with respect to the parameter 7, (i) they degenerate when 7n goes to zero towards
numerical schemes which are consistent with the asymptotic model (16). Such schemes have
been initiated in [15] and have become, during the last decade, very popular to approximate stiff
kinetic equations.



One important problem here to derive an AP scheme is to make the relaxation operator
implicit since the determination of u requires the knowledge of f. This involves a nonlinear
system to solve which would be computationally very costly and difficult to handle. As presented
in the previous section, one issue is to consider the change of variable v — v—wu and the equation
on F' (7). However, an additional stiff term arises after this change of frame and the derivation
of a numerical scheme where only the relaxation term %(HOF — F) is considered implicit does
not provide the AP property of this scheme, as we shall see. We will also look at an exponential
integrator following [17] but in this case also, this is not sufficient to get the AP property.
Finally, we propose a new strategy which is a modification of the latter approaches, that ensures
the numerical scheme to degenerate as 1 goes to zero towards a consistent numerical scheme of the
asymptotic model (16). We emphasize that this numerical scheme has the same computational
cost as a standard explicit solver.

In the following, we present two strategies from the literature (see [11, 12, 18, 20]) and explain
why they cannot be applied in our framework. We then propose our new scheme in two different
versions. As we deal with a semi-discretization in time in this section, we introduce a time
discretization t" = nAt,n € N, At > 0 and we denote by F" an approximation of F' at time t".

Let us recall (13)

OF + AF — E-0,F = E%GIOF—F),
nr(LE
Ou+ (u-0y)u=F —9,P,
(21)
AP =02 {(v+u)® (v+u)F) + 0, - [(0x - uw)ul,
_1 e -1lg (Y v Ty
B = AF) NG F) + AF)T (0 (2@ v+ 0)F) = (Z[000)"0] - 0,F)]
where A is given by (14) and A(F) is the d x d matrix defined by A(F) = ((£ ® 9,F)).
We introduce the following notations for the time discretization of the term E
n,n 1 ny—1, Y n
and i
n,n+1 __ ny—1, Y ntl n
E™t —EA(F) <ﬁF+>+E1, (23)
where ET is given by
n ny—1 v n n v n\T n
BT = A(F™) [az (2 ) F) = (2[00 O,F >] . (24)

State of the art.
In this part, we look at two standard strategies to derive an AP numerical scheme for (21)

L1, - ), (25)

OF +AF - E -0, F = —
™

where A is given by (14).
As we shall see, the presence of the stiff term in the left hand side is the major obstacle in a
direct application of standard strategies.

10



The first idea would be to consider implicitizing the relaxation term

At
F"H = F" _ AtAF™ 4 AtE™" - 9, F" + — (g F" ! — ),
]

To get an expression of IIpF™ !, we apply Iy to this last equation
o F" ™ =g F™ — AtIgAF™ + AtE™" - Tl (0, F™).

This macro equation still involves a stiff term in the term E™™ given by (22) which requires the
time step At to be lower than 7. This is due to the fact that the other stiff term has not been
considered implicit.

A second idea to design an AP scheme is to use an exponential integrator ([17, 12]). From (25),
one has
et/(n7) . et/(n7)

Ap(e MY = —et/ M AR 4 E-0,F" +

I, F.

Integrating between t” and t"*! leads to

tn+1 tn+1
il At / =0 APy 4 / NN B 9,
f'n. t‘”.
e (=t /()
+ / S Fdt.
tn ™

The key point of this strategy is the approximation of the integrals (see [17]). For the two first
integrals, we choose the left rectangle quadrature whereas the last integral is computed exactly
after considering IIoF implicit. This leads to

FnJrl _ e*At/(W"')F" . AtefAt/(n‘r)AFn
—|—At67At/(nT)En’n . aUFn + (1 _ efAt/(n'r))HOFnJrl.

We can remark that when 7 goes to zero, F"*! goes to IIgF"*!, which was not the case in the
previous approach. One needs now to compute IIoF"+!. To do that, we apply Il to this last
equation to get (recalling IIy commutes with isotropic functions)

Mo F" = e A0 F — Ate= 2/ (NI (AF™)
+Ate=At/(m) pran o (3, F™) + (1 — e—At/(ﬁT))HOFn-i-l_

from which we get IToF™+!
Mo F"t! =T F™ — AtIlg(AF™) + AtE™" - T (9,F™), (26)

where E™™ is given by (22). Here again, the macro equation (26) still contains a stiff term
which cannot be considered implicit without requiring the inversion of a nonlocal operator. Let
us remark that other choices of time integrals approximation do not lead to a semi-implicit
Asymptotic Preserving scheme as well.

A slightly different strategy is then required since standard ones do not work. In the following,
two schemes are proposed which enjoy the AP property. We point out that even if these new
schemes involve an additional implicit term, namely E™"*! instead of E™", they have the same
computational cost as an explicit numerical scheme.

11



New strategy: 1 (EXPO).
In the sequel, we present a modification of the previous exponential scheme. The numerical
scheme for F' writes

Pl = em8OMpn — Atem 8/ M AR + Atem 2/ BT 9 P 4 (1 — e A T P

(27)
The main problem now is to determine {(v/72)F"*1) in E™"*1 given by (23) without requir-
ing the inversion of a linear system. Integrating this latter equation with respect to v, after
multiplying by (v/72), leads to

((0/T3) ™) = ((v/7?)e 2D (F™ — Ate ™M AF™)) + At((v/72)e” 4/ M EMtL. 9, F™),

(28)
since ((v/72)(1 — e~ AN F**1) = 0. Let us focus on the last term to deduce ((v/72)F"*1)
in an explicit way

<(U/T2)67At/(n'r)En,n+1 . aan> _ <(v/72)67At/(nT)A(Fn)fl<%Fn+1> . aUFn> + <(v/7’2)efAt/("T)E{l . 8UFn>
T

o= At/ (n7)

W@ AFVAE) Y G+ {(vfr)e M D By 9,7,

(29)

I = I
—~

where E7 is given by (24). We can inject this term in (28) to get an expression of ((v/72)F"+1)

At <674\t/(m’) -t

ntooT
% (((’U/Tz)e*At/("T)(F” — AtAF™ 4+ AtE? - 61,F")>) .

(/)P = (I U®8UF">.A(F”)1>

o= At/ () -1

X (<(v/T2)e—At/<"T>(F” — AtAF™ 4+ AtEY - avF”») .
(30)

Then, we have determined in an explicit way ((v/72)F"*!) and we can remark that it is of order
1. Then, the term E™"*! can be computed with an explicit complexity thanks to

n,n 1 mn\— IU I mn
Erntl = 5A(F ) 1<§F BT, (31)

where ET is given by (24).

The last thing to do is to express IIpF" 1. To do that, we apply IIy to (27) (recalling that IT,
commutes with isotropic functions)

Mo F" = e A0 F — Ate 2/ (NI (AF™)
+Ate—At/(m—)En,n+1 . Ho(&,F”) + (1 o e—At/(ﬂ'r))I'IOFn-i-l7

from which we can compute IIgF7+!

o™ = T — AtTlg(AF™) + ALE™" 1 . T1y (8, F™). (32)

12



This macro equation is the same as (26) except that the term ((v/72)F"*1) in E™"*! is now
implicit. Thanks to (30), this term is of order n making the last term of (32) non-stiff.

To advance the equation for u, the stiff term contained in F also has to be considered implicit.
This can be done easily since (v/72F" 1) has been computed previously and E™"*! is known.
Hence, the numerical scheme for the equation on u writes

u"th =" — At(u" - 9, )u" + AtEMH — 9, P, (33)

where E™"*1 is computed from (23) and P" is computed from
—AP" =92 : [/(v +u™) @ (v+u")F"dv| 4 0y - [(0z - u™)u™]. (34)

From (F™,u™), the algorithm to compute (F"*! y"*! can be summarized as follows
e compute P" with (34),

e compute {(v/72)F"*1) with (30),

e compute E™" 1 with (31),

e compute ITp F" ! with (32),

e compute F" ! with (27),

e compute u" ! with (33).

Let us emphasize that the computational complexity of this algorithm is the same as the com-
plexity of an explicit algorithm. The second step (computation of ((v/72)F"*!) with (30))
only requires the inversion of a d x d matrix. The main properties of the so-obtained scheme
(32)-(30)-(27)-(33)-(34)-(31) for (7) are listed in the following proposition.

Proposition 3.1. The numerical scheme (32)-(30)-(33)-(27)-(34)-(31)
e is consistent and stable for (7);
e degenerates as n goes to zero towards a numerical scheme which is consistent with (16).

Proof. We observe that formally, (27) degenerates when 7 goes to zero to F"T! = T[o F"+!,

Thanks to (30), the term F is of order one since the stiffness has been stabilized by considering
E™n L for its approximation. Hence, applying Iy to (27) and considering the limit 1 goes to zero,
the term E™" 1 .115(9, F™) goes to zero since F™ converges towards I1o F™ and I1y(9,11o F™) = 0.
Finally (32) degenerates as 1 goes to zero to

Mo F" T = Mg F™ — Aty (Ao F™),
with AF™ given by (14). The same computations as in the continuous case leads to
o F"H =TI F™ — Atu™ - 9,11 F™,

which is an explicit discretization of the asymptotic model for Gy := IIp F' (first equation of (16)).
Applying now (I —IIy) to (27), and since F"*! = I "1 + O(n), one obtains

0 = —Ate 2 07)([ —TI) AT F™) + Ate= 2/ M) grntl (1 — 119)d, (ITg F™).

13



Multiplying by ve 4t/ (n7) /At and integrating with respect to v (following the computations of
the continuous case) leads to

0= —(v(I = o) A(IlgF™)) + (E™"*1 - 8,(IloF™)),

or, after an integration by parts (using (IIoF™) = 1)
1
E™ = —(o(I —Tlo) A(T ™)) = *g3x<|v|2H0Fn>,

which is the same expression as the limit equation satisfied by E (last equation of (16)). The
equation for the pressure P does not present any difficulty since (34) degenerates into (u™ con-
verges towards @™ as 7 goes to zero)

—AP" =92 : U(U +a") @ (v+a") o F"dv| + 9, - (0, - u™)u"].

Finally, the equation (33) for u becomes, with the previous notations
u™t =y — At(u” - 9,)u" + AtE™" T — At P,

which degenerates when 7 goes to zero into
At
a"tt = a" — At(a" - 9,)u" — 78I<|’U|2H0Fn> — At9, P",

which is an explicit time discretization of the asymptotic equation on @ (second equation of (16)).
Finally, we check that this numerical scheme enjoys the Asymptotic Preserving property.
O

New strategy: 2 (DIMP).

Here, a slight modification of the previous scheme is presented. Instead of using exponential
integrators, we use here a simple implicit scheme, including the same treatment as before of the
stiff transport term. The numerical scheme for F' writes

At
Ftl = F" — AtAF™ + AtE™" 9, F™ + —(TTg F Tt — Frth),
nt

where A is given by (14) and E™"*! is given by (23), so that, with 6 = 1/(1 + At/(7n)), one
obtains

Frtl — § [F" — AtAF"™ + AtE™" 1.9, F" + ?:HOF"“} . (35)

As previously, one needs to determine ((v/72)F"*1); this is done as in the previous case by
integrating this latter equation against (v/7?)

(v/T?)F"tYy = <I — %(%v ® c’)vF”>A(F")1)
x (((0v/T?)(F™ — AtAF™ + AtE} - 0,F™))) . (36)

Then, the term E™"*! can be computed thanks to

mn,n ]' mny\— v n mn
Emntl = 5A(F ) 1<ﬁF 4+ B (37)
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where ET is given by (24).
The last thing to do is to express o F™" 1. To to that, we apply Iy to (35) and get an expression
of IIgFnt!

Mo F™+! = TI,F™ — AT (AF™) + AtEmL 00, FT. (38)

The rest of the numerical scheme (computation of u"*!, ET and P") is the same as in the
previous version. Hence, from (F™, u"), the algorithm to compute (F"*! 4"*! can be written
as follows

e compute P" with (34),

e compute ((v/72)F" 1) with (36),
e compute E™"! with (37),

e compute ITo F" ! with (38),

e compute F" ! with (35),

e compute u" ! with (33).

As a conclusion, we derive the Asymptotic Preserving scheme (38)-(36)-(33)-(35)-(34)-(37)
for (7), the properties of which are summarized in the following proposition.

Proposition 3.2. The numerical scheme (38)-(36)-(33)-(35)-(34)-(37)
e is consistent and stable for (7);
e degenerates as ) goes to zero towards a numerical scheme which is consistent with (16).

Proof. The proof is similar to the previous one and is left to the reader. O

4 Spatial discretization

In this section, we focus on the one-dimensional case and we briefly detail the phase space
discretization used to approximate the differential operators in (27) or in (35). Let us write the
"EXPO” numerical scheme in the one-dimensional configuration (the DIMP version is similar)

FnJrl _ S*At/(n"')F" . AtefAt/(nT)AFn + AtefAt/('r]‘r)En,nJrlaan + (1 o efAt/(n‘r))HOFnJrl’

(39)
where AF™ is given by
AF" = (v 4+ u")0, F" — O,u"vd, F™,
and E™"*! is given by
1((v/m?)F"*)
En,n+1 _ = 4 En,
n {(v/m)d,Fm) "
with ET" given by
1
E™ = A 2 FmMY — . n 2 an . 4
= oo 00 = (0 r)o, )] (40)

If moreover periodic boundary conditions are used, one can show that @ is a constant. Indeed,
considering the first moment of (1) enables to write an equation for @

Oyt + O, (V2 f) + 0, P,
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and using the change of frame, we get
Ot + 0y (|v + ul*F) + 9, P. (41)

The incompressibility condition 9,4 = 0 leads to the equation satisfied by the pressure P (ap-
plying 9, to (41))
—02P = 92| + ul’F).

Periodic boundary conditions enable us to write —0,P = 9, (|v + u|*F and we deduce from (41)
0:u = 0. In addition to the incompressibility condition d,4% = 0, we conclude that « is constant.
As a consequence, since (vF) = @ —u, u is then determined directly from this latter relation and
the equation (33) is not needed in this simplified one-dimensional framework.

In the rest of this section, we describe the phase space discretization. We introduce a phase space
uniform grid of size Az > 0 in the z-direction and Av > 0 in the v-direction: z; = Ty, +iAx, i =
0,...,Nyand vj = Vmin+JAv,j =0,..., Ny, with N, N, € Nand Zmin, Umin € R. In the sequel,
we denote by F}"; an approximation of F/(t", x;, v;).

We consider upwind (forward/backward difference depending on wave-speed) schemes. Typically,
to approximate AF = (v + u)0,F — (0,u)vd, F (see (14)) and E} given by (40), we use the
following approximations

(AF")i; =~ (vj+u)(DEF")ij+ (vj + ui) - (DY F™);
+(=v; (D)) + (DL F™)i j + (—vi(D*u)i) - (DL F™)i 4,

and
(D), = (D*((v?*/T)F"))ig — (D7u})i{(0*/7)(D"F")i )
L ((v/T)(DuF™)i5) ’
with the standard notation a4 = “iz‘a‘, where D" denotes a first order one-sided difference
operator (for example (D} F"); ; = Ty —Tisy Do denotes a centered finite difference operator
(D*F™); ; = % All the integrals with respect to v are approximated by a rectangle

quadrature.
More sophisticated spatial discretizations can be used, such as WENO schemes to achieve
high orders, but our goal here is to validate the whole strategy.

An important point is to ensure the conservations of [, Fdv and [, (v/7)Fdv at the discrete
level. The previous spatial discretizations do not ensure these conservations. To overcome this
problem, the scheme should be extended using some correction so that the above conservations
are ensured irrespective of the discretization used. Let us mention that the above conservations
can be ensured without an a posteriori correction by computing the discrete version of £ and P
by following the same strategy as in the continuous level. However, this is more restrictive and
we choose the first approach which needs an a posteriori correction which we detail below.

To do that, we propose to a posteriori modify the obtained FZ};‘I so that conservations are

ensured. Say we use discretization B to the scheme to get F"1 = BF" following the time
and spatial discretizations described above. In general, even if F'™ satisfies the conservations
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> Bl Av =1 and 37, (vj/7;) F];Av = 0, the obtained F"*1 does not preserve the properties
which the corresponding equation in continuous level has. Then, we introduce an orthogonal
projector P onto span{(1, (v/7)) F"} in L? (dv/F™), such that

P(F"* -~ F") =0,

/R(F"“—F”)<i/7 )dv:O.

We hence modify F! as follows

which means

Fn+1 _ Fn-‘rl +P(Fn _ Fn—i—l).
An example of such a projector can be given as

(Fg)zF"
P(g) = (\F™ 4 79/ 7~
(9) = (9 F" + Ay
from which we easily deduce (P(g)) = (g9) and (£P(g)) = 0. At the discrete level, the integrals
are replaced by the sums on the index j.
Introducing the defined projector P along with the scheme gives the benefit of using any
higher order upwind discretization for space and velocity in the scheme. This way of correction
does not depend on the scheme used, i.e., the scheme may be implicit or explicit.

5 Numerical results

This section is devoted to the validation of the numerical scheme presented above. Different
schemes will be compared here in the one-dimensional configuration (d = 1). First, the scheme
(32)-(30)-(27) will be called ”EXPO” and compared with explicit schemes such as Runge-Kutta
schemes for (7). Let us remark that the ”DIMP” scheme gives results which are very similar
to those obtained by "EXPQO” so that only results obtained by EXPO will be shown here. For
these latter schemes, the time step At will be chosen to satisfy At < 5 which is not the case for
"EXPO” scheme.

The numerical tests will be of increasing difficulty: firstly, the homogeneous case with constant
and non constant 7 will be tested and lastly, the non homogeneous case with a constant and non
constant 7 will be also validated.

5.1 Homogeneous, constant 7 case

To illustrate the effect of the collision operator, we first consider the simple case (7 = 1)
1
OF = —(IIoF — F),v e R. (42)
n

The following initial condition is chosen F(t = 0,v)) = Fy(v) such that [vFdv = 0 and
[ Fdv =1

Fy(v) = (1 — a)Mi(v) + aMs(v), with M;(v) = exp(—|v — ui|2/2)7

1
V2T
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where u;,7 = 1, 2 satisfies (1—a)uj +aus = 0. The choice u; = —4, us =1 and @ = —uy /(us—uy)
is made in the following tests. The following numerical parameters are used: N, = 256, At =
0.1, vmax = 16.

We are interested in entropies (O(F')), where O is a convex function. Indeed, for any convex
function of F, ©(F) decreases with time in (42): multiplying (42) by ©'(F) and integrating with
respect to v leads to

0O(F)) = (&' (F)(To(F) = F)) = L(©/(F) = &'y F))(Tla(F) = F)) < .
since ©'(IIyF') is isotropic, we have (&' (IIoF)](IIo(F) — F)) = 0.

We are also interested in the time dependent quantity £(t) = ||F(t) — 1o F(t)| 2 for which we
know an analytical solution. Indeed, since IIpF' does not depend on time (applying Iy to (42)
directly implies this), we get (F — I F)(t,v) = e~/ ") (F — Ty F), hence £(t) = e~/ £(0).

In Figure 1, the time evolution of £ is plotted for different values of 7 and different schemes
in time (explicit RK schemes and EXPO which refers to the scheme (32)-(30)-(27)). The curves
“REF” corresponds to the analytical solution. We observe, in this simplified configuration, that
the "EXPQO” scheme captures the solution exactly whereas Runge-Kutta schemes produce an
error of AtP where p is the order of the Runge-Kutta scheme used.

Figure 2 shows the time evolution of £ for different values of 7. Here also, the "EXPO”
scheme captures the solution exactly, the time step being fixed as 0.1.

Figure 3 displays the time evolution of (O(F)) for two choices of entropies O(F) = F'log F'
and O(F) = F*, obtained using RK3 and EXPO schemes, 7 = 1 and n = 0.1. We observe that
these two quantities decrease with time as expected, the rate being stronger as 7 is smaller. Here
again, the results obtained with RK3 and EXPO are very close.

In Figure 4, we plot the velocity dependence of the distribution function for different times,
for n = 1. We observe the relaxation the function towards a symmetric state (which corresponds
to isotropic function in 1D), in v.

5.2 Homogeneous, non constant 7 case

We now consider the homogeneous case with a non constant 7. Starting from (1) satisfied by f

of = — >Uhf—ﬁ,

o (\v—uwz
2

with u = u(t) and together with the constraints (f) = 1 and ((v/7(|Jv —u|?/2)f) = 0, the change
of frame v — (v — u) leads to

1
875F — atu&,F = 7(H0F — F)
nt

The first constraint (F)) = 1 is automatically preserved by this model. The second constraint
{((v/T)F) = 0 should be reformulated. Taking (v/7) moment leads to

—@wwﬁwwv=$w#%mf—F»=—$wﬁ%m,

which enables to determine O;u )
o L (@/TIE)
n ((v/7)0uF)
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Figure 1: 7 = 1 constant and homogeneous case: time evolution of £(t) = ||(F — IIoF)(t)|| 2.
Comparison of the different schemes for n = 1.
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Figure 2: 7 = 1 constant and homogeneous case: time evolution of £(t) = ||(F — IIoF)(t)|| 2.

EXPO scheme. From top-left to bottom-right n = 1,107!,1072,107%.
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Figure 3: 7 = 1 constant and homogeneous case: time evolution of (O(F)) for two choices of

entropies O(F) = F* (left) and ©(F) = Flog(F) (right). RK3 and EXPO schemes for n = 1
and n = 0.1.
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Figure 4: 7 = 1 constant and homogeneous case: distribution function F(t,v) obtained by EXPO
scheme for t =0,1,2,3,4,10. n=1.

The model to solve in this context is then

1 {(w/)F)
OF = /)0, F)

originating from (1) in the homogeneous case. We detail the numerical scheme in this simplified
configuration in Appendix 7.3.

The following initial condition is chosen F(t = 0,v)) = Fy(v) such that [, (v/7)Fdv =0 and
Jp Fdv =1

1
O, F = n—(HOF — F),v€R, (43)
T

Fo(v) = (aMy(v) + (1 — a)Ma(v))(1 + [v]),

with M;(v) = \/%exp(—h; —w;|?/2), ui,i = 1,2 satisfies u; = 1, up = —2 and a = 7/9 (this
value of « is chosen such that [, (v/7)Fy(v)dv = 0). The 7 function is 7(£) = (1 4 /€) /€ which
is physically relevant.

The following numerical parameters are used: N, = 256, At = 0.1, vypax = 16.

In Figure 5, the time history of £(t) = ||F(t) — HoF(¢)||z2 is plotted for different numerical
schemes (explicit RK schemes and EXPO) for n = 1. The same conclusions as before follow since
EXPO and RK'’s are nearly superimposed. Note that the rate of relaxation is quite different
from the previous case. Figure 6 displays the distribution function F(¢,v) for different times
t =0,1,2,5,100,1000 using EXPO scheme for n = 1. This illustrates the relaxation towards
the isotropic state. The rate of isotropisation is not the same for all the velocities since we are
dealing with a non constant relaxation time 7 (see also [19]). In Figure 7, £ is plotted for different
values of 7 using the EXPO scheme and RK3. For this latter scheme, the time step is fixed as
At = 0.01 for stability, whereas At = 0.1 for EXPO. We observe for n = 0.5 that EXPO is very
close to RK3, even if the time step is 10 times smaller for RK3. For n = 0.1, the two curves are
not so close (Figure 8, right) and we also display the result obtained by EXPO with At = 0.01;
we then observe that the two curves are nearly the same, which confirms the convergence in time
of EXPO. In Figure 8, results obtained with EXPO (At = 0.1) are shown, where the value of n
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Figure 5: 7 non constant and homogeneous case: time evolution of £. Comparison of the different
schemes for n = 1.
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Figure 6: 7 non constant and homogeneous case: distribution function F(¢,v) for ¢ =
0,1,2,5,100,1000.

is chosen equal to 1072 and 10~%; we observe that at the first iteration, the solution is very close
to its projection (since & is nearly zero), even if the initial condition is not at equilibrium. This
emphasizes the AP character of our numerical scheme.

5.3 Non homogeneous, constant 7 case

In this subsection, we look at the non homogeneous case for constant 7. We consider the following
initial condition

Fo(z,v) = (1 — afx)) My (z,v) + a(z)Ma(x,v),x € [0,47],v € R,

with M;(z,v) = \/% exp(—|v — u;(2)]?/2). We choose uz(x) = 2,u1(x) = a(z)uz(z)/(a(x) — 1)
and a(z) = (14 0.3cos(x/2))/2.
The numerical parameters are the following: At = 0.2Az/vmax, N = 64, N, = 256 and

Vmax = 16.
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Figure 8: 7 non constant and homogeneous case: time evolution of £. EXPO scheme for n = 1072

and n = 104,
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Figure 9: 7 constant and non homogeneous case: Time evolution of £(t) = ||(F — 1o F)(¢)|| 2.

From top-left to bottom-right n = 1,10~%,1072,107°.

In Figure 9, the time history of £(¢) = ||(F —IIoF)(t)||z2 (the L? norm is considered in z and
v) is shown, for different values of . The new scheme "EXPO” is compared to RK3 and RK1.
The new scheme turns out to be competitive in the kinetic regime since the results are very close
to those obtained with RK3 or RK1. When 7 is too small (n = 10°), the explicit scheme RK3
requires a very small time step so that only results obtained with EXPO scheme is shown. A
very strong relaxation can be observed, confirming the fact that the solution is projected onto
the set of isotropic functions at the first iteration.

5.4 Non homogeneous, non constant 7 case

In this subsection, we look at the non homogeneous case for a non constant 7. We consider the
following initial condition

Fo(z,v) = (a(z)Mq(z,v) + (1 — a(z)) M (z,v))(1 + |v|),x € [0,47],v € R,

with M;(z,v) = \/%7 exp(—|v —u;(x)|?/2). We choose uz(x) = —2,u1(x) = (1 + 0.3 cos(z/2))/2,
and a(z) = (Buz(z) + uz(2)?)/(Buz(x) + uz(z)® — 3uy(x) — ur (2)?).

The numerical parameters are the following: At = 0.2A%/vmax, N = 512, N, = 512 and
Vmax = 16.
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Figure 10: 7 non constant and non homogeneous case: time evolution of £(t) = ||[(F'—IIoF)(¢)|| 2.

From top-left to bottom-right n = 1,10~%,1072,1073.

In Figure 10, the time history of £(t) = ||(F — IoF)(t)|/z2 (the L? norm is considered in z
an v), for different values of n and different numerical schemes (Runge-Kutta 1 and 3, EXPO)
is shown. For n = 1072, comparison with explicit RK method needs At = 0.05Az /Umax Whereas
the "EXPO” method still uses At = 0.2Az/vnax. We observe that the three methods have a
similar behavior which validates the EXPO method for n = 1,107',1072. When 7 is smaller,
explicit methods are too costly so that only results obtained by the EXPO method are presented.
In particular, in Figure 11 when 1 = 10, one can see that the initial condition is immediately
projected onto isotropic functions.
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Figure 11: 7 non constant and non homogeneous case: time evolution of £(¢) = ||[(F—IIoF)(t)|| 2.
n=10"%

6 Conclusion

In this work, a new scheme is proposed for the numerical simulation of a kinetic theory based
model of turbulence. The derivation of this scheme needed two important tools: (i) the change
of frame enables to avoid the delicate issue of the computation of w; (%) the improvement of
standard AP schemes since the change of frame makes an additional stiff transport term appear.
Even if this scheme is implicit to avoid the severe constraint coming from the stiff relaxation
source term and the additional stiff transport term, its numerical cost is the same as an explicit
scheme; moreover, it enjoys the Asymptotic Preserving property, i.e., it degenerates when the
stiff parameter goes to zero, to a numerical scheme consistent with the asymptotic model.

The current work presents first results obtained with a prototype one-dimensional model.
More general configurations can be tackled in future, in order to study turbulence from kinetic
theory in a deeper way. In addition, the spatial discretization can be improved to capture
physical turbulence phenomena; as mentioned above, high order WENO schemes can be quite
easily adapted to our time discretization strategy.

7 Appendix

7.1 Computation of pressure

The equation for the computation of pressure P is presented here in detail. Starting from (10),

we can obtain the following equality

/v@(v—i—u)(‘?dev—/ V(E+(0,u)" v)-0, Fdv+[(u-0y )u] = Oy [/(v +u)®@ (v+ u)de} +E—[(0g-u)u).

(44)
Using the relations

—/U(E + (0pu)v) - O, Fdv E 4 (0,u)T /dev + 0, - u/dev

/v@(v—&—u)@dev = O /v® u)Fdv — 0y u/dev
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we can obtain

/ v @ (v+ u)d, P — / o(E + (00w)T0) - 0y Fdv + [(u - 0, )]
8¢-/U®(v+u)de—6w ~u/dev+E+(8wu)T/dev+8w-u/dev+ (- 0,)u]
Oy - /(v+u) ® (v 4 u)Fdv — 8, - /u® (v+u)Fdv+ E + (ch)T/dev + [(u - 02 )u]
5}~/(v+u)®(v+u)defaz~(u®u) faz~/u®dev+E+(azu)T/de’u+ [(u- Oz)ul
6z~/(v+u)®(v+u)de—8m (@) + E+[(u-0,)y]
GI-/(v+u)®(v+u)de—u(8m “u) + E.

Hence, from (10), we deduce by taking the divergence of (44) the equation for P

~AP =02 {/(v +u)® (v+u)de] — 0+ [(Oy - u)u).

7.2 Computation of the matrix involved in the term F

1 !/
—/(I—U®UT>de
T T
F
= 7/—dv+/@T’de
T T

= =S

Let us consider the matrix [ (% ® 0,F) dv

/ (g ® 0,F ) dv

For an arbitrary vector & € R?, let us consider the quantity (S&) - ¢

59)-¢= [ Zanlel ~ [0 2 Tra= [ £ (il - -

For a decreasing function 7 (7 has a power law shape 7(§) = %, —1 < a < —1/2), this quantity
is positive, which ensures the invertibility of the matrix [ (% ® Oy F ) dv.

7.3 Numerical scheme in the one-dimensional homogeneous case

Let us detail the steps of the algorithm in the simplified one-dimensional and homogeneous
framework

_LAOME) o p L By
8,5F 7 <(’1}/T)a7jF> avF nT(HOF F), € R.

First, we rewrite this equation

et/ (n7) ((v/T>)F) et/(n7)
O, F + Iy F,
n ((v/7)0.F) nr

so that the equation to compute F"*! writes (following (27))

8t(et/("T)F -

B At _ {(v/T?)Fntt) _
Fn+1 —e At/(nT)Fn + = At/(nr)iaan + (1 —e At/(nT) Han+1.
, (D0, F7) )
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To compute ((v/72)F"*1), we use the following relation (see (30)), obtained by multiplying the
last equation by (v/72) and integrating with respect to v

—1

((ofr) Pty = | twriesom

[1 At ((o/r2)e g, F)
n o (/o F7)

n{(v/7)0, F™) —At/(nT) pm
L7<(U/T)6UF”> — At((v/q-Q)e—At/(nT)aanJ (v/TH)e /nm) g ).

The following equality enables us to compute IIo F™ ! (following (32))

At 2 FnJrl
HOF”+1:HOFn+7<(,U/T ) >

0 (o, o0 F").
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