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A FINITE VOLUME SCHEME FOR BOUNDARY-DRIVEN
CONVECTION-DIFFUSION EQUATIONS WITH RELATIVE ENTROPY
STRUCTURE

FRANCIS FILBET AND MAXIME HERDA

ABSTRACT. We propose a finite volume scheme for a class of nonlinear parabolic equations endowed
with non-homogeneous Dirichlet boundary conditions and which admit relative entropy functionals.
For this kind of models including the porous media equations, Fokker-Planck equations for plasma
physics or dumbbell models for polymer flows, it has been proved that the transient solution converges
to a steady-state when time goes to infinity. The present scheme is built from the resolution of the
stationary equation in order to preserve steady-states and natural Lyapunov functionals which provide
a satisfying long-time behavior. After describing the numerical scheme, we present several numerical
results which confirm the accuracy and underline the efficiency to preserve the large-time asymptotic.

KEYWORDS. Finite volume methods, relative entropy, non-homogeneous Dirichlet boundary condi-
tions, polymers, magnetized plasma, porous media
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1. INTRODUCTION

In this paper we propose to elaborate a finite volume scheme for nonlinear convection-diffusion
equations with relative entropy structure set in a bounded domain and endowed with either non-
homogeneous Dirichlet and/or null outward flux (generalized Neumann) boundary conditions. The
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main objective of building such a scheme is to capture the correct long-time behavior when the
solution converges to equilibrium.

1.1. General Setting. Let Q be a polyhedral open bounded connected subset of R with boundary
I'. Let us introduce an advection field E : Q — R% and  : R — R a strictly increasing smooth function
onto R satisfying 1(0) = 0. We consider the following nonlinear convection-diffusion equation with
non-homogeneous Dirichlet boundary conditions

%{ + V- (En(f)=Vn(f)) =0 inxeQ, ¢>0,

(1) f=f" onxel =09, t>0,

ft=0)=f" inxecQ.

In [6], T. Bodineau, C. Villani, C. Mouhot and J. Lebowitz showed that this equation admits a large
class of Lyapunov functionals, that we will denote, using their denomination, relative ¢-entropies.
Each functional is generated by a convex function ¢ and depends on a stationary state of (1).
Therefore, we assume that there exists f>° which satisfies

{ V- (En(f>)=vn(f*)) =0 nxeq,

fe=f" onxel.

Let us define the relative entropy corresponding to (1) and the associated dissipation.

(2)

Definition 1.1 (Entropy generating functions). For any non-empty interval J of R containing 1, we
say that ¢ € C2(J,Ry) is an entropy generating function or simply entropy function if it is strictly
convex and satisfies ¢(1) =0 and ¢'(1) = 0.

Then from an entropy function ¢, the entropy functional is built as follows.

Definition 1.2 (Relative ¢-entropy and dissipation). For any entropy generating function ¢, we
denote by H, the so-called relative ¢-entropy defined by

o=, | i(u) o (gt Aot

and by Dy the relative ¢-entropy dissipation defined by
D(t) = [ [VhI* & () (=) dx.

where h is the ratio between the transient and stationary nonlinearities

—n(f)
3) Con(fe)’

ifxeQ and A =1, ifxel.

Typical examples of relative ¢-entropy are the so-called physical relative entropies and p-entropies
(or Tsallis relative entropies) generated by, respectively,
xP — px

() bi(e) =rhn@) - @ -1),  Gw) =" =1

Let us note that for the linear problem, namely with n(z) = x, the relative ¢-entropy rewrites

Holt) = [ o) r=ax

One readily sees that, since n and ¢’ are increasing functions satisfying n(0) = 0 and ¢'(1) = 0
the local relative ¢-entropy is a non-negative quantity. This yields Hg > 0 and it cancels if and only
if f and f°° coincide almost everywhere. The ¢-entropies are not, in general, distances between the
solution and the steady state. However Csiszar-Kullback type inequalities [13, 22, 25] yield a control
of the L' distance between the solution and the equilibrium. Therefore if a relative ¢-entropy goes

to zero when time goes to infinity, the solution converges to equilibrium in a strong sense.
2
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The following result was proved in [6, Theorem 1.4] and yields the entropy-entropy dissipation
principle for Equation (1), namely the decrease of all the relative ¢-entropies. The first step consists
in reformulating the equation using the ratio (3). It writes

of

(5) ¢ T V() = Vn(f=)] h = n(f*)Vh) = 0.

Proposition 1.3. Any L™ solution of (1) satisfies in the sense of distributions
dH e

6 —=-D,<0

(6) & 6 =0,

for any entropy generating function ¢.

The formal computations leading to (6) motivate our choices in the elaboration of the discrete
scheme. Therefore, we recall the proof yielding the entropy equality.

Proof. First, we integrate (5) against ¢/(h), integrate by parts and use the boundary conditions and
the fact that ¢'(1) = 0 to get

T =[SV (T — B b+ Tha()] dx

dt
= = [(Vn() = Bn()) - Vi (b hdx — [ VA 6" (Ryu(r) dx
Q Q

Let ¢ be the only C! function satisfying, ¢/(s) = ¢” (s) s and ¢(1) = 0, given by ¢(s) = s¢/(s) — &(s).
Introducing it in the last expression yields

= [ ()~ B - Velh) dx - D,

= —D(b’

where we integrated the first term by parts, used the stationary equation (2) and the boundary
conditions. O

There are two important facts that justifies the use of (5) instead of (1) to derive the above entropy
dissipation inequality. The rewriting transforms the advection field E on 7(f) into an incompressible
field Vn(f>°) — En(f>°) on h. Therefore, the contribution of the convection vanishes when the
time derivative of the relative entropy is computed and the convexity of ¢ then suffices to provide
dissipation. The underlying cancellations stems from the transformation of Vh ¢” (h) h into a gradient
thanks to ¢ and on the fact that f°° solves (2). The second reason is that considering the equation
on h instead of f changes non-homogeneous Dirichlet boundary conditions into homogeneous ones
on h — 1. This and the properties of ¢ enables the cancellations of boundary terms. In other words,
the ¢ relative entropies are the correct functionals and (5) the right form of the equation to capture
the boundary-driven dynamic. The purpose of this work is the preservation by a discrete scheme of
the whole class of relative entropy dissipation inequalities of the continuous model. This will be done
adapting the above strategy to a finite volume discretization of the equation.

Let us emphasize that E is a general field and need not to be either incompressible nor irrotational
as for parabolic equations with a gradient flow structure [24]. Indeed, assuming some regularity
on the advection field, one can apply the Hodge decomposition to get the existence of a potential
©:Q — Rand F:Q— R such that

(7) E = Vp+F, V.F =0

When F = 0, there are many examples in the literature [19, 11, 5, 9, 8, 12] of finite volume schemes
preserving entropy dissipation properties. C. Chainais-Hillairet and F. Filbet studied in [11] a finite
volume discretization for nonlinear drift-diffusion system and proved that the numerical solution
converges to a steady-state when time goes to infinity. In [8], M. Burger, J. A. Carrillo and M.
T. Wolfram proposed a mixed finite element method for nonlinear diffusion equations and proved
convergence towards the steady-state in case of a nonlinear Fokker-Planck equation with uniformly
convex potential. All these schemes exploit the gradient flow structure of the equation, which gives
a natural entropy.
3



In the non-symmetric case F # 0, the gradient structure cannot be exploited anymore, but as
Proposition 1.3 show, there is still a relative entropy structure, which may be investigated to prove
convergence to a steady state. The relative entropy properties of Fokker-Planck type equations in the
whole space are exhaustively studied in the famous paper [3] of A. Arnold, P. Markowich, G. Toscani,
A. Unterreiter and specific properties of the non-symmetric equations have been investigated in [2, 1].

In bounded domains, entropy properties are often used in the context of no-flux boundary con-
ditions or in the whole space, but few results concern Dirichlet boundary conditions. In [5], M.
Bessemoulin-Chatard proposed an extension of the Scharfetter-Gummel for finite volume scheme for
convection-diffusion equations with nonlinear diffusion and non-homogeneous and unsteady Dirich-
let boundary conditions. While in the latter work the author presents a scheme with a satisfying
long-time behavior for a larger class of models than those of the present paper, our strategy and
objectives differ. Here we aim at preserving a whole class of relative entropies and build our scheme
for the transient problem from a discretization of the stationary equation.

Let us precise that we can generalize our approach to the more general boundary conditions

{ f = fb on FD?
[En(f) = Vn(f)] - n(x)=00on I'y,
with I' = I'pUT' . Our results hold in this setting with minor modifications but to avoid unnecessary

technicalities in the notation and in the analysis we consider non-homogeneous Dirichlet conditions
on the whole boundary. However, numerical results will be shown in both cases.

1.2. Physical models. Before describing our numerical scheme, let us present some physical models
described by equation (1) for which the large-time asymptotic has been studied using entropy /entropy-
dissipation arguments. Some of these models are the homogeneous part of kinetic Fokker-Planck-type
equations and this work constitutes a first step towards treating full kinetic models. In future work,
we aim at adapting the strategy developed here to ensure the property of convergence to local equi-
librium for the solutions of these equations.

1.2.1. The Fokker-Planck equation with magnetic field. A classical model of plasma physics
describing the dynamic of charged particles evolving in an external electromagnetic field (—Vx¢p(x), B(x))
is given by the Vlasov-Fokker-Planck equation reading

OF
(8) Sp TV Ykl = Va6 VyF + (vAB) - VyF = Vy - (VF 4 V),

For more details on the model we refer to [7, 20]. In [7], Bouchut and Dolbeault proved that the
solution of (8) in the whole phase space and without magnetic field converges to a global equilibrium.
Their proof mainly relies on the decrease of the free energy functional, which corresponds to the
physical relative entropy introduced in (4). The external magnetic field does not alter the relative
entropy inequality. We refer to [20] for the corresponding computations. Here, we consider the
phenomena happening in the velocity space which results in a Fokker-Planck equation with magnetic
field, namely equation (1) with n(s) = s and where the advection field is given by

(9) E(v)=-v+vAB,

with constant magnetic field B. In applications, the velocity variable v usually lives in R3. However
when performing numerical simulations, one needs to restrict the velocity domain to a bounded set (2.
On the edge of this restricted domain €2, we shall consider the following non-homogeneous Dirichlet
boundary conditions

(10) F(tv) = F2(v) Vv e o9,
where f* is the local Maxwellian associated with (8) which writes
. 1 g

and is a stationary state of (1)-(9)-(10). With the boundary conditions (10), one recovers the
same stationary state as in the whole space while working in a bounded domain. As for the more

complicated kinetic model (8), free energy (relative ¢-entropy) decrease holds.
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Our approach is particularly promising for this kind of problem when the solution develops some
micro-instabilities around a steady state. In this situation, it is important that numerical artifacts
do not generate some spurious oscillations.

1.2.2. The dumbbell model for the density of polymers in a dilute solution. The following
kinetic equation describes the evolution of the density F'(t,x,k) of polymers at time ¢ and position
x diluted in a fluid flow of velocity u(x) from a mesoscopic point of view
(12) %—f U ViF = —Vy - [(quk _ ;Vkﬂ(k)> P ;ka] |
The polymers are pictured as two beads linked by a spring and the variable k stands for the vector
indicating the length and orientation of the molecules. The potential IT is given by II(k) = |k|?/2 in
the case of Hookean dumbbells or by I1(k) = — In(1—|k|?)/2 in the case of Finite Extensible Nonlinear
Elastic dumbbells. In the complete model, the velocity of the fluid u follows an incompressible Navier-
Stokes equation featuring an additional force term modeling for the contribution of the polymers on
the dynamic of the fluid which results in a nonlinear kinetic-fluid coupling. Here, we consider the
simpler case where u(x) is a given incompressible field. For more details on the modeling, we refer to
[21] and references therein. We also refer to the paper [23] of Masmoudi that treats the well-posedness
and provides additional information on the model.

Once again we aim at approximating numerically the ”velocity” part of the kinetic equation (12)
which rewrites as (1) with n(s) = s and where the advection field is given by

(13) B(k) = Ak — %Vkﬂ(k),

with a constant matrix A satisfying tr(A) = 0 and to be seen as the gradient of an incompressible
velocity field at some space location. Natural boundary conditions for this model are given by null
outward flux. In [21], the long-time behavior of (12) and of the latter reduced model are investigated
using relative ¢-entropies where ¢ may typically be given by (4).

1.2.3. A nonlinear model, the porous medium equation. The porous medium equation is a
nonlinear PDE writing
of
14 — =Af™

(14 o= Af
with m > 1. It can model many physical applications and generally describes processes involving
fluid flow, heat transfer or diffusion. The typical example is the description of the flow of an isentropic
gas through a porous medium. There is a huge literature on this equation and we refer to the book
of Véasquez [26] for the detailed mathematical theory.

Here, equation (14) is set in a bounded domain {2 with non-homogeneous Dirichlet boundary
conditions

ft,x) = f2(x) >0 Vx € dQ,

such that it might be recast like (1) with a null advection field and with n(s) = s". Using their
relative ¢-entropy method, Bodineau, Mouhot, Villani and Lebowitz show exponential convergence
to equilibrium for this nonlinear equation.

1.3. Outline. The plan of the paper is as follows. In Section 2, we present the semi-discrete finite
volume scheme and the discrete version of the relative ¢-entropies. Then we prove in Section 3 the
main properties of our scheme, namely the relative ¢-entropy dissipation as well as well-posedness,
stability and long-time behavior of solutions. In Section 4, we adapt these results to the implicit
and explicit Euler time discretization of the scheme. We end up providing numerical proofs of the
properties of our schemes as well as a convergence analysis on several test cases consisting in three-
dimensional versions of models presented above, with their various boundary conditions.
5



2. PRESENTATION OF THE NUMERICAL SCHEMES

In this section, we introduce our scheme in the semi-discrete form. We start with some notation
associated to our finite volume approximation of Equation (5).

A discretization of €2, is defined by the triplet D = (7,&,P). The mesh 7 is a finite family of
nonempty connected open disjoint subsets of € called the control volumes K € 7. The closure of
the union of all the control volumes shall be equal to . The set £ is a finite family of nonempty
open disjoint subsets of Q called the edges o € £. Each edge is a subset of an affine hyperplane in
R~ with positive measure. It is also assumed that for any control volume K € T there exists a
subset £x of &€ such that the closure of the union of all the edges in £k is equal to 0K = K \ K.
We also define several subsets of €. The family of interior edges iy is given by {oc € £, ¢ € T'} and
the family of exterior edges by Eext = € \ Eint. Similarly, for any control volume K € T, we define
Eint,k = Eint N Ex and Eext,xk = Eext N Ex. Moreover we assume that for any edge o, the number
of control volumes sharing the edge o, namely the cardinality of {K € T, o € Ex} is exactly 2 for
interior edges and 1 for exterior edges. With this assumptions, every interior edge is shared by two
control volumes, say K and L, so that we may use the notation 0 = K|L whenever o € &yt The
set P = {XK } g is a finite family of points satisfying that for any control volume K € T, xx € K.
The Dirichlet condition on the boundary is given by f* € L°°(I') which is assumed to be positive.
The approximate solution f(¢) at time ¢ € [0,T) is an element of the set

1

m(o)

Xpp = {f eRT x Ré ;. f = / fbdm, Vo € gext}.

For any function ¢ : R — R, and f € X we shall define the component-wise composition with the
intuitive notation ¥ (f) = ((V(fx))keT, (V(fs))sese ). Finally, to ease the notation we sometimes
denote by f the piecewise constant function satisfying f(x) = fx almost everywhere for each K € T.

In order to get a numerical approximation of the solution of (1), for which the numerical solution
converges to a consistent steady state of (2) and satisfies the discrete equivalent of the entropy-entropy
dissipation equality (6), we proceed in two steps.

e We first solve a discrete steady state problem consistent with (2).

e We use the steady state to define a numerical flux such that the numerical solution satisfies
discrete equivalents of the ¢-entropy inequalities (6). In particular we want the numerical
solution to converge to the discrete steady state when time goes to infinity.

2.1. Discretization of the steady state equation. In this subsection, we look for an approxima-
tion f*° € Xy of the continuous stationary state (2). This means that we construct a discrete flux
which approximates consistently the flux (En(f°°)— Vn(f°°)) - n of the stationary equation (2) and
such that its discrete divergence cancels, namely

(15) > F,=0.
oefk

Our method do allow to approach the fluxes from the analytical steady states as well as finding an
approximate steady state from a finite volume discretization. For some models, the global equilibrium
J°° may be known analytically. Therefore, we construct a discrete approximation in Xy by a

standard projection
1
E = —— 0 dx,
%= o .1

and the numerical flux F° is given by

Fy = [ (Ba(f) = Vn(r)) - nicqdm,
g
where the integrals may be computed exactly or approximated with a quadrature formula. In any

case, equation (15) shall be satisfied as well as the interior continuity condition,

F[O(?U:—FE?U, ifa:K\LESint.
6



Let us precise that this last condition is required and satisfied for all the discrete flux we define in
the following.

On the other hand, when the steady state is not explicitly known we may apply a finite volume
scheme to compute a numerical approximation. Once again, our method do not impose any particular
scheme for solving the stationary equation but for the sake of completeness we propose the following
that we actually use in some of our numerical simulations. Keeping in mind that most of the
models we consider arise as space-homogeneous part of kinetic equations, we need to deal with
potentially small (but non-zero) Dirichlet boundary conditions as well as confining potentials. this
results in Maxwellian-like equilibria where f°° is maximal somewhere inside the domain and quickly
decays towards small values at the boundary. Therefore finding a scheme that can provide a good
approximation with this few information on the boundary is a hard task in itself. Here is our
proposition to deal with this issue.

We replace the unknown f*° by h™ = n(f>°)/exp(¢) where ¢ is the potential of the advection
field E in its Hodge decomposition (7). At the continuous level the stationary equation (2) then
rewrites

V- [e¢(Fh°° —Vhw)] —0 inxeQ,

h>* = n(f’) exp(—¢) onxcT.

With the above formulation of Equation (2), and provided that f? is of the same order as exp(¢) on
the boundary, we expect the solution h*>° to be close to 1 inside the domain and on the boundary.
The corresponding finite volume scheme is given by (15), where the fluxes F Ko are discretized with
upwind discretization for the convective part and with a two-points centered gradient for the diffusion.

2.2. Discretization of evolution equation. Now we treat the time evolution problem and use the
numerical flux constructed from the steady state problem (2) to build a numerical approximation of
the time evolution equation. The scheme reads in semi-discrete form
d,

m(K)%(t) + > Fgo=0, Vte[0,T),

(16) VK eT, . 7eEK
k(0) = —— / in(x) dx.
Fel) = o [ 60

We first define h € X5 as h = n(f)/n(f>°) with component-wise division and for each K € T and
o € 0K, the flux is given by
(17) Fy o = Fe% + Fiss,
where we call FEPrY the convective flux and F%ij the dissipative flux corresponding to the diffusive
term. The convective flux approximates the advection part of the continuous flux in (5), namely
[En(f*) — Vn(f>)]h-n. The corresponding discrete velocity field is given by
1 o

Uko = ——F2
K, m(a) K,o

and we define the associated monotone convective flux by

(18) Jreonv m(o) {UIJg,ag(hKv hr) — U}?,gg(hL, hK)} if o = K|L,
Ko —
m(o) {Ugag(hm he) = Uk 59(ho, hK)} otherwise,

where for any real number u, we define the positive and negative part of u to be respectively ut =

max(u,0) and u~ = max(—u,0). The function g : R> — R is locally Lipschitz-continuous, non-

decreasing in the first variable, non-increasing in the second variable and satisfies g(s,s) = s for

consistency. In the numerical simulations, we use a classical upwind flux which corresponds to

g(s,t) = s. The dissipative flux FI‘?;S is an approximation of the diffusion part of the continuous flux
7



—n(f*°)Vh-n in (5) and is built on a standard centered approximation of the derivative along the
outward normal vector of each edge, namely

(19) Fii5 = —191(f5°) Dr.oh,

where f2° is an consistent approximation of the stationary state on the edge o to be chosen. In
the following we just suppose that it is given by, say, fo° = (f% + f5°)/2. The quantity 7, is the
transmissibility of the edge o, given by

where
p d(xg,0) +d(xp,0)if o0 € &g, 0 = K|L,
7 d(xg,0)if 0 € Eext K,
with d(-,-) the euclidean distance R?. The difference operator D, is defined for any K € T and
0 € Ex by Dk y : RT x Réext — R,
up, —ug ifo € ginta g = K|L,
20 D =
(20) Kot {ug —ug if o€ Exi k-
For consistency of the discrete gradients, we require an orthogonality condition for the mesh, namely

Vx,yco=KI|L, (x—-y) (xxk—xr)=0.

2.3. Discrete relative ¢-entropies. For f € X, the semi-discrete equivalent of the relative ¢-
entropy in (1.2) is given by
(21) Hy(f) = > m(K)eg(f),

KeT

where ey = (e¢,1) 7 18 the local relative ¢-entropy writing

e n(s)
e¢,K(f)_A? & (n(f}?)) ds, VK eT.

We also introduce the contributions of the convective and diffusive part of the equation to the relative
entropy variation

(22) Colf) =D D d)FE,  Dy(f)= 3 Y ¢'(hx)FL3.

KeT o€k KeT oelk

In Proposition 3.3 we will show that Dy is consistent with its continuous analogue Dy. In the
continuous setting, the contribution of the advection vanishes in the variation of the relative ¢-
entropy. We will show in Proposition 3.3 that it is not the case in the discrete setting. However the
monotonicity properties of the convective flux make this term an additional numerical dissipation to
the relative ¢-entropy.

3. ANALYSIS OF THE SEMI-DISCRETE SCHEME

In this section we present the properties of the semi-discrete scheme (16)-(19). Let us state the
first main result of this paper which regroups the well-posedness, entropy dissipation and stability
properties.

Theorem 3.1. Suppose that the initial data f™ and the stationary state f are positive and consider
the semi-discrete scheme (16)-(19) corresponding to (1). Then,
e there exists a unique global solution f € C'(R; Xpo);

e there exists two positive constants I, I only depending on the initial data f™ and the stationary
state f°°, such that for allt >0 and K € T,

I<fg(t)<I;
8



e the scheme preserves the stationary state f> and dissipates every relative ¢-entropy defined
in (21), namely for any t > 0,
d
(23) @Hﬁf) + D¢ <0 and D¢ >0,
where the dissipation Dy is consistent with Dy.

The key-point in the proof of Theorem 3.1 is to prove the entropy dissipation estimate for any
function ¢. Then we establish the L> bound on f. This is done in Section 3.1 and the rest of the
proof is detailed in Section 3.2.

Furthermore, in linear cases 7(s) = s we can also prove exponential decay rate of the solution to
the discrete equilibrium, using the ¢-entropy inequalities and a discrete Poincaré-Sobolev inequality.

Theorem 3.2. (Exponential return to equilibrium) Under the assumptions of Theorem 3.1 and for
n(s) = s, let f be the solution of the semi-discrete scheme (16)-(19). Then for & > 0 such that
dg.o > &dy for all control volume K € T and edge 0 € £k, there exists a rate k > 0 depending on
the domain, & and f* (but not on the discretization) and a constant Cp o, depending additionally to
the initial data such that

H¢(t) < CU,OO e_nta

" 2
for all ¢-entropy satisfying 2 ((;5 ) < ¢"o'V. In particular, this implies that the semi-discrete
solution goes to equilibrium exponentially fast in time

Il f(t) — fo"H%l(Q) < Co,00 et

The proof of Theorem 3.2 is given in Section 3.3.

3.1. Relative entropy dissipation and stability. In the following we prove the relative entropy
inequalities (23) of Theorem 3.1. The result is stated in the following Proposition.

Proposition 3.3. Let T € Ry U {oo} and f € C'(0,T; Xyv). Then, for any entropy function ¢, the
dissipations associated to f defined in (22) satisfy the following properties.

o The numerical dissipation Cy(f) is non-negative.
e The physical dissipation rewrites

Dy(f) = Y 7o Dioh Dicod/(h) n(f3°)

0€€imt
(24) U:K‘L
+ Z Z To DK,oh DK,O'gb,(h) U(fgo) > 0.

KETJESCILK
Moreover if f satisfies the scheme (16)-(19), then,

d
(25) aH¢ + D¢ = —C¢ <0.

We proceed in three steps to prove Proposition 3.3. First we prove the entropy equality (25). Then,
we show that Dy is consistent with its continuous analogue and we finish by the most important
property which is the non-negativity of Cy coming from monotony properties of the convective
flux. We recall that at the continuous level, this quantity vanishes. This justifies the denomination
numerical (entropy) dissipation. To prove the non-negativity of the numerical dissipation we will

compare it with C¢> ¢ which is the numerical dissipation of a special centered convective flux that

depends on the entropy function ¢. Let us define the latter here as well as some complementary
notation.

Definition 3.4. A function M : Ry xRy — R is called a mean function if it satisfies for all s,t € R,
(1) M(s,t) = M(t,s)
(2) M(s,s)=s



(3) If s < t, then s < M(s,t) <t

We also define M, : X,» — R by M,(u) = M(uk,ur) if 0 = K|L and My(u) = M(uk, us)
otherwise. This is well defined thanks to the symmetry of M. For any such function M, we define
the centered convective flux associated to M by

F%a(f) = m(a‘) UK,U MU(h)a
and

= 2 Y)Fi,.

KeT oelk
Finally for any entropy generating function ¢, it is elementary to show that
p(s) = »(t)
MP(s,1) = L) )
¢(s) = ¢'(¢)
where ¢(s) = s¢/(s) — ¢(s), defines a continuous mean function. We call it the ¢-mean.

Remark 3.5. Let us note that for the 2-entropy generating function ¢2(s) = (s — 1)2 , the corre-

M,
sponding @-mean is the arithmetic mean and therefore Fy ¢2

for the convective flux, namely for o € Eipny

1s a classical centered approrimation

hix +hr
—

When choosing the generator of the physical entropy ¢1(s) = slog(s) —s+ 1, the corresponding mean
function is the logarithmic mean reading Mgy, (s,t) = (s —t)/(log(s) — log(t)).

M,
FK’;’;Q =m(o) Uk,

We are now ready to prove Proposition 3.3.

Proof of Proposition 3.3. First note that a simple computation yields

Dby = Y () T i) = = Y () X Ficr = ~(Co+ D).

KeT KeT o€k

using the definition of the dissipations (22) and the scheme (16)-(19). Then, to prove (24), we use
(22) and (19) to get
=2 X 7o Dioh @' (hi) n(f3°)
KeT oelk

and the result stems from a discrete integration by parts.
Now, let us prove the non-negativity of Cy. Let M be any mean function. We start by integrating
Cy — C’é)\/f by parts. It yields

Com Ol == 5 (B — P )Dral@ M) = X S (FR — F)Dica (60
0€Eint KeT Uegext K
o=K|L

Now let us just remark that for any K € T and o € &y,

— (FRY — Fily)Dio(¢' () = m(o)Uf (g (hK,hK)— g(hx,he))(¢'(hr) — &' (hK))
() Uk (Mo (h) = hic) (¢ (hr) — ¢/ (hi))

m(o)Ug ,(hr — Mo(h))(¢'(hr) — ¢'(hK))

+m(0)Ug ,(g(hr, hic) = g(hr, b)) (' (hr) — ¢ (hi))-

where we used that g(s,s) = s. If 0 € Eexy, the same equation holds replacing hy, with h,. Therefore,
since ¢’ and ¢(s, -) are monotonically non-decreasing functions and M, (h) is always between hx and
hr (resp. hg), the above quantity is non-negative. Hence, Cy > Cé/[ .

10
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Finally, a simple computation using two integrations by parts yields

Cé)\/[(ﬁ = Z DKO’ Z Z DKU (h))

g€Eint KeT Uegext K
oc=K|L
= = Y FZ.Dro(eM) =3 > FZ.Dro(e(h)
Uegint KeT Uegcxt,K
o=K|L
= XX FRplhi) =0
KeT oelk
where we used Equation (15) in the last equality. Thus, Cy > C'i@’ =0. O

Remark 3.6. Let us note that if we had used the fluzes F[];/[f; instead of FEL" in our scheme, then
it would have given,

d
—H,+ D
T o+ Dy =0,

which is exactly what we get for the continuous problem. However, the scheme would have been ¢-
dependent. With our upwind discretization, we get the whole class of relative entropy inequalities at
the cost of an additional numerical dissipation.

The discrete entropy inequalities (23) constitute a large set of Lyapunov functionals that we may
use to derive stability properties of the solution. Let us define precisely the stability property of the
scheme. Because of the reformulation of (1) into (5) it corresponds to the L stability of h.

Definition 3.7. We say that a solution to the semi-discrete scheme (16) is stable on [0,T") if
Vte[0,T), VK € T, hg(t) € J,
where J = [min(1, ming hx(0)), max(1, maxg hx(0))].

Remark 3.8. Since the stationary state f° is assumed to be positive (component-wise), we introduce
the positive constants

0o — i 7 5 Moo = K-
Moo = min 7(fg’) max7)(f)
and we set

I = [7 (Mmoo min J), n~ 1 (M max J)],

where J is defined in Definition 3.7. Assume that f € CI(O,T;be) is a solution to the scheme
(16)-(19) that is stable in the sense of Definition 3.7. Then,

VK €T, vtel|0,T), fx(t)el
This means that the stability of h, positivity of f*° and strict monotonicity of n provide the stability
of f.
Lemma 3.9. Assume that f € C*(0,T; be) 1s such that for any entropy function ¢,

d
—H,+ D, <
T o+ Dy <0,

with non-negative dissipations Dy. Then it is stable on [0,T) in the sense of Definition 3.7.

Proof. We first restrict to the case where J is such that inf J < 1 < supJ. Note that the Bernoulli
function defined by B(z) = z/(exp(x) — 1) is a strictly convex C? function. Then, for any ¢ > 0 and
ug € R, one readily checks that the functions

bemo U — Geno(t) = £ [B (“‘5“0) B (1 ‘8“0)] LB (1 ‘5“0> (1—w),

are entropy generating functions. Moreover, when ¢ tends to 0, both converges uniformly on any
compact subset of R to

(' — UO)+ if ug >1
¢€ uo {

(-—up)” ifug<1
11



Now, integrating the entropy inequalities, we get in particular that
0 S H¢a,u0 (t) S H(z)a,uo (0)

If one takes ug = inf J, then ug < 1 and hence passing to the limit € — 0 in the latter equation leads
to

fre(t) s - fx(0) s -
0< Z m(K) (771(7};;) —u0> ds < Z m(K) <7]7(7}10(2)) - u0> ds.

KeT e KeT e
Using the definition of ug one sees that the integrands of the right-hand side vanish. Therefore, for

any K € T,
1K@ [ n(s) -
—up| ds =0,
/f°° (n(f}?) “°> ’

K

which yields that hg(t) > ug. The same argument gives the bound from above. Now if inf J =1
or supJ = 1, then with the same proof we have that uniformly in ¢ > 0, K € 7 and ¢t € [0,7),
hi(t) € J. = [inf J — ,sup J + ¢]. Therefore hx(t) € J. O

3.2. Proof of Theorem 3.1. The Cauchy-Lipschitz theorem yields the existence and uniqueness of
a maximal solution f € C'(0,T; X+) to the Cauchy problem (16)-(19) for some positive final time
T. On this time interval we can apply Proposition 3.3 to get the entropy inequalities (23) for all
generating function ¢. Using Lemma 3.9 and Remark 3.8, we get the existence of finite constants
I =sup! and I = inf I depending only on the stationary state and the initial data such that

Vte[0,T), VK €T, I< fg(t)<I.

Since the solution of the Cauchy problem do not blow up at time 7', it is actually global.
The preservation of the stationary state stems from the fact that F?gi‘s( f*)=0forall o € £k and

S FE () = Y mio) (Uk, - Ug,) = X Fie, =0,

o€k c€fK o€EK

using (15).

3.3. Long-time behavior: proof of Theorem 3.2. In this section, we study the long-time behav-
ior of the discrete solution in the linear case n(s) = s. After providing some preliminary comments
and results we prove Theorem 3.2. Our strategy for getting exponential decay to equilibrium from
entropy-entropy dissipation properties (23) is the use of a discrete Poincaré-Sobolev type inequality,
namely an inequality yielding

H¢ < Aps D¢a

for some constant A\pg only depending on the domain, f*° (hence implicitly on the boundary con-
ditions) and not on the discretization. While the question of the existence of a general ¢-Poincaré-
Sobolev for any entropy generating function ¢, even in the continuous setting, goes way beyond the
scope of this paper (see [6, 3]), it is however possible get such a functional inequality for the particular
entropy function ¢o(s) = (s — 1)2. Now, let us detail the whole procedure.

We restrict our class of entropy generating functions to that introduced by Arnold, Markowich,
Toscani and Unterreiter in [3], that is those satisfying ¢ € C*(R,) and

(6")" < 50" 6.

Let us note that the physical and p-entropies are generated by these entropy functions. The goal of
this restriction is to use the consequences of [3, Lemma 2.6] which yield that any such ¢ is bounded
from above by a quadratic entropy function, namely

¢(s)

¢ (1) < ¢a(s) == (s — 1)2'

12




Therefore, the same inequality holds for the corresponding relative entropies and it suffices to show
that the 2-entropy goes to zero exponentially fast in time to get the same result for the whole class
relative entropies. The dissipation of 2-entropy is closely related to the discrete H! semi-norm

‘uﬁ,Q,T = ZTU ‘DK,0U|2>
o€l

for which M. Bessemoulin-Chatard, C. Chainais-Hillairet and F. Filbet proved a discrete Poincaré-
Sobolev inequality in [4, Theorem 6], that we shall recall here. Let us first define the L? norm

lullf, = > m(E) Juxl.

KeT

Proposition 3.10 ([4]). Suppose that the mesh satisfy the following regularity constraint: there
exists £ > 0 such that di , > {dy for all control volume K € T and edge o € Ex. Then there exists
a constant C' only depending on the domain such that for all u € Xg, it holds

C
luloz = cluhier

We are now equipped to prove the long-time behavior result of Theorem 3.2.

Proof of Theorem 3.2. Since h—1 € X, we may use the expression (24) of the 2-entropy dissipation
Dy, in Proposition 3.3 and the result of Proposition 3.10 to get

2
Dy, (f) = 2 70 [Do(h— DI n(f3)
=
- 2moo£1/2
- C
Then we notice that Mu||h — 1||o,2 controls Hyg, and inject everything in the entropy inequality to
get

lh = 1§ 2.

d 2o £1/2
= H 205
at o oL

which yields the first result. For the estimate in L' it suffices to apply the Holder inequality to get

= SN /IVTR =V =llon = I1F 2l HY?.

Hy, <0,

4. ANALYSIS OF FULLY DISCRETE SCHEMES

Here, we introduce the explicit and implicit Euler time discretization of the semi-discrete scheme
(16)-(19). We denote by f" the approximation of f at time t" = nAt and to ease the notation we
shall use the superscript n for any other quantity depending on f™.

4.1. Implicit Euler. The fully discrete implicit scheme is given for all K € T and n € N by

m( ) n+1 fK + Z Fn—',—l
o€k
(26) Fptl = C°“V<f"+1> + FEs (),
1 lIl
e = iy LS00 0

and the fluxes are defined in (18) and (19).
Theorem 4.1 (Implicit Euler). Suppose that the initial data f and the stationary state f> are
positive and consider the fully-discrete implicit scheme defined by (26),(18) and (19). Then,

e there exists a unique solution f : N X,
13



o there exists two positive constants I, I only depending on the initial data f™ and the stationary
state f°, such that for allm € N and K € T,
I<fg<I;
e the scheme preserves the stationary state f°° and dissipates every relative ¢-entropy defined
in (21), namely for any n € N,
HY —HY
(27) ¢ N +Dn+1 <0 and DZ+1 >0,

where the dissipation Dg“ is consistent with Dy(t" ).

Proof. The existence of a unique solution to the implicit scheme can be shown with a fixed point strat-
egy close to that in [16, Remark 4.9] and we do not detail this part. Let us derive the entropy inequal-

ity. The Taylor-Young theorem provide the existence of 9%”“ € (min(f%, fE), max(f2, fr)
such that
K n(s)
s = [ ()
pk ~CoK % (F3)
= ¢'(hg (R fK)—*d} (""H)( K- IR
At n n nn n
= ( h +1 Z F +1 5 (91(’ +1)( i fK) )
o€€K

where Y is given by
) 77/(90) w n(x)
29 Tl (n(f;?))'

Note that 1k is a positive function thanks to the positive monotony of 1 and ¢’. With equation (22)
this yields

Hy - HY
¢T + Dn+1 _C;L+1 2At Z 'QZ) nn+1 n+1 fK) ( ) < 0’
KeT
and the rest follows. (]

4.2. Explicit Euler. The fully discrete explicit scheme is given for all K € T and n € N by

TL+1 f
m(K)=K A KK N FR, =0,
oc€fk
(29) FI’%O’ conV(fn) +Fdlss(fn>
1 in

and the fluxes are defined in (18) and (1 ) Before stating the result on this scheme, let us introduce
do [U3t , (hic = g(huc, hi)) + Ug y(g(ho, hic) = hio)| [ Dicoh if 0 = KL,
d, {U;;’U(h;( — g(hxc he)) + Ug o (9(her, hic) — hK)} / Dicoh  otherwise,

with the convention ax , = 0 if Dg , = 0. Then mark that we can use this ag , to reformulate the
convective part of the scheme as a "diffusive term”, thank to the incompressibility of Uk . Indeed,
for all K € T, we have

_ZTO'G’KO'DKO'h_Z conv_ Z UKO'— [C(Ogv)

ocefk cefk cefk o€l

(30) (ZKJ =

where we used (15). Moreover, because of the monotonicity properties of g, its local Lipschitz
continuity and the fact that s = g(s, s), we have that, if h € J (¢f. Definition 3.7), then

0 < UK, o < Cg UOO7
14



where Cy is the Lipschitz constant of g on J 2 and Uy = maxger maxXyeg,, do |U. Kol

Theorem 4.2 (Explicit Euler). Let f : N—€ X be defined by the fully-discrete explicit scheme

(29), (18) and (19). Suppose that the initial data f™ and the stationary state f° are positive. Then,
e there exists a positive constant Cu i depending only on the initial data and the stationary

state such that under the CFL condition

To AL
max max
KeT oegx m(K)

< Coo,im
there exists two positive constants I, I only depending on the initial data f™ and the stationary
state f°°, such that for alln e N and K € T,

I<fg<I;

e if ® is a family of entropy functions with second derivate bounded between me and Mg, then
there exists a positive constant Cu independing only on the initial data and the stationary
state such that for every e € (0,1), under the CFL condition

max max in —— €
KeTocexg m(K) — 7" Mg

[ dissipates every relative ¢-entropy with ¢ € ®, namely for any n € N,

Hy —HY
Kt (1=aDy<0 and Dj>0

where the dissipation Dy is consistent with Dy (t").

(31)

Moreover the scheme preserves the stationary state f°°.

Proof. We proceed in three steps. First we derive the entropy-entropy production equality which
differ mainly differ from the implicit case by the sign of the remainder term. Then we prove the L
stability of the scheme in order to achieve the third step, which is the control of the remainder term.

Entropy equality: We proceed exactly as in the proof of Theorem 4.1 to get the existence of 97}5”“

such that

HZ;H — HJ +1
(32) T+D O¢+2Atzw 0" = fR)Pm(K),
KeT

for i defined by (28). Note that the sign of the last term has changed compared to the implicit
scheme.

L* stability: Let 6 > 0 be such that inf/ > § > 0 and define Mg = supey, 1 (s), for Is :=
[inf I — ¢, sup I + 0]. We want to show by induction on n € N that if

AN . 1) Moo
(33) max max = 7 < min (Nedge (sup J —inf J) (Cy Uno + Moo)’ Neage M (Cy Uno + Moo)> ’
then bl € J for all K € T. In condition (33), the left term of the right-hand side will be useful to
prove a first L° bound that is worse than the induction hypothesis by a margin of §. Then we use
the convexity property and the right term of the right-hand side of hypothesis (33) to improve the
estimate. By the definition of J the induction property holds for n = 0. Suppose that it holds for
n € N. The scheme (29) rewrites

At

n+1 fK + —= Z Ta(aK,a + Tl(f?(o)) DK,Uhna

(K) &z

and therefore, since (33) (left constant) is satisfied, fi-t! € I for all K € 7. By the mean value
theorem, there exists gj € I5 such that

n+l _ n — 77’(9?() n+1 _
e = ey Vi i)
15




The scheme can then be rewritten as

o€ Uegint,K
o=K|L
+W S rolaks + () L

Uegcxt,K

which, because of (33) (right constant), provides h;"! as a convex combination of elements of the

convex J and hence {h}‘('H} ke € J. The CFL constant Cw i, can then be taken as the supremum
of the right hand side of (33) when ¢ € (0,inf I).

Control of the remainder term.:
Using the scheme, the last term in (32) can be estimated with the Cauchy-Schwartz inequality as

2
At M. M0 Cy Uso + M

g 1K nn+1 Z FKO. < edge d ( + Z K h )2’
2 KeT m( ) oEEK Moo KeTaesK
Then, using that

Dn_mémooz ZTO' DKO’ )a

KeT o€k

yields (31) provided that the CFL condition is satisfied with constant

Coomm = S

co)in = 5 Nedge M7(7) (Cg Uy + MOO)Q.
O

Remark 4.3. The CFL constants of the proof seem to depend on the size of the mesh through Uss,
Moo, Moo and Negge. However, if we restrict the class of meshes to those which cannot exceed a
certain number of edges by control volume, then the three constants related to the stationary state
can be made independent of the mesh assuming consistency of the stationary fluxz. Of course, even
if we do not enter into details on the approrimation of the stationary solution, the transient scheme
relies on it, therefore consistency is a natural hypothesis.

5. NUMERICAL SIMULATIONS

5.1. Convergence and order of accuracy. In this part, we provide a numerical experiment show-
ing the spatial accuracy of our scheme, especially in the long-time dynamic. The test case is the linear
drift-diffusion equation with n(s) = s set in one dimension on the domain Q2 = (0,1). We choose the
time step is At = 1075, the final time is 7' = 2 and the time discretization is implicit. Furthermore
the advection field E(z) = 1 and the boundary conditions are f(¢,0) = 2 and f(¢,0) = 1 + exp(1).
With these parameters the following function

f(t,z) =1+ exp(x) + exp (2 - <7r2 + i) t) sin(mz)

is a solution of (1) and converges to the stationary state f°(z) = 1+ exp(x) as time goes to infinity.

In order to illustrate the advantage of our approach compared to the one consisting in a direct
approximation of (1), we perform numerical simulations using our entropy preserving scheme (16)-
(19) and a finite volume scheme applied on f with an upwinding for the convective terms and centered
approximation of the gradient for the diffusive ones.

In Table 1, we measure the L' and L> error between the reconstruction of the approximate
solution fy obtained on the regular mesh (z; = Ax/2 4+ iAx);co 1y of size Az = 1/N for both
schemes.

The error and experimental order are respectively given by

ey = sup [Inf — fnllze)s Koy = [log(ean) — log(en)|/log(2),
t€[0,T)
16



where Il is the projection operator on the mesh, namely

N-1
HNf = Z fz ]l[mi_1/2,2i+1/2)
=0

with f; a numerical approximation of the average of f on (z;_1/2, %;41/2)-

N Error e}v Order || Error e}v Order Error e} | Order | Error e}? || Order
(16) — (19) Upwind (16) — (19) Upwind

20 || 2.206.1073 4.283.1073 3.444.1073 7.394.1073

40 [ 1.247.1072 | 0.82 [ 2.370.1073 | 0.85 1.959.1073 | 0.81 [4.042.1073 || 0.87
80 [/ 6.589.107% [ 0.92 || 1.243.1073 | 0.93 1.038.1072 | 0.92 |2.106.1073 || 0.94
160 || 3.376.10~* | 0.96 | 6.358.10=%* | 0.97 5.329.107% | 0.96 |1.073.103 || 0.97
320 || 1.703.107* [ 0.99 || 3.21.10~%* | 0.99 2.690.107% | 0.99 | 5.41.107* || 0.99
640 || 8.494.107° 1 1.606.10~% 1 1.342.107% 1 2.705.10~% 1
1280 || 4.184.10 | 1.02 | 7.981.107° | 1.01 6.613.107° | 1.02 | 1.344.107* | 1.01

TABLE 1. Experimental spatial order of convergence in L' and L* on [0, 7).

Both schemes are first order accurate, but we observe that our entropy preserving scheme (16)-
(19) is performing better since the numerical error is twice smaller than the classical upwind scheme.
Furthermore in Figure 1, we observe that for large time the numerical error corresponding to the
entropy preserving scheme (16)-(19) decays to zero and the order of magnitude of the error becomes
up to one hundred times smaller than the one corresponding to the upwinding scheme. This numerical
test illustrates on a simple example the advantage of the entropy preserving scheme (16)-(19).

g4 in log scale
g4 in log scale

FIGURE 1.
norm for (a) the entropy preserving scheme and (b) the classical upwind scheme.

Convergence and order of accuracy. Time evolution of the [ error

5.2. Fokker-Planck with magnetic field. We now consider the homogeneous Fokker-Planck equa-
tion with an external magnetic field

ZHAB-V‘,f:Vv-(vHva) inR* x R?,
ft=0)=fo R’

where the external magnetic field is B = (0,0,4) whereas the initial datum fy is given by the sum of
two Gaussian distributions

1 v —wv1]? . |v — vo|?
fO(V)—W exp | = + (I —a)exp ||

17



with o = 3/4, vi = (—1,2,0) and vy = (2, —1,0).

This equation is solved numerically in a bounded domain Q = (—8,8)3 on various meshes from
N = 243, to N = 803 points and At = 0.01 using a time implicit scheme. We choose non homogeneous
Dirichlet boundary conditions f® = f*°, where f™ is the steady state, that is, the Maxwellian
distribution

Here the knowledge of the steady state f* allows to compute the stationary flux F, from a

quadrature formula and (f3°)keT-
Then for h = f/f*° we define the relative entropy Hi(h) by

Hi(h) = / (h—1)% f>®dv
R3
and its corresponding dissipation Dj(h) as
Di(h) := 2/ VA2 £ dv.
R3
Finally for h = f/f° we also define Ha(h) and Dy(h) by
1
Hy(h) = / (hlog (h) — h+1] fdv and Da(h) = / Z VA2 £ dv.
R3 R3 h

In Figure 2, we represent the time evolution of the entropy Hi(h), the dissipation D;(h) and the
numerical dissipation due to the convective term Cj(h) in log scale. On the one hand, when N > 643
points, the entropy and the physical dissipation are well approximated compared to a reference
solution : both of them are decreasing function of time and converge to zero with an exponential
decay rate. These figures illustrate the convergence to equilibrium exponentially fast. On the other
hand, the numerical dissipation of the convective term C7(h) converges to zero when the space step
goes to zero, but since the scheme is only first order accurate, it is relatively slow. Fortunately,
the numerical dissipation C(h) also converges to zero when times goes to infinity exponentially
fast, hence it does not affect the accuracy on the decay rate for large time. From these numerical
experiments, we get some numerical evidence of the uniform accuracy of the scheme with respect to
time.

18
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FiGURE 2. Fokker-Planck equation with an external magnetic field. Time

evolution of (a) the entropy Hi(h) (b) the physical dissipation Dj(h) and (c) the
numerical dissipation C4(h) for different meshes

Furthermore, in Figures 3 and 4 we present a comparison between the physical dissipation D,,
for a € {1,2} which is consistent with (6) and the numerical dissipation C,, due to the convective
(22) for N = 243 and N = 643 points. First for N = 243, the numerical dissipation C;(h) is too
large and the decay to equilibrium is amplified. However, for N = 643, the initial dissipation due to
the numerical error is smaller than the physical dissipation and then C}(h) converges to zero as fast
as the physical dissipation Dj(h), hence the decay rate obtained for the numerical solution is still
consistent with the solution to the Fokker-Planck equation for large time.

Remark 5.1. For the same mesh if we take a larger magnetic field, the numerical dissipation is
larger than the physical one. Even if both of them seem to converge to zero with the same decay rate,

the dissipation is amplified.
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Ficure 3. Fokker-Planck equation with an external magnetic field. Time

evolution of the physical dissipation and the numerical dissipation (Dj(h),C1(h))
corresponding to the entropy Hj(h) with (a) N = 243 mesh points (b) N = 643 mesh

points.
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FiGUure 4. Fokker-Planck equation with an external magnetic field. Time

evolution of the physical dissipation and the numerical dissipation (D2(h),C2(h))
corresponding to the entropy Ha(h) with (a) N = 243 mesh points (b) N = 643 mesh
points.

Finally, in Figures 5 and 6, we propose the time evolution of the distribution function at different
times. The first column represents an isovalue f(¢,v) = 0.01 of the distribution function whereas the
second column is a two dimensional projection in the plane v, — v,, we first observe the effect of the
magnetic fields where the two bumps rotate and then under the effect of the Fokker-Planck operator
the solution converges to a Maxwellian distribution represented by a sphere in R3.
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(a) (b)

F1GURE 5. Fokker-Planck equation with an external magnetic field. (a) one
isovalue (b) v, — v, projection of the distribution in the velocity space at time ¢ = 0,
t=0.1and t=0.2.
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(a) (b)

FIGURE 6. Fokker-Planck equation with an external magnetic field. (a) one
isovalue f(t,v) = 0.01 (b) v, — v, projection of the distribution in the velocity space
at time t =0.3,t =0.4 and t = 0.9.

5.3. Polymer flow in a dilute solution. We investigate the numerical approximation to the kinetic
Fokker-Planck equation for polymers [23]

OF 1 1
o = Vi [(Ak - kan(k)> F— kaF] .

F(t=0)=F, inQcR?
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where the matrix A represents the gradient of an external velocity field and is given by

1/4 —1/2 0
A:(l/Q —1/4 0)
0 0 0

and the domain is Q = (—4,4)3, TI(k) = |k|?/2. The initial datum Fy is given by the sum of two
Gaussian distributions

_ 2 _ 2
Folk) = 2<2i)3/2 [exp (Jk ;" ) e (Jk > )]

with k; = (—3/2,1,0) and ko = (1,—3/2,0). This equation is supplemented with homogeneous

Neumann boundary conditions such that global mass is conserved. For the numerical simulations we

choose various meshes from N = 243 to 64 points with At = 0.01 using a time implicit scheme. In

this case, the steady state is not known, hence the steady state equation is first solved numerically

to compute a consistent approximation of the equilibrium (f7°)ke7 and the stationary flux Fo
Then for h = F/f>° we define the relative entropy Hj(h) by

Hi(h) = /Rg (h—

and its corresponding dissipation Dj(h) as

1) fdk

Di(h) := Q/RB |Vh|? £ dk.

In Figure 7, we represent the time evolution of the entropy Hi(h), its dissipation D;(h) and the
numerical dissipation due to the convective term C;(h) in log scale. First when N > 323 points, the
entropy and the physical dissipation are well approximated compared to a reference solution computed
with a fine mesh. Once again both of them are decreasing function of time and converge to zero with
an exponential decay rate. The numerical dissipation of the convective term C1(h) is much smaller
than the physical one and also converges to zero when times goes to infinity exponentially fast, hence
it does not affect the accuracy on the decay rate for large time.

2 3
10 .\ referenge - 102' Dy(h) referenge ——
10t 1\ h) with 32° —e— 10 \ D j() with 32, —e—
: \l 101 5 .\l» C1(h) with 32
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FiGurRE 7. Polymer flow in a dilute solution. Time evolution of the to the
entropy Hjp(h) and the corresponding physical dissipation and numerical dissipation
(D1(h),C1(h)) with N = 323 mesh points.

Finally, in Figure 8, we set forth the time evolution of the distribution function at different time.
The first column represents an isovalue f(¢,k) = 0.02 of the distribution function whereas the second
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column is a two dimensional projection in the plane k; — k,, the solution converges to the discrete
steady state, which is consistent to the equilibrium.

FIGURE 8. Polymer flow in a dilute solution. (a) one isovalue F(¢,k) = 0.02
(b) ky — ky projection of the distribution in the k space at time ¢t = 0.2, ¢ = 0.7 and
t=5.
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5.4. Porous medium equation. We finally study the numerical approximation of the porous
medium equation

6f m
ot =af
f(t = O) = fO inQ) = <O7 1) X (_171)27

with m = 2 and fy = 1 together with Dirichlet boundary conditions

6
=
L,

This model is nonlinear and without convective terms. Since the steady state is not known, we first
compute a numerical approximation (fz)xe7 and the corresponding stationary flux F°_ .

if x=1and y?+22<1/8.

else.

For the numerical simulations we choose various meshes from N = 303 to 60% using a first order
time explicit scheme, hence the time step now satisfies a CFL condition At = O(Az?). For instance
as a reference solution, we choose N = 60% and At = 0.0001. In Figure 9, we represent the time
evolution of the relative entropy and the physical and numerical dissipation for N = 303. These
results are in good agreement with those obtained using a finer mesh and the numerical dissipation
is several order of magnitude smaller than the physical dissipation.

107 10°
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107
107 | 107 | .
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(a) (b)
FIGURE 9. Porous medium equation. Time evolution of (a) the entropy Hi(h)

(b) the physical dissipation and the numerical dissipation (D1 (h), C1(h)) with N = 303
mesh points.

Finally in Figure 10 we represent the time evolution of the distribution function in the three
dimensional space. At the initial time the solution is uniform and equation to one, hence the fluid
is injected at the boundary x = 1 and we observe how it is diffused in the porous medium at time
t = 0.05, 0.1 and 0.25. For t > 0.5, the solution is very close to the equilibrium.
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=0.25

FIGURE 10. Porous medium equation. one isovalue f(¢,x) = 1.2 of the distri-
bution and its x — y projection at time £ = 0.05, ¢t = 0.1, ¢t = 0.25 and ¢t = 1.

6. COMMENTS AND CONCLUSION

In this paper, we have built a scheme for boundary-driven convection-diffusion equations that
preserves the relative ¢-entropy structure of the model. We gave several test cases that confirm
the satisfying long time behavior of the numerical scheme in different settings (non-homogeneous
Dirichlet /generalized Neumann boundary conditions, explicit and implicit time discretization, linear
and nonlinear model).

There are several directions that may be investigated for future work. The first objective is to
generalize this scheme to anisotropic diffusions. This mainly requires an adapted discretization of
the gradient operator in every direction and there are several papers [17, 14, 15, 18, 10] of Eymard,
Herbin, Gallouet, Guichard and Cances are dealing with this issue. Their techniques are based on
hybrid finite volume schemes for which the discrete gradient relies on the use of auxiliary unknowns
located on the edges between control volumes. This approach seems to be adaptable to our scheme
provided that the gradient can be defined in a ¢-independent way in order to preserve the whole
class of Lyapunov functional.

The spirit of our scheme is to start from a consistent discretization of the steady state and build
the transient scheme upon the latter to ensure a satisfying behavior in the long-time asymptotic.
Therefore, another less specific direction would be the adaptation of this strategy to other types of
numerical scheme (Discontinuous Galerkin, Finite elements, etc.).

Finally, as we saw in the introduction, many kinetic models (depending on space and velocity
variables) such the Vlasov-Fokker-Planck equation or the full dumbbell model for polymers write as
the sum of a transport in space and a (convection)-diffusion in velocity. The second part of these
models is treated in the present paper. While the diffusion operator is not coercive in all the variables,
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thanks to the phase space mixing properties of the transport operator, this still leads to an entropy-
diminishing behavior and a trend to a global equilibrium. This property is called hypocoercivity [27]
and its preservation by numerical schemes has never been studied to our knowledge and this would
be another interesting extension of this work.
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