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ABSTRACT. The main concern of this article is the study of a nonlinear Vlasov-Poisson-Fokker-
Planck equation describing the electron dynamics in a thermonuclear fusion plasma, in the regime
of a small electron-to-ion mass ratio (¢ < 1). The first part of this work focuses on the rigorous
€ — 0 asymptotic study, based on hypocoercive techniques, permitting to understand the transition
from the kinetic level to the macroscopic, adiabatic electron level. The second part introduces
a Hilbert-Fourier spectral method enabling to treat without too much numerical effort the above
mentioned electron transition. This scheme has in particular the nice property of being Asymptotic
Preserving in the sense that e-independent meshes can be chosen, without degrading the accuracy.
Some numerical tests are finally performed validating on one hand the scheme and underscoring on
the other hand the mathematical results.
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1. INTRODUCTION/MOTIVATION

The concern of the present work is the study of the ¢ — 0 asymptotic limit of the following
coupled, nonlinear 1D, 1D, Vlasov-Poisson-Fokker-Planck model

1 1 1
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associated with an initial condition f*(t = 0,-,-) = f{ and evolving on the phase-space (z,v) €
T, x R, with T, a periodic domain. System (1) describes the time evolution of the electron
distribution function f€(¢,z,v) in a thermonuclear fusion plasma, where the ions are assumed to
form a fixed background interacting with the electrons only via the self-consistent electric field
E*. The given ion density n;(t,z) is considered time-dependent and sufficiently smooth, typically
n; € WhH((0,T); LY(T,)). The small parameter ¢ € (0,1) is related to the small electron-to-
ion mass ratio and the asymptotic regime € < 1 corresponds to a situation where the electron
dynamics is very fast as compared to the ion motion, which fixes the reference time-scale in current
simulations [9, 10, 16, 24]. In particular, to avoid the cumbersome resolution of an electron kinetic
equation, present codes describe the electron dynamics through the so-called electron Boltzmann
relation

(V)e (1)

n(t,z) = c(t) e?™® | V(t,z) € Ry x Ty, (2)

with c(t) defined by the mass constraint [; n(t,) dz = [; n,(t,z) dzv = m. This relation (2)
says that in the regime of a small mass ratio ¢ < 1, the electrons tend towards a thermodynamic
equilibrium relating directly the electron equilibrium density to the electric potential. The validity
of this adiabatic electron model is however rather controversial. Indeed, this model seems to break
down in some situations, as for example near the edge of the tokamak [13]. Unusual electron
temperature enhancement are observed when using this relation to describe the electron dynamics
rather than a fully kinetic model. It is hence of first importance to understand the asymptotic
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passage from the kinetic (mesoscopic) model (1) towards the adiabatic (macroscopic) one (2) and
to propose some corrections. For more details about the scaling of the electron kinetic model (1)
we refer the interested reader to [14,26].

The asymptotic limit ¢ — 0 of (1) is a singular limit, thus the theoretical as well as numerical
investigations are rather complex. Different scalings are usually studied in literature, for example
the hydrodynamic scaling, studied for instance in [30], which is based on the equation

1
Ouf* +v 0, = B 0,1% = —C(f),

where C is some collision operator. One encounters often also the drift-diffusive regime [1,17,29],
based on the following scaling

1 1 1
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Our present scaling (1) is a different one, the main particularity coming from the fact that the
collision (diffusive) operator acts at the same order as the transport (mixing) operator, leading to
a more delicate struggle between these two very different operators.

In this paper, we shall firstly focus on a rigorous obtention of the electron Boltzmann relation
(2) starting from the fully kinetic model (1) and performing the adiabatic asymptotic limit ¢ — 0.
Our rigorous treatment uses the tools of hypocoercivity theory. More precisely, we decide to follow
the so-called ”Awuziliary operator method” [1,12,20,21] build upon a weighted L?-setting. Usually,
hypocoercivity is a tool useful in the study of the long time asymptotics ¢ — oo, but we adapt it
to our needs, especially for time-dependent ion-densities n;, in which case the limit e — 0 of (1)
is not equivalent to the long time asymptotics. We underline that other approaches also exist, set
down for instance in a H!-framework [33], in a H~!-setting [2,7] or in a general H®-setting [22].
For some introductory material on hypocoercivity theory, one may read [20, 33].

The present analysis is carried out in a Hermite spectral formalism. Specifically, let us denote by

1

M(v) = ﬁe”ﬂ/ 2 a Gaussian velocity distribution function and introduce the following weighted

measures dy(v) := M~!(v) dv on R, as well as do(z,v) := drdy(v) on T, x R,. Furthermore
we shall denote for a measured space (2, du), by L2(Q) and H}(Q) respectively the L?- and H*-
spaces associated with the measure du. With this, we expand our particle distribution function f¢,
solution of (1), in a Hermite basis corresponding to the velocity variable v

f‘s(t,x,v) = chi(th)wk(v)? (3)

k>0

where {1y }ren are well-chosen Hermite functions, forming a complete, orthonormal basis of L% (Ry)
and defined in Section 4.1. There are several advantages, when using a Hermite spectral method
for the discretization of the velocity variable. Firstly the functions {¢j}reny form a complete,
orthonormal basis of L%(RU) with respect to the Gaussian weights, such that these basis functions
seem to be optimal to approach Maxwellian-like distribution functions in v. Secondly, the lower-
order terms in the expansion (3) are related to the low-order moments of the distribution function
f¢, namely to the macroscopic quantites like density, momentum and energy, quantities which are
usually of interest. Thus, such a Hermite spectral method will permit somehow to make the link
between the kinetic and the fluid descriptions, and is particularly well suited for our asymptotic
study € — 0.

The idea to describe the particle density function as an (infinite) sum of orthogonal polynomials
related to the Maxwellian form of the equilibrium is not new. In [8], the author used Sonine’s
polynomials, in order to simplify the integral forms of collision operators, and in [18], the author
used N-dimensional Hermite polynomials to approximate the particle density function, solution of
the Boltzmann equation. The use of such type of Hermite expansions for the numerical resolution of
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1D, 1D, Vlasov-Poisson equations goes back as soon as the end of the 60’s [3,19]. The community
then lost interest in these methods, as the computational capacities of that time were not enough
to compute - with a high resolution - systems like Vlasov-Poisson. However, in the last decades,
these techniques regained interest, and were widely studied and used in the design of numerical
schemes [4, 15,28, 31, 32].

Our idea to use a Hermite-decomposition in the velocity variable is related to our aim to study
theoretically as well as numerically the adiabatic electron asymptotics € — 0 of the kinetic model
(1). We performed a mathematical analysis of the asymptotic behaviour of f¢ and deduced some
rates of convergence of each Hermite coefficient of the decomposition : the higher the coefficient in
the Hermite hierarchy, the faster the convergence, in more details we shall show that Cf = (9(\/%)
in some specific norm. This idea is illustrated in [14] and justifies that the Hermite spectral method
is particularly well adapted for this kinetic-to-adiabatic transition, as one may neglect for small
the high order coefficients in the hierarchy, fact which will lead to large computational savings.

In a second time, we design a Hermite-Fourier-Implicit-Euler numerical scheme for (1) and
investigate its main features in the regime of a reasonably small ¢ < 1. In particular, we measure
accurately the decay rate of several Hermite coefficients with respect to € as well as to their height
in the hierarchy. This numerical scheme will however, at first, not be designed to efficiently handle
the singular limit € — 0, due to the still present time-stiffness.

We finally dedicate the last part of this article to the modification of the above-mentioned scheme,
to construct an efficient Asymptotic Preserving (AP) method to manage finally this asymptotic
¢ — 0 passage on the discrete level, and this without extensive numerical efforts. An AP scheme
has the essential property of being uniformly stable and accurate with respect to a small parameter
-in our case e- and this for a fixed grid. For a complete introduction to the subject, the interested
reader may read [23,25].

1.1. Main results. Let us summarize here the main results of the mathematical analysis of this
paper. Firstly a formal asymptotic analysis is carried out to identify the ¢ — 0 adiabatic regime of
(1). In this limit € — 0, the electron particle distribution function converges towards a Maxwellian
distribution of the form n(t, z)M(v).

Theorem 1. (Limit model) Let (f¢, E°) be a solution to (1), for each fized € > 0, satisfying the
mass constraint

/ fe(t,z,v) dvde = m, V(z,v) € Ty x R, .
v TCL'
Then, the e — 0 asymptotic limit (f°, E°) is given by the following nonlinear, elliptic Limit-model

0t, z,v) = ¢(t) e’ &) v c(t) = 3’62 qg
) [t z,v) = c(t) M(v), (t) =m/ A dz, @

— 02’ + c(t) 2" 7) = ny(t,2) | E° = —0,¢°.

Remark 1. Notice that t is only a parameter in this Limit-model, coming from the time-dependency
of the ion density. Therefore, the value of f° att =0 could be a priori incompatible with the initial
condition of the electron distribution function f€ solution of the kinetic equation (1). We need thus
to address subtly the question of the transition between the kinetic regime (1) and the macroscopic
description (4) for an ill-prepared initial datum. This specific point of an initial layer is also
addressed in Theorem 2.

The identification and well-posedness of the non-linear elliptic L-model will be investigated in
Section 3. In Section 4, the rigorous convergence of (f¢, E), solution to (1), towards the solution
(f°, E°) of the limit model (4), is done via hypocoercivity arguments, the latter being directly
inspired by [1]. It is an analysis conducted in a perturbative context, and based on the linearization
of the transport operator v 0, — E° 0,.
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Theorem 2. (Asymptotic behaviour) Let (f¢, E®) be a distributional solution of the nonlinear
system (1), with a given ion density n; € W1°°((0,T); L*(T,)), such that sz ni(t,z)dx = m.
Assume furthermore that f& € C°([0,T], L2(T, x R,)) and E* = —0,¢° € L>=((0,T) x T,). There
exists then a constant ng > 0 such that, if the initial condition of the perturbation is small enough,
in the sense

||fz€n - n?nMH%g(TzXRv) < 70, Ve > 07 (5)

one finds constants Cy, C1,Ca,e9 > 0 such that

Cqt
Hfa(t) - n0<t)MH%g(’ﬂ‘xva) < COH zan - n?nMH%g('H‘xva)e_Tl + 02627 Ve < 507Vt € [O?T]
(6)

This theorem permits to highlight the presence of an initial layer of size € in time. In other
terms, the influence of an ill-prepared initial condition vanishes exponentially in the variable t/e.
Furthermore, as we shall see in the proof (see Remark 7), the constant Cy in this Theorem depends
solely on the time derivative of the limit density n®(¢,z) = c¢(t)e?” defined by (4). Therefore, Cy is
zero when n; does not depend on time.

Estimate (6) allows also to find an explicit convergence rate towards the adiabatic regime, after
integrating in time, namely

112 = n° Moo ryramaxr.y =, O€P),  forall p € [1, +ocf (7)

Notice that the term related to the dissipation of the initial layer Col|fg, — nd, M||%, (ToxB)E >
is the dominant term. If we assume that the initial condition is well prepared in the sense

15 — n?nM”L?,(TzXRv) = 0(Ve),

we will get an improved behaviour

172 = n° Mooz e,y =, OE*P),  forall p € [1, +ocf (8)

This result will be proven in this paper in a Hermite spectral setting. One may wonder about
the optimality of assumption (5). The reason for this assumption is the perturbative nature of our
approach. In [1], the authors manage to avoid this assumption thanks to a convergence argument
based on the H—theorem. In a context of a time-dependent ion density n;, this latter approach
however fails, and getting rid of assumption (5) remains an open question.

Estimate (6) of Theorem 2 permits also to evaluate the convergence rates of the Hermite modes,
as summarized in the following Corollary.

Corollary 1. (Hermite coefficient behaviour) Assume that the conditions of Theorem 2 are
met. Then decomposing the particle distribution density f€ in the Hermite basis via (3) yields
||CI§||L2((O,T)><TI) =0 < Z) R VE>1 and e<1. (9)

This is a first step towards an efficient numerical treatment of the adiabatic € — 0 regime
of (1). The higher the index in the infinite hierarchy of Hermite coefficients, the smaller the
importance of the coefficient. This estimate is not a pointwise-in-time estimate, but rather an L?-
result. Furthermore, the estimate in k is not sharp, as our analysis is conducted in a L2(T, x R,)
setting . A way to get sharper results would be to carry out an analysis in a H3 (T, x R,) setting,
with a general s € R, as in [22]. This may be the object of future works.

Finally, in view of this estimate, and inspired by the numerical results of [14], we perform in the
rest of this paper numerical simulations to confirm the mathematical results and investigate further
the electron adiabatic asymptotics. Furthermore we adapt this scheme to cope with the singular
limit € — 0, resulting in an Asymptotic- Preserving scheme.
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1.2. Outline of the paper. The paper is organised as follows : in Section 2, we quickly state a
result on the well-posedness of system (1) for fixed €, and give some physical properties of (1). In
Section 3 we identify formally the limit problem when ¢ — 0 and prove some related existence,
uniqueness and regularity results that will be useful in the rigorous treatment. Section 4 introduces
the Hermite formalism we will work with, along with the functional spaces and operators and
their respective properties. In subsection 4.3.1, in particular, we adapt the formalism of [1] to our
time-dependent setting, and state the hypocoercivity properties that will lead to our Theorem 2.
Theorem 2 is proven in Section 5, along with Corollary 1. Finally, in Section 6, numerical schemes
are presented both for the computation of the kinetic problem (1), and of the limit problem (4).
We validate the kinetic scheme thanks to the features of our Theorem 2. Numerical investigations
aimed to highlight Corollary 1 are performed. Finally, in Section 7, we investigate the properties of
this numerical scheme in the singular limit € — 0, considering a fixed mesh. Then we adjust it in
such a way that the scheme becomes Asymptotic-Preserving and demonstrate numerically this last
essential property. The paper finishes with some conclusions and open problems for future works.

2. THE KINETIC VLASOV-POISSON-FOKKER-PLANCK EQUATION

Before starting with the asymptotic study, we shall firstly recall in this section some existence and
uniqueness results about the Vlasov-Poisson-Fokker-Planck model (1), and state some properties of
this equation as well of its solution.

2.1. The kinetic model for fixed ¢ > 0. Many authors have worked on the mathematical study of
this type of Fokker-Planck equation for given electric force fields, showing the existence/uniqueness
of strong/weak solutions, local/global in time. For the coupled, nonlinear Vlasov-Poisson-Fokker-
Planck problem (1), see for ex. [11] for a global strong existence result in 2D,2D,,, or [5] where
an existence result in the 3D,3D, setting is proven, assuming only the initial condition to be in
L' N L™, with finite moments of order 6.

The long-time behaviour of the solutions, in the case of a time-independent ion density is also well
documented : see [6] for instance, for a method based on compactness techniques. More recently, [1]
extends those results by giving an explicit convergence rate towards the long-time equilibrium,
in a L2(T, x R,) setting and using hypocoercivity techniques. The long-time asymptotics in a
H}(T, x R,) framework is studied in [22].

Our problem (1) is slightly different due to the presence of a time-dependent ion density and
we state the following existence and uniqueness result based on bootstrap arguments, fixed point
techniques, Duhamel formulations and short time regularizations (see [20, 21,27, 33] for this last
point) of the operator P : D(P) C L2(T, x R,) — L%(T, x R,), P := vd, — 9, [v+8y]. One
can check [20] for a proof of the following theorem, proof that adapts without any difficulty to our
setting.

Theorem 3. (Existence and Uniqueness) Let ¢ > 0 fized, n; € L>=((0,T); L*(T,)) and an

initial condition ff, € L2(T, x R,). Then there exists a unique couple (f¢, E¥) of mild solutions of

(1), satisfying f¢ >0 and
o 1€ C%[0,T), L2(Ts x Ry)),
o F° e L>((0,T) x T,).
A mild solution of (1) is a couple of functions (f¢, E°) satisfying
t
PO = fin v 1 [ IO £ s) ds,

0
Eaz_r(be, _rx(ba:ni_ni:ni_/ fadv7
Ry

—tP/e

where e is the semigroup generated by the operator P/e.
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Remark 2. Notice that with this definition of a mild solution, f€ is also a solution in the distributional
sense, and one can show furthermore that f¢ € L*((0,T) x TI;H%(]RU)).

Remark 3. Let us remark also that ¢° is unique up to an additive constant. How this constant
shall be fized is of no importance for the computation of the distribution function f€, however it has
to be specified if one is interested in the computation of the potential.

2.2. The Fokker-Planck Operator. For the study of the asymptotics of f¢ towards f° it is
important to know more about the linear Fokker-Planck collision operator, given by

C:D(C) C L2(Ry) = L2(Ry),  C(f) =0y [v [+ Ouf] =0y [M Oy (A{tﬂ ; (10)

with definition domain

D(C) = {f € L3(Ry) / C(f) € L3(Ry)}.
Remark that C acts only on the velocity variable, the time and space variables are considered as
parameters. The following proposition summarizes now the properties of conservation and entropy
decay, which are very easily proven using (10).

Proposition 1. The Fokker-Planck collision operator C defined in (10) satisfies the following
properties:

o Mass conservation:
[ etnav=o.  vrepey
Ry
o FEntropy Decay:

A C(f)I(f/M)ydv<0,  VfeDEC), C(f)ln(f/M)e L'(Ry);

o Thermal equilibrium.:
/R C(f)ln(f/M)dv=0 <& f(v)=nM(v), neR,
V€ D), C(f)ln(f/M)e L' (R,).

Let us observe furthermore that this collision operator does not preserve momentum and energy.

2.3. Macroscopic quantities and H-theorem. We shall associate to the particle distribution
function f¢ macroscopic quantities, like the particle density, the local current and the kinetic energy
densities given respectively by

ne(t,z) := fet, z,v) do, Jo(t,x) == (n°u®)(t,x) = / v f¢ dv,

RU v

1
w (t,x) == 2/ v? f€ d.
Taking the moments of (1) one obtains the non-closed system of macroscopic conservation laws

1
(9tn€ + g 83;]5 = 0,

2 1 1
j° + = Opw® + =n° E° = —= j°, (11)
€ € €
1 1 2 1
Opw® + o= 9, (V7 ) + = j° BT = == w4 —n®,
2e € € €
where we used the notation (g) := va gdv. To close the system one has to express the term (v f€)

be means of the quantities (n®, u®,w®). This can be done in the limit ¢ — 0, leading to a fully
well-posed macroscopic model.
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The remaining part of this section is not necessary for the rest of this paper, is added however
here for completeness, permitting a better understanding of the ¢ <« 1 regime. The kinetic and
potential energies corresponding to problem (1), are defined as

//vfst:vv )dvdx, PE(t): /|8x¢5tx)|2dx
:/TZ/RUfgln(fa) dvdz.

Thus, the free-energy, which is the sum of the last three terms, is given then by

1 1
:/ / v? f° dvda:—i—/ 10,072 da:—i—/ f€ In(f%) dvde,
2 Jr, Jr, 2 Jr, T, JR,

and the free-energy dissipation by

/1/ ivfg—i-(?fsi?dvdm—él//

The relative entropy will be denoted and defined by

H(flg) = /T /R (f (f/g) — f +g) dvda.

All of these quantities are connected through the so called H-Theorem.

and the entropy is

fe/M Mdvda:

Proposition 2. (H-Theorem) Assume f¢ to be a strong, as smooth as desired, solution of (1),
and assume that n; € LY(T,) is time-independent. Multiplying the Fokker-Planck equation with
In(f/M) and integrating over the phase space (x,v), we obtain the evolution equation

d € €12 13 _
dt%(f//\/t +2dt/ 0¢°|” da + — D() 0, (12)
which yields, after integration in time
e Fe(t / D(s)ds = e F°(0). (13)

Equally, one can obtain the following relation

(iitH<f> th/lé‘mstx 0,6°(2)[2 do + = // \/JT

3. FORMAL IDENTIFICATION AND WELL-POSEDNESS OF THE LIMIT MODEL

Mdvdz=0. (14)

Let us investigate now formally the ¢ — 0 limit of the kinetic model (1) in the aim to identify
the asymptotic limit model. We shall prove Theorem 1, saying that if f¢ is a strong solution of (1),

of mass m, then formally f& — f°, where f° is given by the limit model (4), which we remind here
fOt,z,v) = c(t) e‘i’o(t’x)/\/l(v), c(t) = +, m —/ / 12 (z,v) dvde,
(L) Jr. ed"(t:) .

- qub(] + C(t) ecZSO(t,m) ="n;.
Proof of Theorem 1. To obtain the Limit-model, several steps are performed:

(a) H-theorem: Multiplying the kinetic equation (1) by ln(eqﬁfigM)
permits to show that

/ c(fY 1n< f° )dvdx—/ C(fHIn(f°/M)dvdz =0,
z /Ry z /Ry

yielding (see Proposition 1)
Ot z,v) =n'(t,z) M, V(t,z) € RT x T,,

and letting formally ¢ — 0
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with n%(t, z) still to be determined.
(b) Struggle between transport and collision operator: If we make now use of the kinetic equation
(1), we get at highest order in e the equation

v, f' — E°9,f° =C(f).
Inserting the Maxwellian f© = n°(¢, ) M obtained in the first step into this last equation,
yields
v M—E'n°oM=0 = 9,n°-n0,0° =0,
permitting to get finally the Limit-model (4).
OJ

Thus it is the combination between the dissipative operator (H-theorem, step (a)) and the
transport operator (step (b)) which permits to converge towards the Boltzmann equilibrium.

Remark 4. Item (b) can be also replaced by a different strategy, the so called moment method,
using the macroscopic equations (11):

(c) Show that in some sense j© —> 59 fR v f0dv =0 and w® —> w’ = N fR v?2 fO0dv =n?
(d) In the limit e — 0, the second equatzon of (11) yields then formally
9,m° +n°EY=0.
The existence and uniqueness of a solution of the obtained limit-model (4) for a fixed ion density

n; is given in the following proposition.

Proposition 3. (Existence and uniqueness) Let us fiz the total electron mass m > 0 and
furthermore assume that the ion density is known, satisfyingn; € L>°(Ry; LY(T,)) and the constraint
sz n; dx = m. Then the non-linear elliptic problem

— 03 d” + c(t) e?’(t2) — ni, (15)

associated with the intrinsic solvability condition
c(t)/ e’ %) dy = m, (16)

periodic boundary conditions in © € Ty and the additional constraint
¢O(t7x> dz =0, (17)
Tz
admits a unique solution ¢° € L®(Ry; H'(T,)). Furthermore, thanks to (15) one has even
D € L¥(R,, WH(T,)) € L®(Ry x T,).
If the data are more regular in space, in particular for n; € L®°(R; L?>(T,)) one gets more reqular

solutions, namely ¢° € L= (Ry; H*(T)).

Proof. Let us start by considering firstly the time t € R4 as a parameter and let us introduce the
space H = {g € HY(T,) / Jr, 9(x) dz = 0}. The proof is then divided in three steps.

1. Step: Emistence/uniqueness for fived t € R.
Standard elliptic theory permits to show the existence and uniqueness of a solution ¢°(¢) € H to the
equation (15)-(17). This is based on the minimization of the strictly convexe, Gateaux differentiable
functional on the space H

£(¢):—;/T |8$qb]2dx+mln</1r e¢dm)—/ n; ¢ da .

Remark that one has the compact injection H'(T,) C C(T,).
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2. Step: Regularity in time.
The regularity in time comes now from the fact that ¢ is only a parameter in (15). Indeed, multiplying
this equation with ¢° € H and integrating in space, yields

105172, (1) +m /T ) ¢0(t, ) du = /T ni ¢°(t, ) da,

leading, via Poincaré’s inequality and with some time-independent constants «, 8 > 0, to

Mgy @+ [ PP ta) do < il 19°Ollm)
—m [0 e (t2) 60 (¢, ) da
< nillzar,) 16° ()| oo (1) +m||¢0(t)||L1(1rz)
< Bl Olair,) -
Thus one has [[¢°(t)|| g1 (r,) < B/a for all t > 0.

3. Step: Regularity in space.
For more regular data, namely if n; € L°°((0,T); L?(T,)) one gets immediately from the equation
(15) that ¢° € L®°(Ry; H*(T,)), for all t € Ry. O

We therefore have an existence result for the Limit problem (15), associated with the constraint
(17). This constraint was comfortable to work with when dealing with existence and uniqueness,
but for the proof of Theorem 2, it is more convenient to use the following constraint (18), namely

/ ?" () dy=1. (18)

x

Notice that if ¢V satisfies (15) to (17), then ¢° —In (sz e’ dx) satisfies (15),(16) and (18).
We shall now give a further time-regularity result for the solution of the limit problem with this
constraint (18).

Proposition 4. (Further time regularity) Assume further n; € WbH°((0,T); LY(T,)), with
fo ni(t,z) dz = m and denote by ¢° the solution of (15)-(16) associated with the different constraint
(18), namely

/ P qy =1.

x

Then the solution actually has the reqularity ¢° € WLH>°((0,T); HY(T,)). One can further show that
0y € L=((0,T); WH>(Ty)).

Proof. This proposition is proven by derivating in the weak sense equation (15) : 9;¢" is the solution
of the following linear elliptic problem in g

/ g(t, ) (%) 4z = 0.

x

Standard elliptic arguments permit to conclude that this problem admits a unique solution g =
O € L>=((0,T); H'(T,)). Using again the equation permits to have further d,,g € L>((0,7T); L'(T,))
and hence 9;¢° € L>((0,T); W1(T,)). O



10 E. LEHMAN AND C. NEGULESCU

4. RIGOROUS ASYMPTOTIC VIA HYPOCOERCIVITY ARGUMENTS

In this section we shall treat rigorously the € — 0 asymptotic limit of the Vlasov-Poisson-Fokker-

Planck system (1) with initial condition ff, € L2(T, x R,) and a given time-dependent ion density

n; € WH°((0,T); L*(T,)). This shall be done using hypocoercivity arguments. Let us begin by
recalling our starting kinetic problem

1 1 1
Of + Zv0af" — ZE 0,f° = _0u [0 f* +0uf]

(V)E - x$¢E:ni_n€7 Es: - m(bga nE: fs(t,l','l))d’l),
Ry

fE(t=0,z,v) = f; (x,v),
which admits (Theorem 3) for each € > 0 a unique mild solution (f¢, E¢) verifying

o f2eC%[0,T], L2(T, x R,)) N L*((0,T) x Ty, H}(Ry)),
o [F=—0,¢° € L=((0,T) x T).

The corresponding nonlinear elliptic limit problem (15)-(16), with the additional constraint (18) to
fix ¢°

no(t,:v) — me?' (60 ,
o__.. _ .0
(L) —Ogz®” =n5 — M, (19)

/ 1) g =1,

has (Proposition 4) a unique solution ¢° € W1>°((0,T); H'(T,)), such that 9;¢° € L>((0,T); W1>°(T,)).
The ¢ — 0 asymptotic study will be performed in a Hermite spectral formalism we shall define now.

4.1. The Hermite spectral formalism. Let us start by expanding the electron distribution
function f¢(t,x,v) as follows

Nk

et m,v) =) Cilt,x)Yp(v),  finlz,v) = Crin(@)r(v), (20)
k=0

e
Il

0
where {1y }ren are Hermite functions defined recursively as
VE + 1e41(0) = vipp(v) — Ve e_1 Y 1=0, =M, y1=0M, (21)

and which satisfy
W) = —VE 1T (), / Un(0) d(v) dy(v) = 8., kL€ N.

These Hermite functions form a complete, orthonormal basis of L%(]Rv). System (1) therefore
rewrites as an infinite hierarchy of nonlinear, coupled PDEs

e Q05 (t,2) + VEk 0,051 — VEkdp¢® (t,2) C5_1 +VEk +19,C5 . +kCE =0, VkeEN,
- J?.Z‘¢€ =N — 057 (22)
Cli(t =0, ) = Ok,i?"m

where we set C°; := 0. Remark that the Fokker-Planck collision operator becomes now in the
Hermite-framework a simple multiplication operator.
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We shall prove in the next sections the € — 0 convergence of the distribution function f¢ towards
the limit problem (19) by using this Hermite-approach and showing that in some sense
Cg —e—0 nou
Ci, —es0 O, Vk € N,
8z¢€ —7e—0 8&:¢07
where the quantities (n°, %) are solutions of (19).
4.2. Filtering of the equilibrium. Our strategy is to use a perturbative approach, based on the
decomposition f& = n°(t,z)M(v) + ¢°  which reformulates, in Hermite variables, as
—_———— ~—

asymptotic regime fluctuation

“(t,x,v) Zthxwk g (t,x,v) = Z’yktxzﬂk
with
G5 = n’+7%,
Ci = 0+, Vk € N¥,
6 = O+,

and we want to show that these new variables ({7} }ren, ¢°) converge to zero in a way that we shall
specify later. The decomposition in asymptotic and fluctuating part leads to the following set of
equations for the fluctuating Hermite variables ({7} }ren, ¢°)

(075 + 0y = —e0n®,
£ 0 + 0§ — 0085 + V20,75 — 0pp°n® + 75 = D075,
evE + Vi1 — VE 90"y 1 +VE + 10751 + kg = VEOwp iy, Yk =2

e _ €
\ —Ozz¥ = —0>

(23)

where we used that the limiting density verifies 9,n° = 9,¢%n°. In the following, the fluctuation
variable vector {7} }ren will be simply denoted by +° and we shall fix the fluctuating potential by
imposing [ ¢° dz = 0.

Remark 5. Notice that integrating with respect to x € T, the relation C§ = n? + g yields the
constraint

/Wg(t,:c)dxzo, vt € [0,T].

This remark, along with the functional space to which f€ belongs, invites to define the following
Hilbert spaces for the fluctuating Hermite-coefficient vector ~¢

13(N, L(T,)) := {%FNLQ //7O dm—O}

BY(N, L3(T,)) = {v SBMNIAT) | Y kil < oo} .
Therefore for '
£ €C([0,T], L2 (Ty x Ry)) N L*((0,T) x Ta; H}(Ry)),
and ¢° € WH((0,T); H'(T,)), we have the following regularity of the fluctuation variable
7* € C([0, 7], [§(N, L*(T4))) N L*((0,T), ho(N, L*(Tz)))-
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Let us introduce now some notation enabling to write system (23) in a more concise way, namely
e + T =Ly =eS+ Qv (24)

where for smooth a = {ay }ren € 13(N, L%(T,)) the time-dependent linearized transport operator is
defined (for given (n°, ¢%)) as

8;]0051 T
Dy — 00t )+ V20,00 — Oppan®(t, )
20, — 20,¢°(t, - 30,
Tia == V20.0: V20:¢°(t,)eu + V30za3 7 (25)

\/Ea:vak—l - \/Eam¢0(t, ')ak—l + Vk+1 6Zak’+l

with domain D(T;) := {a € I3(N, L?(T,)), Tea € I3(N, L*(T;))} and ¢, computed via

—OpzPa = —Qp, / padx =0.
Ty

The linear Fokker-Planck collision operator £ has the simple form
Lo = [0,—a, -, —kag, -], (26)
with domain D(L) = h?(N, L*(T)) := {a € I*(N, L*(T4)), >} k?2||04k||%2(1~w) < o0}

The source term S contains terms coming from the time-dependence of the density
S(t,x) :== [-9n°(t,x),0,---]",
and @ is the term regrouping all the ”small” quadratic fluctuation terms

Q[Oé] = [0, 896@040507 cee \/Eaxtpaak_l .. .]t .

Finally, in order to distinguish between the macroscopic part and the mesoscopic part of the
distribution function, we define the following projection operator

Mo = [ay, 0, - - -]t, and (Id —IMa:=[0,a1, -, o, --]t, (27)

where IT : [2(N, L?(T,)) — ker £ is the orthogonal projection on the set of local equilibria of the
Fokker-Planck operator.

4.3. The functional space and its properties. The aim of this subsection is to introduce all
the necessary ingredients required to prove our main theorem, in particular the functional spaces,
functional inequalities etc. Let us consider the time-dependent measure defined on T, by dn:(z) =
(n°(t,x))"'dz and the space L7, (T.), which is nothing but the L?(T,)-space endowed with the
slightly different Hilbert scalar-product, given for fixed ¢ € [0, 7] and a,b € L?(T,) by

<a,b>L%t(Tx) ::/T a(z)b(z) dn(x).
We will work in this paper with the space 12(N, th (T,)). This last choice of space is actually the
same as in [1], however with the difference that we are using the Hermite spectral formalism for
the velocity variable, and a time-dependent setting. Adapting their work, let us use the following
time-dependent norm on the closed subspace 3(N, L%t (T,)) := {a € I*(N, Lgh(']l'x)), sz apdz =0}

(o.9]
ol == 3 Nl + | (Oaa)?do (28)
k=0 Tz
where —0,,pq = —ag defines ¢, through the constraint me podzr = 0. We are thus incorporating

a nonlocal term in our norm. We denote by (-, -); the associated time-dependent scalar product.
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We will furthermore make use of the adjoint operator and the orthogonal to a functional space
X. These notions depend on t, but since we will never consider simultaneously two times, we just
denote them as usual by * and X and without ambiguity.

In the following proposition, we shall regroup the properties of 13(N, L%t(?l"x)) endowed with the
|| - || norm.

Proposition 5. (|| ||; norm)

(1) The space L%t (T,.) is uniformly in t equivalent to L*(T,), more specifically, there exist time-
independent constants ¢, C' > 0 such that

clpllizr,y < IRlZz 1,y < ClAlL2r,), VA€ LX(TL), Vte[0,T).

(2) There exist furthermore time-independent constants ¢,C > 0 such that we have the norm
equivalence

C||O‘||l22(N,L2(’]I‘z)) < ||04||1t2 < C'||04||l22(N,L2(1rI))’ Va e l%(N»LQ(Tx)), vt € [0,T].
(3) T; is skew-symmetric, namely
(T, )y = 0, Va € D(T;), Vtel0,T].
(4) 11 is symmetric, i.e.
(M, B) = (@, 11B)e,  Va,B €PN, L*(T,), Vte[0,T].

Proof. The first point is a result of the fact that ¢° € L*((0,T) x T,). The second point is
due to the the first point, and the following sequence of inequalities, obtained from the classical
Poincaré-Wirtinger inequality

0< [ @upde < [ (00 de < r ool i,

For the third point, we compute

o0

(Ticv, o)y = Z<v k4100511 + VEkdpag_1 — VEk0,¢°(t, ag—1, k)2 (T,)
k=0
+ /11‘ 020 Tia0zpa dx - <az$0an0> O41>L,27t (Ts)

non-local part of the scalar product additional term of k=1

— Z<\/ k+1 axak_H + \/E@xak_l — \/%896(;50(75, .)ak_l, ak)L%t(Tz)
k=0

+/ 8$<p7;a8$<padx—/ Oppaa d.
T, .

The first term in this equality sums to zero, because of an integration by parts and a telescopic
sum, and the two other terms cancel out, because of an integration by parts and the fact that
Orz0Tia = (Tia)g = Oza. The fourth point is straightforward. O

Remark 6. To simplify the notation and due to the equivalence property of Proposition 5 (1) and
(2), we shall denote in the following simply by L*(T,) the space L,Qh (T,) endowed with the norm
(28).

Proposition 6. (The linear Fokker-Planck operator) The linear Fokker-Planck operator
L:D(L) = h*(N, L*(T,)) — I*(N, L*(T,)) satisfies the following properties
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(1) L can be extended to an operator

£ W' (N,L2(T,)) — h™ (N, IX(T,)) = {{ak}keN e AT [ 3 Hlowlage, < oo} -
k>1

(2) L is self-adjoint, namely, D(L) = D(L*), and
(Lo, B = (o, LB)y, Vo, € D(L), Vtel0,T].
(3) L is a closed operator, and we have that
Im £ = (ker £)* = (ker £)* = {a € I*(N, L*(T,)) / ag = 0}.
(4) Microscopic coercivity : The operator —L is coercive on (ker £)* ND(L), namely
—(La,a)s > ||(Id —)el|?,  Vte[0,T], Va e h*(N,L*T,)). (29)

The Microscopic coercivity property (29) expresses the fact that the collision operator relaxes
the electron density towards a local Maxwellian distribution function belonging to the kernel of L.
We only prove the fourth point, as the first three ones are immediate from the definition of £ and
its expression in terms of the Hermite coefficients (26).

Proof of (4). The micro-coercivity property is the reformulation of the following inequality

(o] o
> klarlzz ) > > [CAZRERE
k=1 k=1

where we keep in mind that ¢z, = 0. The conclusion follows from Pareseval’s theorem.
O

Now that we have introduced the notations and explicited some properties of the functional space,
we are ready to move to the next subsection, dealing with hypocoercivity and aimed to be a toolbox
that we will use in Section 6.

4.3.1. Hypocoercivity toolbozx. Entropy methods are strategies for proving the exponential decay

of solutions of evolution equations of the type

owu+ Bu =0,
(30)
u(t=0,-) =ugp,
towards the equilibrium solution ue, satisfying Bue, = 0. The main idea is to find a suitable

entropy functional (Lyapunov functional) in terms of the considered operator B and equivalent to
the underlying Hilbert-norm, permitting to measure the decay towards the equilibrium. For ex.
to find a scalar-product (-, )3, equivalent to the underlying scalar-product, however for which B is
coercive, meaning

(Bu,u)p > M[u||%, Yue D(B)N (ker B)*,

such that one obtains from (30)

5 g llullz = (O, u)p < —Allullz,
leading with Gronwall’s lemma to the desired exponential decay
()| < e [luollg, vt >0.

In order to prove Theorem 2, namely the exponential decay of f€ in the t/e¢ variable, towards
the asymptotic regime n° M, we shall investigate the convergence towards zero of the fluctuations,
solutions of the Hermite system

€0 + TV — Ly =S+ QY] (31)
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trying to find a suitable functional F;, which is equivalent to the norm || - ||; (uniformly in time)
and which satisfies moreover an inequality of the form

d

7107 < G (F()), (32)

with G. a certain non-linear function.

Unfortunately the operator 7; — £ is not coercive for the || - ||; norm, we rather have for & smooth
enough

((Te = L)a, a)e > [|(Id — ). (33)

This fact is due to both, the skew-symmetry of the transport operator and the microscopic coercivity
of £, which is coercive only on (ker £, 2N, LQ(TI)))L7 and not on the whole space. However, from the
formal analysis performed in Section 3, we observed that the operator 7; — L relaxes nevertheless
the macroscopic part ITa towards zero, so that we can still expect an inequality of the form (32).

The problem is that the transport operator, skew-symmetric, is absent from the computations,
while its mixing properties are essential to get an exponential decay in this || - ||; norm. This
problematic has been widely called hypocoercivity.

There are several ways to introduce the effect of T; to get the desired exponential decay for the
hypocoercive operator T; — L. Inspired by [1], we choose the so-called auziliary operator method.
The idea of this method is to add a well-chosen correction operator A; to the standard entropy

functional, and hence instead of working with the usual || - || norm, to work with the modified
functional
1> 1 &g 1> &g
FeF (@) = 507 llE + 0 (A7), (34)

with § > 0 to be tuned later on. This functional will be designed in such a manner to be a Lyapunov
functional for (31), and furthermore equivalent to the || -||; norm. The operator A; shall incorporate
somehow the role of the transport operator 7.

The choice of the operator A; is inspired by the Drift-Diffusion limit [1] and is defined by

Ay = (Id + (T (Te10) ~ (Ta1)*,

where the adjoint operator * is, for fixed ¢, the adjoint operator corresponding to the Hilbertian
scalar-product (-,-);. The role of the operator A; in the modified entropy (34) is similar to the
mixing term (Vz&, V,€) (see [21]), which, as the name suggests, permits to mix the two space and
velocity variables in order to recover the missing space derivatives in the coercivity inequality (33).

The well-posedness of this operator
Ap 2 I3(N, L*(T,)) — I3(N, L*(T,))

is a consequence of Lax-Milgram theorem, as stated in the next Proposition. In the next subsections
some essential properties of this operator A; will be summarized, being the basis for showing an
estimate of the type (32).

4.3.2. Properties of the mizing operator A;. The first inequality we shall introduce can be seen as
the coercivity of the operator (7;)*7; on the space ker LN D((T;)*Ty).

Proposition 7. (Macroscopic coercivity) Let T, be the transport operator defined in (25). There
exists a constant A\py > 0 such that

ITeall? > AufllTal)?, Ve [0,T], Va € BN, H(T,)). (35)
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This uniform in time spectral gap inequality leads to the well-definitness of the operator Az, and
furthermore, to the coercivity of AyTAL on I3(N, L%(T,)), namely

(AT, o)y > HA]‘iHHaH?, vVt €[0,T], Va €l3(N,L*(T,)). (36)
M

Proof. This property is based exclusively on the ideas of [1], with the specificity of the uniform-in-
time Poincaré inequality given in Lemma 5, and also on Lax-Milgram theorem. Let us make here
some further comments. The first inequality is a spectral gap inequality, indicating a uniform in
time lower bound on the first eigenvalue of the positive operator (T:II)*T;II. The second inequality
is a consequence of the first one: since A;T;II is just the composition of z + z(1 + 2)~! with the
operator (TI1)*(T;II), diagonalizing this operator (T;IT)*(7;II) leads to the second point. O

Decomposing now the space [3(N, L?(T,)) as
I§(N, L*(T,)) = ker £y;2(y, 12 (t,)) @ (ker [’|13(N,L2(’J1’I)))J_a

we see that the microscopic coercivity (29) guarantees a coercivity of the operator 7; — £ on
(ker Lz, LQ(TI)))J—, which is the reason of the relaxation towards zero on this space, whereas on
the subspace ker £, the reason of relaxation towards zero will be the transport operator, and more
explicitly, the macroscopic coercivity property (36) of the operator 7,*7;.

Now, the computation of 5%]—}(75) will lead on one hand to the appearance of the microscopic
and macroscopic coercivities, but on the other hand also to many other terms, that need to be
controlled. We will detail the properties used to bound all these terms in the rest of this subsection.
Some of these properties are identical to those introduced in [1] and will hence not be proven here.

Observing that we have

0

Opag — 00 (t, )y — Oppan®(t, -
il | 7200~ 59000 — gt

yields immediately the so-called parabolic dynamics property IITII = 0, which implies, as in [12],
the following Lemma.

Lemma 1. [12] (Parabolic macroscopic dynamics) Let a € I3(N, L*(T,)). First we observe
that I1A; = Ag, which leads to

[Ase|f + 1T Al = (e, TiAwa): (37)
and then to
1
ol < 1 (I~ Wall, Ve 0,7] (39)
We deduce that Ay = Ai(Id —1I1) and

[TiAserlle < [|(Td = IDarlle, V€ [0, T]. (39)
For the remaining terms we have the following Lemma.

Lemma 2. (Bounded auziliary operators) Set a € I3(N,L*(T;)). The auxiliary operator Ay
has a reqularising effect, namely we have

1
[AeLalle < 5 [(Td —Ialls, vt e [0,T7], (40)

and A > 0 independent on time, such that
[ATe(Id — el < Af[(Id — Mall,, VEe[0,T]. (41)



MULTISCALE FOKKER-PLANCK EQUATION 17

Proof. The proof of inequality (40) is exactly as in [1]. The proof of (41) is quite technical, but
follows the lines of [1], Lemma 20, and is mainly based on integration by parts and the use of
Poincaré type inequalities. A difference between [1] and our result is the time-independence of the
constant A that needs to be addressed. This is assured because of our uniform in time Poincaré
inequalities (see Lemma 5). The beginning of the proof follows exactly step 1 and 2 of [1]. However,
keeping in mind that in our case n°, 9,¢° € L>((0,T) x T,) permits to greatly simplify the proof,
as we do not need the estimates of their step 3. Their inequalities (32)-(33) of step 4 are a direct
consequence of their inequalities (27)-(28). O

Now, because of the time dependency of the weight, as opposed to [1], there are some additional
terms appearing in our computations. We show in the following Lemma that these additional terms
can be properly handled.

Lemma 3. (Specificities due to the time-dependency of n;) The commutator [0, A¢] =
O Ay — A0y is uniformly bounded, namely

1[0:, A¢lelle < Cil[(Id = IDal[¢,  VE € [0,T], (42)

Va < LOO((Oa T)v lg<N7 L2(T$)>)7
with Cy > 0 a time-independent constant, depending only on the L -norm of 8;0,¢°, 0;¢°, and ¢°.
Proof. We prove this lemma in the Appendix. O

With these properties in mind, we are ready to deal with the proof of Theorem 2.

5. PROOFS OF THEOREM 2 AND COROLLARY 1

Let us come now to the rigorous asymptotic study of our nonlinear Vlasov-Poisson-Fokker-Planck
system (1). Recalling that we decomposed f¢ in a macroscopic asymptotic part, and a fluctuation
part f¢ = nO(t, x) M (v)+g°, with ¢° = > 72, v5 (¢, 2)1x(v), we shall focus on the fluctuation problem

e + Ty =Ly +e8S+ QY.

Reformulating Theorem 2 with our new notation, we need to show that there exists ny > 0 such
that, if the initial condition for the perturbation ~;, is small enough, namely if

H’anHz%(N,m(Tz)) = I/ — ”gnMHQLg(szRv) < 7o, Ve >0,
we have the existence of constants Cy, C1,Cs, 9 > 0 such that
2 2 2 ~&it 2
175@) = no(OMIIL2 (1, xr,) = IV Ol 21,y S CollVinllizayp2r,ye = + Cae™,
Ve < o, Vt €10,T).

Proof of Theorem 2 : The proof is based on the study of the following entropy functional

1
Fu(v¥ (1) = 5lFlIE + 6 (A", (43)
introduced in Section 4.3.1. Notice that this functional JF; is equivalent to || - ||7, uniformly in ¢,
provided that 6 > 0 is small enough, i.e. one has, thanks to (38) and to the definition (27)
1 1
A=l IE <A< ZA+0)]-1l7, veeloT]
In the first part of the proof, using the tools of Section 4.3.1, we shall show the estimate
d
e () S () + 2 Cr+ O R(), (44)

which will lead, in a second time, to the convergence result, thanks to the smallness of the initial
condition (5), Gronwall’s Lemma and the equivalence with the || - ||? norm.
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5.1. Part 1 : Estimate obtention. Derivating in time the entropy functional F; (43), yields

d

€ a}}(’yg) =(LY", 7% )t — 0 (A TV, %)y (’Good dissipative terms’)
— 0 (AT (Id = ID", %)s + 0 (Te A", 7)o + 6 (AL, 7%)e + 6 (LAY, )
=0

(Signless terms arising in the classical computation)
e(S, Y ) +ed (AiS,7%) +ed (A", S): (Terms associated with the source term)
—_——

=0
€ - g £ - £ 15 15 g
~3 Z<8t¢07k77k>L%t(’]I‘x) —&d Z<at¢0(At'Y Jks Vi) 12, (1,) + €6 ([0r, Ae]Y", )
k=0 k=0

(Terms related to the time dependency of the norms and operators)
+(QM 7 ) e + 0 (A QYL v ) +6 (A", Q1Y) -
—_—

=0
(Terms arising due to the nonlinearity Q)

(45)

Some terms vanish to zero due to L£(A;) = L(ITA;) = 0, A:S = A¢(Id — II)S = 0 and A; = I1A,,
which gives (4:7°, Q[¢])r =

The first line regroups the dissipation terms, which behave nicely because of the microscopic
and macroscopic coercivities. We use estimates identical to the ones occuring in [1,12], to control
the terms of the second line by the microscopic and macroscopic coercivity. We compiled them in
the Appendix, for the sake of completeness, inequalities (71) to (76). We also need to deal with
the terms related to the source term and to the time dependency of the norms, gathered in the
Appendix (inequality (77) to (82)) as they are essentially based on Young’s inequality and Lemma
3.

There only remains to control the terms in the last line of (45), appearing because of the nonlinear
coupling, and this will be detailed now.

5.1.1. Control of the terms arising because of the nonlinearity. We deal with the quadratic
term Q[+¢] in the following way: the first term of the last line of (45) is controlled by the following
sequence of inequalities

QW) = D VE (05 Vim0 13, (1)
k=1
1 & e
<5 kil o)+ 5 Z 10205751122, .,
k:l

<£7 ¥ >t+ sy (46)

The passage from the second line to the third one uses the following sequence of inequalities, coming
from the continuous Sobolev injection H(T,) < L>(T,) and from the definition of the | - [|;

—_

o0
5 21005781122 (1, < IIOI%( (e )lekaLz (T2) ||v I7-
k=0 k=0

\)
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The second term of the last line of (45) is controlled as follows, using (40)

(AR, ) = 5<At££71Q[’Y€], Y )t
< SALLT QNN e

o .
< 317 QI

5 oo
24| 2=

k=1

2

Vk

(51/5 K
& 051

7l <
13, (T)

N

0
E e+ R, ()
5

where v5 > 0 will be adequately fixed later on. Notice that L£71Q is well defined, since I1Q = 0.

5.1.2. Summarizing the previous estimates. Assembling and reorganizing the terms of (45)
and using all the estimates obtained so far, leads to

d 1 1 1 AM

—F() <0+ —+— — 1y°||7 Dissipation of T

SRy (%) <2V1 + 5 + 55 1 +)\M> [ITT~e |7 (Dissipation of IIv)
) 1 1
+ (51\2 51 + 51 + (5% + 5% - 2) (1 —T0)»°||? (Dissipation of (Id — II)~)
2
+ % (? + 51/4) 1S]2 (Source term)
+eCs4 17117 (Time dependency)
1 v . .

w (552 I+ IR (Noulincarity ©)
where Cj 4 <Hat¢ [E2 g”@t(boHoo + (5C*> and vq, 9, 13, 14, V5 > 0 are some constants to be tuned

later on.

Choosing firstly 11, vo, v3 > 0 such that the first line becomes strictly negative, tuning then § > 0
and v4 > 0 in order to get a strictly negative second line, permits to obtain the existence of an
7 > 0 such that

d

) V3 2 1 o )14
e SR < 0= <G T+ 5 (2 + ) 151+ (34 22) 1l

Taking now 0 < 1 < 1 and a small g > 0, and choosing furthermore v5 > 0 big enough, depending
on 7, yields the existence of constants €/, ¢ > 0 such that

d

eglt0) < —m IVEIE + 2"+ C" IN°lly, Wt e[0,T), Ve <eo (48)

Remark 7. Notice that the constant C' depends solely on the source term S, which is zero when
the density n; is time-independent.

Using the equivalence between JF; and | - ||, estimate (48) rewrites, up to changing the names of
the constants, as
d C Fi(v®
SR < TR et CRe =T Gnen —mrea )

We now want to conclude by Gronwall’s lemma, but we need to be cautious, because of the quadratic
term, and this is precisely where we will use the assumption on the smallness of the initial condition.
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5.2. Part 2 : Gronwall’s Lemma with smallness of the initial condition.

If the initial condition is too big, the quadratic term in (49) is bigger than the linear term, and
Fi can explode in finite time. If, however the initial condition is very small, the first term on the
right-hand side of (49) is negative, and the functional remains controlled. We write this rigorously
in the following Lemma.

Lemma 4. Assume that there exists constants n, C1, Ca > 0 such that the function t € [0,T] —
Fi(~°) wverifies inequality (49). Assume now that Fo(75,) < % Then if e1 > 0 is such that
e1C1 < gobp, we have

3
Fi(7%) < °n Ve < g1, Vt€0,T].
4Cy
Proof. We are going to prove the following intermediate result
n tn
)< o4 , Vv , Vtel0,T],
RO <56 T arG, e<en, VE€(0,T]

which implies immediately the Lemma. To do this, we fix ¢ < £1, and define
n SN
E:=1t T s(7° < — St o
{rew.r/ mere) < o+ ot vseba)

Let us prove that sup £ = T'. Firstly, this set is nonempty, because of the smallness of the initial
condition, which imposes 0 € E. Furthermore, because of Gronwall’s Lemma applied to inequality
(49), we will prove by contradiction that sup E = T.

Assume indeed that sup £ = t* < T'. Then, using (49) for ¢ = t*, and the following inequality

n t*n
Fie (1) < —L
() <50 T arg,

<2
4 Cy
gives

d Fe(7°)

a0 D= < (CoaF e () =m) +2C1 <

We then use the assumption ¢1Cq < ﬁ, to get that

_nFe(7°)
4e

+€Cl.

d n
— Ve < ——— .
dt}—tw Je=t+ < 3C,T

Using the definition of the derivative at time t* gives that sup £ > t*, which is a contradiction. U

Now let us assume that we have the smallness condition (5) on the initial condition, with 79 so

small that Fo(75,) < 54; holds. The conditions of the previous lemma are thus satisfied and the
estimate (49) rewrites now

d f € ‘F 1>
A ren < T 0 m e - my v ea < 170D 4 oo
The result follows, using Gronwall’s Lemma and the equivalence between || - [|;2(y r2(T,)) and v/,
along with Parseval’s theorem.
We conclude this section with the proof of Corollary 1.
Proof of Corollary 1. Taking the scalar-product of (31) with 7¢ yields
d £ —
e S IIE = 4L9% 7 ) = € (8,77 = 5 X (0™ Dz, + QUYL s
k=0
52 2 1 € 0 €112 € €
< U+ (5 + 2106l ) 17712 + (@0, v
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Using the bound (46) for the quadratic term and integrating in time over [0, 7], implies

e 1 T € € T e €
IR+ [ e Ao ds < € sup (12 + | eIz + vt as
se|0,

2
< cre” + e,

where we injected the result of Theorem 2 to pass from the first line to the second one. The control
of the second term of the left-hand side gives the desired result, thanks to Parseval’s equality. [

6. NUMERICAL INVESTIGATIONS

In the rest of this paper we shall be concerned with the introduction of a performant numerical
scheme for the resolution of the kinetic problem (1). In this aim, we firstly present a Newton
strategy to compute the solution of the limit problem (4). Then a Hermite-Fourier spectral approach
is proposed for the resolution of the kinetic equation (1). And finally, we use these schemes to
investigate further the mathematical results obtained in the previous parts.

6.1. Numerical Scheme for the Limit problem. In this subsection we present the methodology
chosen to discretize the limit problem (4), called Poisson-Boltzmann model, task which is not so
trivial due to the occurrence of the exponential term. Our numerical scheme is an iterative method
based on Newton’s procedure.

In more details, the nonlinear elliptic limit problem (4) for the electric potential ¢* reads
¢* ()
e

/ ed)* (ty) dy

associated with periodic boundary conditions in z and where ¢ € [0,7] is a fixed parameter.

Given ¢*, the corresponding limiting electron density is given by Boltzmann’s relation n*(t,x) =
ed" (t.x)
T em G dy

we shall fix by imposing sz ¢*(t,z)dx = 0. In the aim to solve (50), the first idea could be a naive

—Opa®™ + m = n;(t, x), Vo eT,, (50)

Notice that the solution ¢* of (50) is uniquely defined up to an additive constant,

fixed point strategy of the following form : given ¢/, compute the next iteration ¢’ via

. ¢j(t z)
— Oy Jj+1 t, e+, = n;(t,z), Vi > 0.
v Jo P (ty)dy () ’

This strategy does however not converge, neither with a Fourier nor with a finite difference discretiza-
tion, and this due to stability reasons brought in by the exponential term.

Instead, our numerical scheme is based on the following semi-implicit procedure
e? " (¢, 2)
Jr, e? (ty) dy

with a further manipulation to linearize the implicit exponential term. Supposing ¢/ known, one

—Ope Tt z) + m =ni(t,z), Vj >0, (51)

can write e#’ "' = ¢ ¥/ —¢7 Assuming furthermore that two subsequent iterations are sufficiently
close, namely assuming that ||¢7t! — ¢7|| r2(1,) < 1, one can approximate

e¢j+1_¢j ~1 +¢]‘+1 _ qu,
thus leading to the numerical scheme
@I
—Ope T nIY =y —nd (1 — @), where  n’ =M (52)
me e (Ly) dy

This last equation can now be solved with either a finite difference scheme or a Fourier spectral
method and gives good results as shown in the following.
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To illustrate the convergence of our method (52), let us take the following test case : on a periodic
domain [0, L] of length L = 12, choose the ion density

esin(lm:)
f'ﬂ'z esin(ky) dy ’

In this case, the exact solution to the associated nonlinear elliptic problem (4) is ¢*(x) := sin(kx),

ni(z) = k% sin(kz) + k=2r/L, VYzel0,L].

esin(kz)

and hence n*(z) = Too ety dy

We choose for this test case a standard second order finite difference discretization of (52) with
several grids Az, and an initial guess ¢/~ = 0. In Figure 1, the error on the spatial densities
|ln? — n*|| r2(t,) (left) and the error on the electric potential (right) are both plotted with respect
to the iteration number j. Since the constraint on the asymptotic electric potential sz ¢*dr =0is
not necessarily compatible with the various iterations ¢’, we plot the L?—error between the iterated
electric potential with rescaled average ¢/ — ﬁ fo ¢’ dz and the asymptotic electric potential ¢*.
What can be remarked is that after very few iterations (j = 3), the iterative procedure gives an
acceptable result, the order of magnitude being negligible when compared to the amplitude of the
limit problem solution. Numerically the convergence rate is of order 2 in Ax.

Convergence error in log-scale Convergence error in log-scale
- dx=0.1 - dx=0.1
107t dx=0.01 10-1 dx=0.01
—— dx=0.001 —— dx=0.001
-2
10 1072
-3 *_
.10 T 1073
2 3
|: 10744t ‘.s_: toma] |
2
= =
S 1075 ! -
= 2 10-°
)
-6 J =
10 & 1078
=7 4
10 1077
-8 J
10 T T T T T 1078 T T T T T
0 5 10 15 20 0 5 10 15 20
Iteration number j Iteration number j

e’
fT €¢] (v) dy
towards the exact density n* of the limit problem (4). Right: Convergence of ¢’ -
after rescaling its average to 0 - towards the exact electric potential ¢*

FIGURE 1. Left: Convergence of the density n/ =m computed via (52)

6.2. Numerical Scheme for the Kinetic problem with not too small £ > 0. We shall now

present a numerical scheme for the resolution of the Vlasov-Poisson-Fokker-Planck system
1 1 1
8tf€+ gvaz’fs_ gEgava = gav [Ufs'i‘aufs] )

_axx¢€ ="N; — ns’ Ef =— a:ng'
In the velocity space, we shall make use of a complete, orthogonal Hermite basis to approach
the distribution functions (Hermite spectral method). For the space discretization, due to the
periodicity, a standard Fourier spectral method is used. In the present section, ¢ € (0,1] is chosen
not too small, the numerical procedure requiring a time-step At of order . In the next section,
however, we will adapt this method in such a manner to recover automatically for £ — 0 the limit
problem, and this with an e-independent mesh (Asymptotic-Preserving procedure).
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6.2.1. Discretization in the velocity variable.

Let us start with expanding the electron distribution function f¢(¢,z,v) as in (20), and truncate
it at k = N, — 1, where N, is the number of considered Hermite modes. Thus the exact solution
(f%, E*) of (1) is approximated by the couple (ff, , £y, ) defined through

Ny—1
fJEVU (t,LL’,’U) = Z ai(tvx) wk(v)v E]EVU = - SB(Z)?VU? _8MC¢§VU =N — 048, (53)
k=0

where {1y }ren are the Hermite basis-functions defined in (21). In this section the constraint
sz ¢%, dr = 0 determines uniquely ¢%; , for all ¢ > 0. The coefficients o (t,z) are still to be
determined by solving the coupled PDE-system

e (t,x) + VD1 +VEk + 19, a5 4 + ES(t,x) Vkai_y + kai =0, Vke{0,...,N, -1},
(54)
where we set af; = af;, = 0. For the sake of notational simplicity, we denote from now on again
(f%, E¥), instead of (ff, , EY, ) for the truncated solution. This system is a closed system, coupled
with Poisson’s equation, and is well posed in (L?([0, T] x T,))™ x L*>([0,T] x T,). Letting formally
e tend towards zero in (54) yields the PDE-hierarchy
VE0,0)_ 1 +VE+ 10,09, + E%t,x) VEka)_; +kad =0 55)
~0ua0” =ni—ap,  B°=-0:¢".

By equivalence with the Limit-model (4), one proves the well-posedness of this PDE-system, with
a solution satisfying ag =0 for k # 0 and ag solution of the limit-problem

8;,;048 — ﬁxqﬁo a8 =0,
(56)
_ax:c¢0 =n; — 0487 EO = - x¢07

associated with the constrint of zero average.

6.2.2. Discretization in the space variable.

Dealing with a periodic framework in & € T,, one can treat the discretization in the space
variable via a Fourier spectral method. One approximates thus the Hermite coeflicients af (¢, z) and
the potential function ¢°(¢,x) as follows

Nm NI
,Nz 27ilz 27ilz
ap(t,x) = ay(ta) = > ap et ¢ (La) =y, (ba) = D Bit)e L, (57)
I=—N, I=—N,
with L := |T,| and 2N, + 1 considered Fourier modes. Again, for notational simplicity, we drop

the N, exponent, keeping in mind that all of the considered numerical quantities have their Fourier
decomposition truncated at order N,.

We decompose the ion and electron density as

Ne _— 27ilx c c N c 27ilx
ni(x) = nige Lo, n°(t,x) = ag(t,x) == Z ag(t)e
I=—N, I=—N,

and plug this decomposition into (54), yielding the following coupled ODE system

27l 27l
cai /(0 + (5 VRai w0+ (750 ) VEF Tagoulo) + kaki(0

Ny (1 —m
iy () s ei o o,

(58)
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for k€ {0,--- ,Ny,—1}and ! € {—Ng,---, Ngy}. The nonlinear coupling is due to Poisson’s equation

A —
(7)) 50 =i - a0, e (N M),
and we impose 5; = 0if | € {—N,,--- , N}, and also for I = 0 due to the potential constraint of
Zero mean.

Thus, using a Hermite method in the variable v and a Fourier method in the variable x leads to a
system of ODE equations for the computation of the Hermite-Fourier coefficients af (). Coupling
between the different modes arises from particle streaming as well as from the non-linear term
involving the electric potential. To simplify the notation, let us introduce the vector We(t) :=
{ag 1 (t)}k, and rewrite this ODE system (58) simply as

£ %Ws(t) +BOWE(t) =0, Vtel0,T], (59)

where we underline that the matrix B(t) depends on W.

Remark 8. Usually, when dealing with spectral methods, and notably for the Vlasov-Poisson
equation, Gibbs effects appear due to filamentation. Due to particle streaming, there is a coupling
between various Hermite modes, propagating perturbations towards low order modes. This effect
is called recurrence. To solve these problems, a filter is usually applied on high-order modes.
Thankfully, as opposed to Vlasov-Poisson system, in the Vlasov-Poisson-Fokker-Planck case the
collision operator has a strong smoothing effect, and strongly dissipates high order modes. The
mizing properties of the transport operator permits to propagate this gain of reqularity in the space
variable, and therefore filamentation does not occur. Because of these facts, it is not necessary to
apply a filter in order to damp artificially high-order Hermite-Fourier coefficients.

6.2.3. Discretization in time.
The last step concerns the time-discretization of the ODE system (59). In the following, we will
omit the exponent €, and we dedicate the exponent index to the iteration in time.
Let us discretize homogeneously the time interval [0, T] into N; sub-intervals via t/ := j At where
j=0,...,Ny, and At :=T/N;, and approximate (59) via the Euler implicit scheme
Wit — wi

e——x,— TBTWIT =0, (60)

where B7 is given through 6{ ~ B(t7), computed with the help of Poisson’s equation, in other words

oml\? .  —— ; ;
(L) B =mn;(t;) — an, Vi€ {—=Ng, -, N J\{0}, B}:=0. (61)

Thus we observe that for every time iteration of (60) we have to solve a nonlinear equation and
for its resolution we use a fixed point technique. Fix j € {0,..., Ny} and start the fixed point
procedure by setting W70 := WJ. Then we construct an iterative sequence {W/™}, cy via

wam+l _ Wi , ,
fE———— + BIPWIm =0, VYmeN.
At

We observe numerically that the sequences {W/"}en, {B?™}en converge, as m — oo, towards
the unique fixed point (W71 BJ*1) solution of (60). In practice only a few k* = 3 iterations are
necessary to reach a close enough approximation of the requested fixed point, and we therefore set
Bitl .= BIK" a5 well as WIt! .= W7k, The fully discretized system (60) ensures the conservation
of mass, like its continuous counterpart (1), as shown in the next Proposition.

Proposition 8 (Mass conservation). For any N, N,,N; > 1, ¢ > 0, consider the solution
{(W7,B7)}o<j<n, of the approzimate system (60). Then the mass is preserved, namely, if we
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denote as before Wi = {a) ;} o<k<n,, , we have the following conservation of mass property
" Nz<ISNg

ahg=ally, Vjie{0,...,Ni}.

Proof. Denote the vector e = *[eg, 02n,+1, - O2n,+1], where eg := *[0,---,0,1,0,---,0] is a
vector whose (N, + 1)th coordinate is 1. In other terms, the vector eg is the vector of the canonical
basis associated to the average in space and velocity in our Hermite-Fourier framework.

The property is then a simple consequence of the fact that eg g is in the kernel of BJ forallj €N
by construction : the (N, + 1) column of B7 is zero. O

6.3. Numerical investigations and validation of the numerical scheme. We shall now
perform some numerical simulations based on the scheme (60)-(61) detailed above, in order to
approximate the particle distribution function of (1). In the first test case, we will study the case
of a time independent ion density, and the second test case will focus on the specificities due to
a time-dependent ion density. The numerical procedure (60)-(61) will be validated thanks to the
mathematical analysis performed in the first part of this paper, and more specifically thanks to the
convergence results of Theorem 2.

6.3.1. Test case 1 : time-independent ion density.

In this subsection, we choose to take the following space homogeneous two-stream initial condition
for the electron distribution function

1 > 5V2
z,v) = —— (2 + 50? e V2 = v) + —o(v), V(x,v)€|0,L] xR,, 62
fo(z,v) 7\/ﬂ( ) Yo(v) + ——12(v), ¥ )€ [0, L] (62)
and fix the following background ion density
2k k
ni(z) =1+k cos(2ka) + cos(3ka) + cos(kx)|, Vxe€][0,L], (63)

1.2

where k = 27 /L, L = 12, and k = 0,4. Recall that in this context, the limit ¢ — 0 is equivalent to
the long-time asymptotics ¢ — oc.

We plot in Figure 2 some snapshots in the (x,v) phase-space of the particle density function f¢
at several instants and for a fixed € = 0.01. As one can see, the particle density function approaches
very rapidly a distribution close to a Maxwellian (¢ = 0.005) in the velocity space. It is only
afterwards that the mass starts to be distributed by the transport operator also in the x direction. In
the long-time limit, the distribution function approaches finally the Maxwell-Boltzmann equilibrium,
as will be also shown in the following plots. Remark here that due to the collision term, the plots
in Figure 2 are smoothed out and the filamentation usually observed in such kind of simulations is
here not observable.

In Figure 3 we displayed the time evolution of the spatial density n® and of the electric potential
¢°. Observe that these quantities converge, as t — 0o, towards the solution of the limit problem
(4) computed thanks to Newton’s procedure (52) and plotted also on the Figure.

Next we performed several simulations for different values of ¢ € {0.1,0.005}, and plotted in
Figure 4 the evolution over time of the macroscopic error ||[n°M — nOMH%g , the microscopic error
fe - nEMH%g and the total error || f¢ — nOMH%g. The asymptotic density n” is computed thanks
to our Newton procedure (52) discretized with a finite difference method. Notice that in Figure 4b
the macroscopic error decreases quickly before saturating at a value of approximately 107'°. The
saturation occurs at the order of magnitude of the error obtained by the limit problem procedure
(52) (see Figure 1 for this saturation). This numerical convergence matches that of Theorem 2
and therefore supports the validity of our numerical scheme (60)-(61). Notice also that letting e
become smaller is, in this situation, nothing else than accelerating the time, such that Figure 4a is
a zoom of Figure 4b, showing more details in the initial layer. This Figure 4a permits to illustrate
the effects of the struggle between the transport operator and the collision operator during the
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FIGURE 2. Time-evolution of the particle distribution function f¢ solution of (1),
for e = 0.01, N, = 60, N, = 40, At = ¢/40.
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FIGURE 3. Snapshots at various instants of the spatial density n® and the electric
potential ¢ corresp. to the solution of (1), for e = 0.01, N, = 60, N, = 40. The X
markers correspond to the Electron-Boltzmann relation computed thanks to (52).

transient regime. The convergence towards the equilibrium arises iteratively, the collision operator
reduces firstly the microscopic error at the price of a small increase of the macroscopic error, and
then the transport operator becomes predominant, decreasing the macroscopic error at the price of
an increased microscopic error. This is related to what is called (for instance in [33]) the interplay
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FIGURE 4. Convergence of the particle distribution function solution of (1) over
time, for two different e-values and N, = 20, N, = 28, At =¢/35.

between the dissipation introduced by the collision operator, and the conservative, mixing role
played by the nonlinear, kinetic transport.

In Figure 5 we plotted the norms of several Hermite modes, thus investigating further the
behaviour of the microscopic error of Figure 4 by decomposing it in several modes. One can
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FIGURE 5. Convergence of various Hermite modes of the solution of (1) over time,
N, =20, N, = 28, At = ¢/35, for various e.

see, as expected from Theorem 2, that the norm of the first coefficient oy does not vanish in time.
Indeed, we have seen in Figure 4 that it converges towards the solution of the limit problem. We
can also notice that although the Hermite mode ay has a greater importance than the others at the
initial time, it is quickly damped and becomes then smaller in L2—norm than the coefficient a;.
Finally, due to the particle streaming induced by the transport operator, even the modes that were
initially zero (namely, all of them, except ag and «ay), increase slightly during an initial layer before
converging again towards zero.
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One may wonder if this initial layer is actually of size € in time. To investigate this, we underline
that this initial layer is exactly the reason of a convergence of order O(y/¢) for all of the Hermite
modes in (7), when considering the L%,LZ—norm. To see this, one can integrate in time the result
of Theorem 2, yielding, after applying the square root

Cc1T
1£2 = n° Ml 2o,y (raxeay) < VE I Fin n?nMHLg(szRv)\/co - | +eVOT,
Ve <o, Vt € [0,T].

As one can see, the dominant term is the first one, namely, the term associated with the initial layer,
and is of order O(/€) as € — 0. In this specific case of a time-independent ion density function n;,
the constant Cy is even zero, such that we remain only with the initial layer term. The object of
Figure 6, is therefore to confirm the theoretical expected rate of convergence of O(y/¢), which in
turn confirms the size of the initial layer of our numerical scheme (60).

Order of convergence of Hermite modes

10-1 4

1073 4

~L fla§ - n°.z,
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sz,
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1077 4 'B' llaollez,
S Nkl
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€

L2, Norm of error of the k-th Hermite mode

FIGURE 6. Convergence in ¢ of the L?}x—norm of the Hermite modes of the solution
of (1), for N, = 20, N, = 28, At = ¢/35. The dotted lines represent a behaviour of
the order of O(y/¢).

Corollary 1 addresses the behaviour of the Hermite coefficients with respect to their index k& in
the Hermite hierarchy. The object of Figure 7 is to investigate this rate of O(v/k~=1). As one can see,
for small € < 1, the convergence with respect to k is rather of order O(e™"*), with r ~ 0.627. The
hypocoercive study performed in this paper was in a general L2 setting. Following the approach
of [22] would yield a more accurate rate of convergence of order O(k~*/2), for H? initial data.
Finding rigorous evidence of an exponential rate is however an open question. Finally, one can
notice that the very last computed Hermite coefficient seems not to follow this exponential trend.
This is a numerical artefact due to the brutal truncation of the Hermite hierarchy in (54).

6.3.2. Test case 2 : time-dependent ion density. In this test case, we choose the following space
inhomogeneous two-stream initial condition
671)2/2 3[

fin(z,v) == <i + 0.4 cos(2kz) + ?;v2> Nors = [1 + 0.4 cos(2kz)]o(v) + 71#2( ) (64)

and a time-dependent ion density n;, defined as follows

cos(2kx) + cos(3kx)
1.2

+cos(kx)|, Vze|0,L], (65)

ni(t,x) =1+ ksin(4nt) [

with k =27 /L, L =12, and k = 0, 3.
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FIGURE 7. L ,-norm of the Hermite coefficients of the solution of (1), as a
function of k (log-scale) and for NV, = 20, N, = 28, At =¢/35, ¢ = 0.001.

This time, the result of Theorem 2 still predicts an initial layer of size ¢ in time, but also an error
of size €2 during the permanent regime. This is closely related to the fact that, as underlined in
Remark 7, if n; depends on time, the constant C5 in Theorem 2 is non-zero and depends only on
0yn®. This effect is illustrated in Figure 8. Notice also that the error schrinks dramatically at the
times at which Oyn; becomes zero (namely at times t = 1/8, 3/8, 5/8, 7/8).

We also plotted in Figure 9a the rate of convergence of various Hermite coefficients with respect
to €, and confirm again the rate of convergence O(y/¢) of (7). We see that our scheme renders
accurately the order of magnitude of the initial layer even when the permanent regime is nontrivial.

One can then wonder if the size of the permanent regime is accurately computed. For this, note
that our Theorem 2 predicts that

sup |[f5(t) — fO(t)]|3: = O(e?), ase—0, V0O<s<T.
tels, T 7

We plotted in Figure 9b the macroscopic error sup;cir/o7) [n°(¢)M — no(t)MH%g and the micro-
scopic one supyepr/o.7) [|n° ()M — no(t)/\/lH%g in the permanent regime. As one can see, they are
both numerically of order O(g?), and we conclude that indeed the scheme renders accurately the
permanent regime.

Finally we mention that the numerical conservation of mass is guaranteed up to machine precision
for reasonably small € > 0 (up to about ¢ ~ 1073).

7. ASYMPTOTIC PRESERVING APPROACH

The focus of this section is the investigation of the asymptotic properties of our numerical scheme
(60)-(61) when & becomes smaller and smaller. In order to get an Asymptotic-preserving (AP)
scheme which shall permit the choice of an e-independent time step At, we shall slightly reformulate
the previous scheme.

7.1. Enforcing the numerical mass conservation. Our first problem in the e — 0 limit concerns
the numerical mass conservation. The constraint sz n®(t,x) dz = m shall be valid for all ¢ > 0,
in particular also in the limit. However one remarks that solving (60) for ¢ = 0 loses this mass
conservation. Reformulated in other words, the condition number of the matrix (el No(2No+1) T
At B7T1) is of order e~ 1.

To cope with this problem, we can multiply the (N, + 1)** - line of the system

(5INU(2NI+1) —+ At Bj+1) Wj+1 = €W‘7 s
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FIGURE 8. Convergence of the particle distribution function solution of (1) over
time, N,, = 20, N, = 28, At = ¢/35, for various e.

by €1, line which corresponds to the mass conservation. This leads to an equivalent mathematical
problem for € > 0, all the while numerically guaranteeing a non singular condition number of
the matrix, and being compatible with the limit € — 0. Heuristically, we enforced the numerical
conservation of mass, for all € > 0.

7.2. Difficulties related to the computation of the limit problem. Now that we reformulated
our problem so that the limit ¢ — 0 is regular, we focus on the accuracy of our scheme when &
becomes zero. For the sake of the exposition, we shall omit here to underline again the multiplication
by ! of the (N, + 1) line of system (60), but we shall keep in mind that the conservation of the
mass must be ensured for the matrices to be invertible in the limit ¢ — 0.

We plotted in Figure 10 the evolution over time of the microscopic and macroscopic errors for the
solution of (1) thanks to procedure (60)-(61), with the additional enforcing of the mass conservation,
but this time, we took At > e. Compare now both Figures 10 and 8d, the only different parameter
being the time-step. As one can see, in Figure 10, the microscopic part of the particle distribution
function gets immediately damped, as expected, but the macroscopic part fails to converge towards
the desired limit problem. The convergence problem therefore lies at the macroscopic level. To
investigate this problem, we examine our numerical procedure when € becomes smaller.
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Order of convergence of Hermite modes
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FIGURE 9. N, =20, N, = 28, At =¢/35 (A) L} ,—convergence of various Hermite
modes, the dotted lines represent a behaviour of O(y/€). (B) Size of the (squared)
error in the permanent regime, the dotted lines represent a behaviour of O(£?).

£=0.001

10! 4

(O Microscopic error, [|f — neMm|Z:
Macroscopic error, M — n® M7

- Total error, ||F = n°Mm|)Z:

1075 4

10-7 4

0.0 0.2 0.4 0.6 0.8 1.0

Ficure 10. Default of convergence of the particle distribution function solution of
(1) (method (60)) for At = 0.005 > ¢ = 0.001 and N, = 20, N, = 28, At = 0.005

The procedure obtained when taking e = 0 in (60)-(61) is a naive fixed point technique for the
resolution of

Bittwitl = . (66)

Sadly, this procedure does not converge, and for this reason, neither does our numerical scheme
(60)-(61) when e < At. Actually, the same difficulty arises when trying to solve the limit problem
(which is macroscopic) not by a Newton procedure, as we did in (52), but with a naive fixed point
of the form

Opn? — 0pind =0,
_8xx¢j+1 =N; — nja

with either a Fourier or a finite difference discretization (see Section 6.1).
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In order to cope with this difficulty, rather than computing directly a numerical approximation
of the full distribution function f¢, we are going to use the decomposition introduced in the proof
of Theorem 2, namely in the asymptotic and the fluctuation part.

7.3. Separate computation of the fluctuation and the limit part. Thanks to the procedure
(52), we have access to the limit particle density function f° given by the resolution of the limit
problem (4). Now, rather than directly computing the particle distribution function f¢, we decide
to decompose f¢ = f9 + ¢° and to expand the fluctuating part in the Hermite basis as

Ny—1

gg(t,ac,v) - Z ’yi(t,.%’) ¢k(v)7

k=0
with the coefficients {7} satisfying the following truncated PDE-system

e0yg + 0] = —edyn,

0T + 0uG — 026775 + V20275 — Dup™n” + 91 =0,

e0 v+ VEOuve | —VE0 0 +VE+ 1070 + k=0, Vke{2,...,N,—1}
~0ua¥® = =75, OF ="+ ¢,

with y_1 = vn, = 0. As we did before, we discretize this equation (67) with an implicit Euler-Fourier

spectral approach. Thus our AP-strategy is based on the resolution of (52) for the macroscopic part
and (67) for the microscopic part.

(67)

7.4. Analysis of the AP-Scheme. Let us now study the AP properties of the scheme based on
the fluctuation computation. An AP-scheme should be stable and uniformly accurate with respect
to the small parameter ¢, for a fixed mesh.

To illustrate that this is the case, we first start by fixing a time step At = 0.005. In Figure 11, we
computed the spatial density of electrons n® and the electric potential ¢ for various values of . We

Electron density convergence w.r.t € Electric potential convergence w.r.t €
2.01
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FIGURE 11. Spatial density n° and electric potential ¢* computed with our
AP-method for various € and fixed ¢ = 0.05, with N, = 20, N, = 20, At = 0.005.
The ion density n; is chosen as in (63).

chose in this case to take the time-independent ion spatial density n; as in (63), and the associated
initial condition (62). In this case the ¢ — 0 limit is equivalent to the ¢ — oo limit, which explains
the resemblance between Figures 11 and 3. In Figure 11, the scheme has the correct behaviour even
when ¢ < At.
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Let us now investigate the accuracy of our numerical scheme. For this, we take the spatial ion
density n; to be time-dependent, as given by (65), and the associated initial condition (64). Firstly,
we test our numerical scheme on its ability to successfully pass the initial layer. As we reminded
before, the solution f¢ of (1) should verify the following uniform estimate in the permanent regime

sup
te[At, T

1F2(t) — FP)]2, = O(2), ase—0, VAL> 0.
} (e

Our Figure 12 validates this rate of uniform in time convergence. This shows that our numerical
scheme successfully passes the initial layer after a single iteration At, even for very small ¢ < At.
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FIGURE 12. e-Behaviour of the microscopic/macroscopic errors of the AP-method
right after the first time step, with At = 0.005, N, = 20, N, = 20. The ion density
n; is chosen as in (65), & = 0.3. The dotted lines represent a behaviour of O(¢?).

We then examine how the accuracy of our AP procedure is affected by the time-step, both during
the initial layer, and during the permanent regime. In Figure 13, we plotted the macroscopic error
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FIGURE 13. Behaviour of the macroscopic error of (1) (AP-method) during the
initial layer and in the permanent regime for various time-steps At. N, = 20,
N, =20, e = 0.003. The ion density n; is chosen as in (65), k = 0.03.

over time, with various time-steps At and fixed € = 0.003. First, let us compare the case of At = 0.01
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€ Classical method (60), | AP method, | AP method,

At =¢/35 At =0.01 At = 0.001
1 20.51 63.44 682.94
0.1 208.84 63.41 613.14
0.05 418.54 64.65 616.57
0.01 2089.01 67.41 619.32
0.005 4190.13 67.40 646.47
0.001 22050.36 67.23 618.41
Limit problem None 36.34 330.88

TABLE 1. Computation time of the different methods, in seconds, for various time
steps and values of €. N, = 28, N, = 20. The ion spatial density is taken
time-dependent as in (65), K = 0.3.

and At = 0.001. As one can see, in both cases, the permanent regime is accurately represented. The
only difference lies in the treatment of the initial layer : for the case of At = 0.001, since the time
step is small when compared to ¢, the initial layer is represented with precision. When At = 0.01,
the time step is of the same order of magnitude as €, and thus the details of the initial layer are
not rendered accurately, but without impairing the precision of the permanent regime, and with
a lower computational cost. When taking an even bigger time step At = 0.05, the details of the
initial layer are completely forgotten, but the macroscopic error is still correctly computed.

At this point, we want to emphasize that the computational benefits of our AP-procedure are
important for small values of e, because of the e-independence of the time-step. We gathered in
Table 1 the computational times of the classical method (60), which does not converge for At > ¢,
and the computational times of our AP-method, for fixed time steps. Remark that our AP-method
requires to compute firsthand - and very accurately - the initial problem. Nonetheless, our method
enables a robust computation, completely independently of €, which permits to get in the end
substantial computational gains (see also last line of the Table).

Finally, our AP-method enables also a substantial gain in memory: for ¢ = 0.001, the classical
method with At = £/35 produced a 1.7GB file containing the state of the system at all times. For
the AP-method, this time with At = 0.001, the file weighted only 49.1MB. In both cases we took
N, = 28, N, = 20.

Concluding, the AP-scheme is very useful if one is interested in solving the singular kinetic
problem in the small ¢ <« 1 regime, but without being interested in all details, meaning when one
wants to choose a large time-step At > ¢, thus being rather interested in the macroscopic behaviour
of the system.

8. CONCLUDING REMARKS AND PERSPECTIVES

We shall now summarize what has been achieved in this paper, and state some of the open
problems one can investigate in future works.

The aim of this article was to investigate, both from a mathematical and from a numerical point of
view, the small electron-to-ion mass ratio limit € — 0 of the Vlasov-Poisson-Fokker-Planck system
(1), in a setting of a given, time-dependent ion density, limit which does not correspond to the
long-time asymptotics ¢ — oo.

After a short introduction of the properties of the model (1) and a formal study of the limit
e — 0, the rigorous asymptotic analysis was performed thanks to a study of the regularity of the
limit problem and an adaptation of existing hypocoercivity methods to the setting of time-dependent
coefficients. This analysis was performed under a condition of smallness of the initial fluctuations
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(assumption (5)). This is due to our approach, which was perturbative in nature, and one may try,
in future works, to lift this assumption.

Furthermore, all these studies were performed in a simplified, non-physical, one species model.
In future works, one may consider similar questions regarding more physical kinetic, multispecies
models with several conservation laws, such as the one developed in [14].

The numerical part of this paper was concerned with the development of a performant numerical
scheme for the resolution of (1), with particular focus on the adiabatic regime e — 0. For this, a
Hermite spectral approach was chosen for the discretization in the velocity variable. This choice is
relevant for this asymptotic regime, as the Hermite coefficients vanish in the limit ¢ — 0 (except
the principal mode), the rate of convergence being dependent on their position in the hierarchy (see
Corollary 1). This permits in practice to consider only few Hermite modes for ¢ < 1, and reduces
thus dramatically the computational costs.

The numerical computations have however to be treated with care, especially for the time-
discretization of this problem, due to the fact that the problem is stiff in time. Thanks to a
reformulation and an implicit time-discretization, we were able to treat this problem as a regular
limit, which led to the obtention of an Asymptotic-Preserving (AP) reformulation. The latter
permits to choose an e-independent time step, saving furthermore computational time.

The numerical analysis of the here presented AP-scheme as well as the construction of an AP-
scheme for the more physical two-species model developed in [14] will be the object of future works.

9. APPENDIX

This Appendix regroups some lemmata and proofs useful for the paper, regrouped here to render
the reading of the paper simpler.

9.1. Uniform in time Poincaré inequality. In this subsection, we mention the following elemen-
tary uniform in time Poincaré inequality, in the setting of a time-dependent weight. This inequality
is essential for estimates such as the macroscopic coercivity (35) or inequality (41).

Lemma 5 (Uniform in time Weighted Poincaré Inequality). Let ¢° € L>®((0,T) x T,) such that
sz e?"(b7) dy = 1. Then, denoting the weighted average by (u); = sz u(z)e?"t0) Az, we state the
following uniform in time Poincaré inequality : there exists a time-independent constant Cp > 0
such that

Cp / u(z) — (u)2e?” ) da < / 0,u(z)2e?" B0 Az, Wt € [0,T],Vu € H'(T,).
x T.IC

Proof. Since the weights are very well controlled, because of the L> bound of ¢°, we essentially
present here a rough proof in one dimension of the Euclidian Poincaré-Wirtinger inequality.
Set u € C}(T,) and y € T,. We compute, using Taylor’s expansion

\u(y) — (u>t] = /JT (u(y) _ u(z))e¢0(t,z) dz

<

1
/ (y — 2)0zu(y + s(z — y))e¢0(t’z) dsdz
20

1
<|’]I‘x|e”¢0”°°/ / 0u(y + s(z — y))|dsdz.
T, JO

The result follows from rough estimates of the right-hand side, after squaring and integrating in dy
against e (ty). O
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9.2. Specificities of the time-dependent case n;(t,x). Because of the time dependency of the
asymptotic electric field ¢°, there are some additional terms appearing in the computations, as
opposed to [1]. In this subsection, we assume that « is time-dependent, and prove each point of the
following lemma. This Lemma is a more detailed version of Lemma 3, giving thus the steps of the
proof.

Lemma 6. Let o € C*([0,T] x T, x R,), and denote by [A,B] := AB — BA the commutator.
Assume that n; satisfies the assumptions of Proposition 4, and that ¢, n° are the electric potential
and density satisfying (4), with the constraint (18). Then, if Ty is defined as in (25), we have the
following properties:

(1) We have the commutation relations
[ata (IEH)*] = O’

0

Auxia = [0, (T ]a = 10 00 Pt )

(2) One has that Aux, is bounded uniformly with respect to time, namely
[Auxialls < elalls,  VE€[0,T7,

with ¢, > 0 a time independent constant which depends on the L>®-norm of 0;0,¢°, 0;¢"
and nP.
(3) Because of the commutation [0y, (TI1)*] = 0, we get

(O, (Id + (TeI1)* (TeIl))] = (TeID)" Aux. (68)
(4) As a consequence we obtain
[8t, At] = —AtALlXtAt. (69)

This last equality (69) gives rise to the following sequence of inequalities
1 c c
110e, Adalle = |AsAuxeAcalle < 5 llAuxeAdrale < §*||Ata||t < Z*H(]Id— alle, (70)

which is valid by density for all o € L>=((0,T);3(N, L*(T,))). We denote Cy = cy /4.

—(91041
Proof. (1) First of all one notices that (T;II)*a = -l T, = 0 . This yields [0, (TI1)*] =

O (T I1)* — (T I1)*0; = 0. The second equality is a consequence of a direct computation on
the definition of 7; in (25).

(2) This point is a direct consequence of the triangle inequality.

(3) We compute directly,

[0, (Id + (TID)*(Te1D))] = {0 (Id + (TI)*(TeID)) — (Id + (Te1)* (Te11))Or }
= {(TdD)*0,(TeID) — (T (T I1)0, }
= (TAD)*[0:, (Te1D)]
= (ﬁH)*AUXt,
where we used, for the second equality, the commutation [0, (T:II)*] = 0.

(4) The last point is a consequence of the multiplication of (68) on the left by the operator
(Id + (T:I)*(T;I1)) %, and on the right by A;. On one hand, the left-hand side is computed
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as follows
(Id + (7L10)* (T;11)) " [y, (Id + (TLI0)* (T;11))] A,
= (Id + (T * (Te11) 1[0, (Id + (T * (TeI)))(Id + (710 (Te10)) (T TL,)*
= —[0y, (Id + (TI)* (TL10)) ') (TTI,)*,

using the general computation B[4, B|B~! = —[A, B~!] with the operators A = 9; and
B = (Id + (T:II)*(T;II)). Then, because of the commutation [0y, (7:1I)*] = 0, we deduce

(Id + (D) *(T10) [, (Id + (TI)*(TeID))] Ar = —[8, (Id + (TeID)* (T11) ™' (T 1Ly)*
= — [0, A¢).
On the other hand, the right-hand side rewrites
(Id + (ﬁﬂ)*(ﬁﬂ))il(ﬁﬂ)*AUXtAt = ArAuxi Ay,

yielding the equality. The last chain of inequalities (70) follows then immediately from (38).
U

9.3. Handling the different terms in the hypocoercivity estimate (45). For the sake of
completeness, we will mention in this subsection how we deal with each of the nonlinear terms in
(45).

9.3.1. Good dissipative terms.
The microscopic and macroscopic coercivity give the dissipation of the two first terms, namely

1 1
(L7777 < 51077 )e = 5l 1 = T, (1)
and
A
—S(ATIING, A°) < —6——M— |47 |12, using/ Yo(t, x) dz = 0. (72)
1+ A T,

9.3.2. Signless terms arising in the classical computation.
We have using (41) along with ITA; = A,

v 1
—0(ATe(Id — ID)®, %) < 5§1||At7¥(]1d —I)¥°|I7 + 5271||H75H?

v 1
< SN (1d = I+ o T . (73)

2
with an 1 > 0 to be tuned later. Moreover we also have, using (37) and then (38) and (39)
0 (TeAy®, 7% )e = 0 [ A7 17 + T A 7]
§
< 11 = )7 )F + 0| (Id — T}
59
= %) a2 - mp3. ()
Furthermore, using (40) and for v, > 0 to be tuned later

v 1)
O (ALA, ) = 0 (A Lry®, TIy%); < 552"At£7€||t2 + QTQHHVEH?

< 2210 = I + 5 Ty, (73
Finally,
6 (LAY, 7%)e =0, (76)
because of L(A;) = L(ITA;) = (LII)A; = 0.4, = 0.
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9.3.3. Terms associated with the source term.
For some 3 > 0 to be fixed later, Young’s inequality permits to estimate

(8,7 = (8T < Lo ISIE + 5 I (77)
Since § = 1IS, and AIl = 0, we have
ed (A:S,~%)e = 0. (78)
Finally, using (38), Young’s inequality leads to
o5 (A, Sy < P ISl + L1 -, (79)

9.3.4. Terms associated with the time dependency of norms and operator.

Because of the time dependency of the norms and of the A; operator, some small e-order terms
appear in our computations. We show how we control them. Cauchy-Schwarz’ inequality immediately
gives

£ — €
=5 2O AR n < 5100l 1 (50)
=0
Thanks to (38), we have
> €d
—e6 Y (0" (A i)z, (m.) < €6 11060° ool Ay el e < 5 106" looll°1I7- (81)
k=0
Finally, using (42) yields
—€0 ([0, Ad®, %) < 28 Cull 77| (82)
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