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ON THE SPITZER-HARM REGIME AND NON LOCAL
APPROXIMATIONS: MODELING, ANALYSIS AND NUMERICAL
SIMULATIONS *
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Abstract. This paper is devoted to the derivation of the Spitzer—-Héarm limit from the coupled
system of PDEs describing the evolution of charged particles and electromagnetic fields. We identify
a relevant asymptotic regime which leads to a non linear diffusion equation for the electron tempera-
ture. Then, we discuss some intermediate models, which remain of hydrodynamic nature but involve
a nonlocal coupling through integral or pseudo-differential operators. In particular, we exhibit im-
portant mathematical properties of the so—called Schurtz-Nicolal model like the well-posedness and
the maximum principle. We also design numerical schemes for the non local models and analyze
their consistency and stability properties.
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1. Introduction. We are concerned with the following equations

1 Z: Vo (E4+vAB)fi) = chl(fkafl)
l

(1.1) Ofx + V- (vfi) £

where the unknowns fy (¢, z, v) stand for the number density in phase space of charged
particles within the species labelled by k. These quantities depend on the time variable
t > 0, the space variable z € R? and the velocity variable v € R3. The parameters ¢
and my are the electron charge and the mass of the particles, respectively. In what
follows the index k = 0 is used for electrons, and positive indices k are used for ions.
Then, the sign + in front of the acceleration term corresponds to positively charged
particles, the sign — corresponds to electrons. By convention we set Z; = 1 and
Zy, is the ionization number for the ion specie & > 0. The right hand side in (1.1)
describes interparticles interactions. Usually, in plasma physics, it is given by the
Landau-Fokker-Planck operators
my

(12) Ckl(fkafl) =TV, - <\/]Rd Sk,a(v - U*)(vv - EVM)fl(U*)fk('U) dU*)
with
drZEZ2q* In A
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In A being the Coulomb logarithm, and &y the vacuum permittivity. The kernel of the
collision operator is given by
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with kp the Boltzmann constant. The case @ < —3 is traditionally referred to as
hard potentials, the case a = —3 as Mazwell molecules, and the case a > —3 as soft
potentials. The most relevant case in plasma physics corresponds to the Coulombian
interactions between charged particles where o = 0. For further analysis it will be
interesting to consider slightly different operators, like for example the Boltzmann and
BGK models, having the same fundamental properties (conservation and dissipation).
Here and below, we consider the densities, current densities and temperatures defined
as velocity average of the microscopic unknowns

pe(t,z) = [ fi(t,z,v)do, Ji(t,x) = Zyqprug(t,z) = Zka/ v fi(t,z,v)dv,
R3 R3

kp©
prolug|? + 3pp—2—E =/ v? fi, dv.
mg R3

Finally, the particles are subject to a force field determined by the electromagnetic
field (E, B), which is self-consistently defined by the Maxwell equations :

1

OF — Pcurl,B = — (Jo - Z Jk)’
€0 k>0

0:B + curl, E =0,

. q
div, E = 7( E VAN PO>7
€o
k>0

div,B =0,

with ¢ the speed of light.

We refer to [2, 9] for an introduction to the physics background on the model. The
mathematical theory on existence—uniqueness issues for Vlasov—Maxwell equations
with collisional terms is not complete, depending on the complexity of the collision
operator. Concerning weak solutions we refer to [13], but considering Boltzmann or
Landau operators might lead to very weak notion of solutions [20, sp. Section IV].
Impressive progress have appeared recently dealing with classical solutions close to
equilibrium, with proofs based on subtle energy estimates [17, 29, 30]. Here we will
be interested in asymptotic questions. Due to the multiscale nature of the problem
the cost of numerical simulations of the system becomes prohibitive in many prac-
tical situations. This motivates to seek reduced models. Therefore our goal is first
to identify relevant parameters and asymptotic regimes, that can be embodied into
a scaling term 0 < € < 1 and second to derive the corresponding limit equations.
Then, having understood this behavior we seek intermediate models, depending on €.
These models will be of hydrodynamic type, that means describing the evolution of
macroscopic quantities like the charge and current densities and the temperatures. As
a typical example, the description of laser plasma interactions, as in the modeling of
Inertial Confinement Fusion (ICF), is highly demanding in computational resources.
Simulations of the fully microscopic model is not affordable at the scales of physical
interest and usually this situation is modeled by fluid codes. It turns out that electron
heat flow is a crucial aspect of laser fusion and it has been observed that these codes
often produce overestimated heat fluxes compared to experiments. Comparisons to
kinetic codes, available in very simplified geometries, have confirmed this drawback,
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which motivates that quest for more accurate macroscopic models.

Here, to start with, we adopt the following simplified framework:
e Ions reduce to one specie.
e The distribution of positive charge has already been thermalized, so that

| ok e
filte,v) = (27kp©;/m;)3/? exp( 2kB@i/mi)-

e The associated macroscopic quantities p;, ©; only depend on the space vari-
able and the current of the positive particles vanishes u; = 0.
Therefore we are interested in the evolution of the distribution of electrons f.(t,x,v),
driven by

atfe +v- vmfe - mivv : ((E"_UAB)JCE) = Cee(fe) +Cei(fe)'

€

Coming back to (1.2), the collision operators read

Coelf) =TeeV, p( [ Sealv =0 (V0= V) 101 0) dv*) ,

Cei = Fei
(f) (2’/T]€B@i/mi)3/2
YV, - /Sea(v—v*)(vv——mevq, )exp(—ivz ) fv)dv, ).
’ m; * 2]{/'3 @Z/ml
The electromagnetic field satisfies
J,
OE — c?curl,B = =< = 4 v fe du,

€0 g0 Jgrs
0¢B + curl, E =0,

div, E = 4 (Zipi — pe) = 4 (Zipi */ fe d'U) )
€0 €0 R3
div,B = 0.

The paper is organized as follows. The next section is devoted to the asymptotic anal-
ysis of the problem. We start with the dimensional analysis of the equations, in order
to identify a set of relevant dimensionless parameters (section 2.1). A first approx-
imation consists in simplifying the electron/ion collision term, based on the scaling
me/m; < 1 (section 2.2). In particular, we bring out the fundamental properties
of the approximate collision operator: charge and energy conservation, entropy dis-
sipation. Then by using Hilbert expansions we are led to the so-called Spitzer-Harm
regime where the dynamics is driven by a non linear diffusion equation for the electron
temperature; we identify the diffusion coefficient which depends on the details of the
collision operator (section 2.3). The intermediate model which is discussed in section
3 is derived on physical grounds and it is quite popular for the simulation of ICF ex-
periments. There, the flux is obtained as a suitable convolution of the gradient of the
temperature, which leads to a non local model. We shall establish some remarkable
mathematical properties of the model. In section 4.1 we design and analyze numerical
schemes for the non local models. It is completed in section 4.2 by a set of commented
numerical simulations. Eventually a conclusion summarizes the main contribution of
the paper.
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2. The Spitzer-Harm regime.

2.1. Dimensional analysis. Let us write now the equations in dimensionless
form. To this end, we introduce a particle reference density g, and a reference tem-
perature ©.. Then, \/kB(:)e/me defines the thermal velocity and kB@e/q defines a
reference potential. We also need time and length units, T and L respectively. Then
we define dimensionless variables by setting

t="T¢, x=L2, v =

Next, we define the dimensionless density by

Pe
fe(ta z, U) = —_3/2 f/(t/a xl7 ’Ul)v
L3 kp©.
Me
while the electromagnetic field scales as follows

0% L), B =2

a 2
FpOc 1 4 g [ me T [ me
q L kpO. kp©, L kp©e

measures the ratio of the electric force over the magnetic force. We also set

E(t,z) =

Note that

pila) = £5 pil@)),  Oilx) = 6, O)(a),

with p; and ©; reference values for the ion density and temperature respectively.
Finally, typical length scales are defined by

kg6, L3
Debye length: Ap = 50%
q” Pe
2 k2 62 L3
electron mean free path: ! = 6073746.
A7 peq* In A

Up to a slight change of notation, the dimensionless equations read as follows:

]{?B@ T ]{?B@ T m Lk‘Bée
Of + \/ TV Vel - \/ \/ kp©. T mc? v/\B)f)

3/2
B Pe [ Me
=Tlects (kB@ ) ( () +ZCm(f))

with now
(2.1)
Corlf) = Vo ([ 00 (9, - W) S0 ) )
s e 3/2
Cei(f) = depz (;Zgi27r1%> Pi .
VY, - (/ @g/2$(vv — %VM) exp ( _ M De U*‘) f(v)dv*)

re O v oot

)
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coupled to the Maxwell system

¢*pcT
OHE —curl,B= —————— vf dv,
' ) ! EOLQ\/ kBG)eme R3
( ) 0¢B + curl, E =0,
V. -B=
q Pe Zip;

V- E= i — dv ).

80k3@ L ( r ‘/Rsf v)

The dynamics is therefore governed by the dimensionless parameters

k5O, T kg6 1
n= Me C

the ratio of the thermal velocity over the velocity unit defined by the time and length
scales, and the ratio of the thermal velocity over the light speed, respectively;

L T
Ap’ T’
where the relaxation time
Y4
T = —
kO,
Me

kB@

is the time necessary for the electron moving at speed < to travel the distance

¢ and the mass ratio m. /m;, the temperature ratio O, / @1 and the density ratio
Z = Z;p;i/pe. Indeed, we have

1 1 T
(22)  Of+-v-Vaf - VU~((E+€ i v/\B)f) - ;(Cee(f)JrZiOei(f)),

2

OFE — curl, B = —1 L vf dv,

A

S D R3
’n%0,B + curl, E = 0,

V, B=0,

v.on (L) (20 [ sa),

REMARK 2.1. It can be convenient to rewrite

and

(2.3)

1
wp Me

with




SPITZER-HARM REGIME AND NON LOCAL APPROXIMATIONS )

the plasma frequency, and

€:)\2D><i><kB@€

Te Mg C2

with re = ¢/ (ggmec?) ~ 2.82.107 m., the classical electron radius.

2.2. Approximation of the electron/ion collision operator; Conserved
quantities and entropy dissipation. Taking into account m./m; < 1 and ©./0;
fixed to a positive constant, the electron/ion collision operator simplifies to

(2.4) Cal)(0) = Z pi ¥y (225 V1),

see e. g. [24]. This approximation is often used in practice, and we adopt from now
on to replace C¢; by 662- in the kinetic equation (2.2). As a matter of fact, we observe
that the system (2.2)- (2.3), with the approximate operator (2.4), conserves energy
and dissipates the entropy.

PROPOSITION 2.1. Let (f, E, B) be a (smooth enough) solution of (2.2)—(2.3) set
on the whole space, with the approzimate operator (2.4). Then, we have

d V2 1/Ap\2 s ooy
< Y fdvde + = (22 E B2 de| =0
dt[/Rs/Rszf Ux+2(L) /Rg( et B da| =0,

and
i/ fIn(f)dvdx = T (Cee(f)—i—Ziéei(f)) In(f)dvdz <0.
dt RrR3 JR3 T Jr3

This statement is a consequence of the following fundamental properties of the colli-
sion operators. _
LEMMA 2.2. Let Coe and Cq; be defined by (2.1) and (2.4), respectively. We have

1

(25) [ cenr| v | av=o,
(26) [0 ( 2 ) aw=o

[Lcatnmna = — [ exr e "’;H( o) - 22 )
-, >) £ () dv, do
_ _/RS

f f
2 022 du, dv
oy, (Vv - Vv*)f(v)f(v*) [v — v, |21 f(0) f(vy)
~ . AT7h. a/2 HU
L Cath mipav = —azp, [ 0229, TV, o
R ) R 92/2 .
= —4Zp,; /R ol T, V,\/f| dv < 0.
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More precisely the entropy dissipation vanishes in (2.7) if and only if the distribu-
tion function is a Mazwellian f(v) = p(27r®e)_3/2e_‘”_“‘2/2®6 for some p,©, > 0
and u € R3; and the entropy dissipation vanishes in (2.8) if and only if the dis-
tribution is isotropic: f(v) = F([v]). Actually, we observe that Ce; (e(jo]) f(v) =
e([v]) Cei(f(v)).

Proof. The proof of (2.5)—(2.8) follows by direct evaluation, using integration by
parts and the fact that (I— Tﬁf )z = 0. Remark that the collision operator Coe+ZiCl;
does not preserve the momentum, but it preserves only mass and energy. However we
observe that

~ _ 1T v
o /2 v . — /2
/RS Coi(flvdv = —Zp; /R e/ o Vo f dv = —27p,0%/ /R 7|v|a+3fdv

which of course vanishes when f is isotropic. In the Maxwellian molecules case (a =
—3), the momentum variation is proportional to the current density :

~ Zpi
/RS Cei(flvdv s —293/2 /RS vf dv.

Clearly the collision operator C.. (resp. C.;) and the entropy dissipation vanish
when f is a Maxwellian (resp. isotropic function). Let us prove the reverse implica-
tion. Saying that the entropy dissipation associated to the electron—electron collisions
vanishes means that m(vv — Vo, ) f()f(ve) = VyIn(f(v)) = Vy, In(f(vs)) is
proportional to v — v, (which means that it is equal to a(v, v4)(v —v,) for some scalar
function a). Let us set g(v) = In(f(v)). Clearly any affine function b-v+c, with b € R3,
¢ € R, satisfies this relation. Possibly at the price of adding such a function we assume
from now on that V,g(0) = 0. In particular, we obtain V,g(v) = a(v)v, &(v) € R.
Writing g(v) = §(|v|?/2,v/|v]) it implies that § does not depend on the second argu-
ment, hence g(v) = §(|v|?/2) is radially symmetric. (By the way, it proves that the en-
tropy dissipation of the electron—ion collision operator vanishes only if f is isotropic.)
Therefore, we are led to v(a(v,v.) — §'(|v]*/2)) — vi(a(v,ve) — 7' (|v.]?/2)) = 0. Up
to the negligible set in R? x R? where v and v, are colinear, this relation implies that
J'(|v]?/2) = §'(|v«]?/2) is constant, hence g(|v]?/2) = a|v|?, a € R. We conclude that
the functions that make the electron—electron entropy dissipation vanish are given by
f(v) = exp(alv]?* +b-v+ec) (with a < 0 to guaranty integrability), which can be recast
as p(27r®e)_3/26_|”_“|2/296, with a suitable relation (a,b,c) — (p,u, ©.). [ |

Based on (2.5) and (2.6), we can look at the first three moments of the equation
(1.1). Using charge density, current density and temperature definition, we have :
(2.9)

1
Owp + gvx +(pu) =0,

1 1 T ~ 1
P <6tu+ - (uVﬁu) +-V,-P= —Z,;/ vCei(f)dv— —p (E +en*u A B),
5 5 T Jps €

1
9 (309, + pu?) +2V, - Q+ EVI - (3pOcu + 2Pu) = —2pE - u — V, - (pulu),

coupled with equations (2.3). These equations are not closed since the pressure tensor
P and the heat flux Q are defined by

P:/Rg(v—u)@)(v—u)fdv, Q:%s/RS|v—u|2(v—u)fdv
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respectively. The system also involves the microscopic distribution function through
the integral term f vCei(f) dv. These terms in general cannot be expressed by means
of the low order moments and the macroscopic quantities p,u, O,.

2.3. Asymptotic regime: Hilbert expansion. The asymptotic regime we
are interested in assumes
)\D T
ek 1, A=< T:52<<1,
while 7, Z; and Z are kept fixed. We are thus concerned with the behavior of the
solutions of

1 1 1 ~
1
O F — curl,B = 5)\?/]1%:3 vf dw,
2?0, B + curl, E = 0,
V. -B=0,

VI-E:;g(Zpi—Asfdv),

with ¢ — 0 and A, — 0, the other parameters being fixed. As it will be detailed
below, in this regime the system (2.9) reduces to

3p

where the flux @ is proportional to the gradient of a certain power of ©, hence a non
linear diffusion equation for the electron temperature. Relevant intermediate models
can be thought of as closure relations defining the flux @ by means of ©.

Of course, we have in mind the Landau-Fokker-Planck operator (2.1) and the ap-
proximate operator (2.4) which are the most relevant for the application to plasma
physics. But it is worth bringing out the key assumptions on the collisions operators
which are needed to derive the asymptotic models, without specializing too much.
The basic assumptions state as follows N
A1) C.c(f) vanishes if and only if f is a Maxwellian, C¢;(f) vanishes if and only
if f is isotropic, (Cee + Z;Ce;)(f) vanishes if and only if f makes the two
vanish, which means that f is a centered Maxwellian,
A2) [os Cee(f) (L,v,0?) dv =0, [gs Cei(f) (1,0%)dv =0,
A3) Jpa Cee(f)In(f) dv <0, [ps Ces(f) In(f) dv < 0.
Clearly, Proposition 2.1 holds for any operators satisfying (A2)—(A3). We refer to
Lemma 2.2 for the case of (2.1) and (2.4). It is interesting to consider other operators
like e. g.
e Boltzmann operator

Calf) = / B(lv = v, (v =) w) (F(0)f(V) = felva) f(v)) dw vy,
R3xS2?

with v/ = v —w(v —vy) - w, v, = v, +w(v—vy) - w and dw is the normalized
mesure on S2.
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e BGK operator

with (p, pu, pu® +3p0) = [os (1,v,v?) f dv.
e Fokker-Planck operator

CEP(f) =V - (v — u)f + OV, f).

Similarly, the electron-ion operator (2.4) could be replaced by the following simplified
Boltzmann operator

CEN0) = —groy (L, Fvl) o = @),

where T.; is a positive function. This expression can be obtained from the Boltzmann
operator for electron-ion collision in the asymptotic m./m; < 1, see [10, 16].

We obtain (formally) the asymptotic equation by developing the solution in power
series of ¢:

f(tw,v) =) I Fj(t,z,v)
J

and identifying terms that arise in the equation with the same power of €. At leading
order we get

(Cee -+ Zlém)(Fo) =0.

Therefore, the leading term is a centered Maxwellian, by (A1l). Moreover, by using
Ae < 1, the Maxwell system leads to the quasi-neutrality relations

(2.11) p:/Fodv:ZpZ—, J:/vFodvzo.
We conclude that

I CO) v? — 70,
it = Gt (“mtm) - 07

Hence the goal is to determine the evolution equation satisfied by the temperature ©.

—v?/20

To this end, for p and © positive, we set M, g (v) and we introduce

_ P
= @ro)z¢
the linearized operator

d ~
Lp,@f(’l}) = E(Cee + Zicei)(Mp,G + zf)(v) =0

Owing to assumptions (A1)-(A3), we observe that the linearized operator satisfies

L () toeseran=o
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and

1 d2

Lp,@f(v) dv = 5@ /]1{3 (Oee+Z Cez)( P, @+Zf) hl( P, @+Zf) dv . S 0.

rs Mpe

Differentiating (Ce. + Zié’ei)(Mp,@) = 0 with respect to p and © we observe that
Lp,@([% + %(% — %)}MP,@) = 0 for any o and 6. We slightly strengthen these
properties that follow from (A1-A3) by requiring

B1) Ker(L, ) = Span(M,e,v>M, e
It is satisfied by most of the classical collision operators, which furthermore are usually
self-adjoint. For the Landau-Fokker-Planck operator (2.1) and (2.4) we have

L,of(v) = V, /®a/2|’u —vv T;H M6 (v)Mpe(vy)
f
% (V. 3150 = Vo gi (v.)) dv.

+Z,p0°2V,, - (| ﬁﬂv 7):

Observe that

7/ML@ L,eofdv
é@/Q f f 2 Mp,@(v)Mp,@(U*) dv, dv
= / ‘Hv ve | Vo N (UJ)c - Vv*?(v*))‘ v — v, |o+1

-V, dv.
My My

II
Z;p©°/? / “-V,
+2ip vfatT
Coming back to the Hilbert expansion, we obtain

Lp,@Fl =vU- vxFo + FE - VUFO

Vep 3V.0 E v? V.6

(2.12) i
) 26 o)ty Folte) <55

=v Fy(t,z,v) - (

with Fy(t,2,v) = M) 6(t,2)(v). Bearing in mind (A2), we remark that the zeroth
and second moments of v -V, Fy + F - V, Fy vanish so that (2.12) makes sense. We
need further assumptions:

B2) For any @ verifying fR3 ddv = f]R3 v2® dv = 0, there exists a unique I" such

that L, el' = ® with the constraints [p, I'dv = [ v?T'dv = 0.

This assumption has the flavor of the Fredholm alternative that would identify the
range Ran(L, o) to the orthogonal to the kernel Span(M, o,v*M, o). Note however
that proving that Ran(L, e) is closed depends on the collision kernels. It is satisfied
when the collision operator satisfies the following spectral gap inequality: there exists
Ap,© > 0 such that

F F|?
(2.13) —/ Lp oF dv > )\p’@ / | |
R3 0,9 R3 Mp7®

holds for any F verifying [ps Fdv = [, v*Fdv = 0. Typically it holds for the
BGK operator or the Boltzmann operator in the case of Maxwell molecules or hard
potentials with an angular cutoff, see [7], and we refer to [11] for the Landau-Fokker-
Planck operator. The case of soft potentials imposes to work with suitable weighted

dv
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spaces and the proofs involve quite intricate arguments, see [15]. In appendix A.1,
we detail the arguments for the Landau-Fokker-Planck operator by using the fine
estimates derived in [1, 17, 25]. For the time being, we do not detail the functional
difficulties associated to (B2). The useful consequence of (B2) relies on the fact that
there exist (vector valued) functions G, ¢ and H, ¢ verifying L, oG, e = vM, o(v)
and L,eH,o = vv’M,e(v). As a matter of fact, we observe that the matrices
Jv®G,edvand [vv?® H,edv are negative definite, since we can rewrite

dv
/U ® Gpedv = /Lp,@(Gp,@) ® GPBMi
p,©
and
9 dv
w @ Hy,edv= [ Lye(H,e)® Hyo-—
Mp,@

which are negative matrices by virtue of the dissipation properties (2.7) and (2.8).
Furthermore, using symmetry and homogeneity arguments, we can derive simpler
formulae.

LEMMA 2.3. We suppose that the collision operator satisfies the following prop-
erties:

i) Lpef=pLief,
ii) denoting Te the application defined by 1o f(v) = f(v/OV), we have T (Lie(f)) =
szl (e f),

iii) for any isometry R € O(R?), we have L1 o(f o R) = L1 o(f) o R.

Then, there exists functions g, h : R™ — R such that
v

G,ov) :g(ﬁ) " e—v2/2@’

and

(2.14) H,o(v) =0 h(|v]/VO) v e ¥/?°,

Consequently, there exists some constants qi1,q2,qs, qa, with g1 > 0, g4 > 0 such that
/v ®Gpedv = —q1@5/2 I, /vv2 ® Gpedv = —q2@7/2 I,
/v ®H,edv= —q3®7/2 I, /111)2 ®H,edv= —Q4®9/2 I.

Proof. By i), the equation defining G, becomes L1 oG,0 = vMio(v). We
deduce that it does not depend on p. Next, ii) yields L ; (%T@Gm@)(’l}) =ouM;1(v)
which means G, ¢(v) = VOG1 1(v/VO). Eventually, repeating the arguments in [12,
Lemma 3|, iii) implies G1 1(v) = vg(|v|)My,1(v). Similar reasoning applies for H, o.
Now, we compute

/v ® Gpedv = /v Qv g(\%)evwm dv = ©5/2 /v v g(\v|)e*”2/2 o,
W e Gpade = O [voui? ge

v® Hp,edv = 02 [v®v h(|v|)e_”2/2 dv,

@ H,odv = 0% [v@uvv? h(|v|)e_”2/2 do.

——
——
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The matrices in the right hand side are clearly diagonal and we set g1 = — 3 [ v2g(Jv[)e™""/2 dw,
2 2 2

g2 =—3 [vig(jv])e=" /2 dv, g3 = —% [v?R(|v])e " /2 dvand g1 = — 3 [vig(jv])e /2 dv.

As discussed above, ¢; and ¢4 are positive as a consequence of the dissipation prop-

erties of the collision operator. ]

We postpone to appendix A.2 the proof of the following claim which makes the pre-
vious statement relevant for our purpose.

LEMMA 2.4. The assumptions of Lemma 2.3 hold for the operators (2.1) and
(2.4). Having disposed of these preliminaries, we go back to the equation (2.12).
We remind that Fo(t,z,v) = M,(y),e@,) is the Maxwellian with density p(x) and
temperature O(t,x). The functions G and H we consider are actually parameterized
by t,x. Therefore, we get

Va 3V, FE V.0
Fl(t,xm):(}’p’@(tw,v)-( pp—§ 5 +6)(t7m)+H7@(t,x,v)- 5? (t, ).

Now the electric field has to be determined by the constraint of vanishing current.
Indeed, the Maxwell equation tells us that

A2 (@E — curle) =

O(\2)
—/gfdv:—/vFldv.

Hence, we impose

/vFldv:()

which yields the following definition of the asymptotic electric field

E(tz) = —@(tx)((v;p—zvg)@)(t,m)

- )
+ (/v@Gp’@(t,x,v)dv) /U®H olt,z,v)dv 52 (t7x)>.

Having obtained the expression of the corrector F;, we use the compatibility condition
for the relation

Lp)@FQ + Ree(Fl) = atFo +v- VZDF]. —F- VUFl

with R. the second derivative of C.. evaluated at M, g. (The magnetic field effect
disappears at this order.)

The energy conservation leads to the evolution equation for the temperature. Indeed,
we have

8t/v2F0 dv = —Vx~/vv2F1 dv,
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which recasts as

3p0® = V.- [—/mﬂ@GP’@(t,x,v)dv(

/vv ®H,eo(t,z,v)dv

o7

-1
= V,- [/UW@G,J,@(IS,JL‘,U) dv (/v@Gm@(t,x,v)dU)

V.0
v® H,e(t,z,v)dv o
\ @}
CEA

/U’U ® Hpeo(t,z,v)dv
Owing to Lemma 2.3 and 2.4 we arrive at the following non linear diffusion equation

1

00 = —V,- [( G — q2q‘°’)@5/2v @]

3p ¢
This heat flux
(2.15) Qsy = —%@5/2%@7
with § = q4 — qz% corresponds to the so-called Spitzer-Harm heat flux, see [28].
Written in this way, it is not clear that the flux is defined with a positive coefficient.

There is a alternative way to obtain the diffusion coefficient. Indeed, multiplying
(2.12) by v and integrating, we obtain the following expression for the electric field

-1
E—© /v®vF0dv /va_@Fldv—/ U@q;fFOde@ 3 6_0Yer,
R3 R3 ' R3 02 2 p

It recasts as

(C] V.0 3 Vap
E = — L Fd—f@Q ~V,0 -6/
p@(»/R?’U pOTHEY @2>+2’” p
1
= - / vl,eF1dv—-V,0 — @—
P Jrs
Therefore, (2.12) becomes
02
e (5 o)
cp,@ 1 20\ 6 5 0 V.0
where we have set
F
LyoF =L,oF — 0/ oLy oF (v,)dv,.
p@ R3
In particular we observe that
1 1 2
v o[v
/ v | LyeFdv=0, / v —(—75)Fodv:0.
R3 v2 R3 v2 20\ 0

We assume the following analog of (B2) for the modified operator:
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B3) For any ® verifying [p; ®dv = [o; v*®dv =0 and [ v® dv = 0, there exists
a unique I such that £, o' = ® with the constraints [p, ['dv =[5, v*T'dv =
0 and [y, vI'dv = 0.
Clearly it holds when the estimate (2.13) is satisfied. We can define y as the solution
of

v e=v’/2 1
L = —(v?—-5)———, / v v)dv =20
X 2( )(27r)3/2 RS \ 42 x()

and, reasoning as in Lemma 2.3, we get

2

E”’@[\/@tt,x)x( \/G)&t,:r)ﬂ ) = @it,x) % (% - 5) We—vz/@@)’

and accordingly

1 v

NG x)X< NGO

Finally, we obtain (using the fact that the flux [vF; dv vanishes)

2 1 v
25y — 2@3/2/ v ﬂ_5 ® dvV,0
/Rs“’ e R 2@(@ ) \/G(t,m)x<\/®(t,m)) !
= 2@5/2/ g(yQ —5)® x(v) dvV,;0.
R3

Fi(t,z,v) = ) - V,0(t, ).

We observe that the matrix
[ 50 -nex@d= [ fuxexw
R3 2 ]R3

is non negative. Indeed, for any ¢ € R?\ {0}, we have

[ ameroae-s = [ Lateon-owd
= /i L1,1(x-§)(x-€)(v)dv—/Rs vx-Edv/Rg vLii(x-€)dv

j:s_ Lyi1(x-&)(x-&)(v)dv > 0.

Actually, as observed in Lemma 2.3, see iii), it can be expressed as a mere scalar
matrix since we have y(v) = v2(|v|)e=?"/2, with Z : R — R.

For some collision operators, we can explicitly solve the equations that define the
corrector F; and in turn, we get an explicit formula for the diffusion coefficient. For
example, consider the following combination :

Coel W) = ~(M[f] ~ )(0),

Call) = Zj” ([ sk dw - 1))
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with 7. € R and 7; € R. The linearized operator then reads

([ tlras - 1)

where P is the orthogonal projection of L?(M, ¢ dv) on Span{l, v, v?}:

Lyof =2 (P(f/M,0)Mye — )+ Z

Te

Zpi
Ti

() 20\ 0
with
p
pU = / v gM, e dv.
300 + 3pb R3O\ 02

Then we obtain
7. v(v? —5) e V2

5 1+ ZiTe/TZ' (27‘-)3/2’

x(v) =

and thus
E=-0(V,Inp+V,n0O),

16vV2 7. * 52 5\ ¢ Te
_ 2 d¢ = 80v/2 :
3T 1+Z¢Te/7'i/0 ¢ & 2)° ¢ \[lJrZﬂe/ﬁ

For a general collision operator however there is no such explicit formula and the nu-
merical evaluation of the coefficient might remain a difficulty. Continuing the Hilbert
expansion at a higher order usually leads to an ill-posed problem. A rigorous proof
of the asymptotic regime is certainly a tough piece of analysis; we refer for related
problems to [5, 6]. We are now going to discuss an e-dependent macroscopic model
that can be found in the physics literature.

Q|

3. An asymptotic nonlocal model : the Schurtz-Nicolai model. For some
applications in plasma physics, we need a more precise model of conduction, retaining
more of the microscopic features. Let us describe here the derivation of an inter-
mediate model, which is widely used in several plasma physics codes. According to
experimental results, the idea consists in expressing the heat flux as a space convo-
lution of the Spitzer-Harm heat flux, with a kernel W, (z,z") that tends to a Dirac
function as € goes to 0:

Qt,x) = W, (z,2") Qsp (t,2) da’
RS
This expression is inserted in (2.10) to close the equation, Qgg being still defined by
(2.15). This approach dates back to Luciani and Mora [21] and it has been revisited
since then by many authors [14, 22, 23, 27]. The point is precisely to propose a
relevant definition of the kernel W,. In what follows, we present a derivation inspired
from the work of Schurtz and Nicolai [27]: the idea is to describe the heat flux as
the result of the transport of the energy associated to the solution of (2.12). We set
Q=rrandr= |v| and we introduce & ,(z, ), solution of

(3.1 E+eQ-V,.E =r*Fi(t,x,rQ).
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Here r2F} /e is seen as a source of energy and € can be interpreted as the radiative
intensity associated to this source, subject to a damping of order 1/e. As a matter of
fact, when € = 0, £ coincides to 72F;. The nonlocal heat flux is defined by

Q(t,ac)zl/ devzl/ / r3&dr QdQ.
2 R3 2 0 S2

The solution of (3.1) can be obtained by using the method of characteristics and we
get

Er (2, Q) = / 6; Fi(t,x — sQ,rQ) r2ds.
0

Remark that according Lemma 2.3, there exists a (isotropic) vector Fy(t,z,r) satis-
fying Fy (t,z,rQ) = Q- Fy(t,z,r). Accordingly, we can write :

0o e—g o] T5 _
Qt,x) = / / - / §F1(t,ac —sQ,7r)drdQ s*ds.
0 Js2 €S 0

The expression of the Spitzer-Harm heat flux is obtained from Fj; we remind that

/0074515(75 x r)dr—iQ (t,x)
0 2 1\6y 4y - Ar SH\U, .
We set 2/ = sQ, dz’ = s?dsdf). The nonlocal heat flux can be defined by the
following convolution formula

!
_ =7l

3 e =
ta)=— | —5 t,x —a')da’.
Qta) = = [ T Qsnltor =)o
This expression makes a link between Schurtz-Nicolai’s approach [27] and the seminal
work of Luciani-Mora [21].

It turns out that a useful approximate formula can be derived for the non local heat
o0 .3 . 3 .

flux. We set q(z,Q) = [~ 5Er(x,Q)dr. Multiply (3.1) by % and integrate. It

yields

oo 5 3
qt(xaQ) +€Q : Vth(lUQ) =Q- / %Fl(tax7T) dr = EQ . QSH(tax)'
0

Thus we can write the following moments system

/th(az,Q)dQ+svm~/ Q®th(x,Q)dQ:% Q®QdQ2 Qsu(t, x)
2 2 SZ

j Q®Q qt(x,Q)dQ—i-ej Q0 V, - (Qq(r,Q)) dQ = 0.
s2 s2

We now make a new approximation in order to close this system. For small €’s it is
natural to expect that Qg;(x, ) becomes isotropic which motivates the approximation
Qq(z,Q) ~ Q0 Js2 Y qu (2, Q) A, Inserting this approximation in the moment
system leads to

/ Qg (z, Q) dQ — 5243% S Qe QeQ):V, / O g (2, Q) dQY dQ
S2 ™ S2 s2

3
= 45 [, 2 ®Qd2 Qnlt.o).
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Then, the nonlocal heat flux is defined, within this approximation, by the elliptic
equation

2
(3.2) Q- S2.Q=Qsn.

coupled with equations (2.10) and (2.15). This simplified model, or variant of it,
appears in several simulation codes. It is worth mentioning that similar equations have
been derived in the modeling of electrostatic interactions in biomolecular processes,
[19, 18]. We also refer to [3] for a similar derivation applied to radiative transfer
problems. We can establish the following statement which provides a rigorous basis
to the non local model.

THEOREM 3.1. Let ¢ > 0 and suppose p(z) > p > 0. Let ©g € L*°(R?) be a
non negative function such that p©y € L*(R®). There exists a unique function such
that p© € C* ([0, +oo[; L' (R?)) solution of the system (2.10), (2.15), (3.2) with O
as initial condition. In addition, © satisfies the mazimum principle: for any t > 0
and a.e. x € R3,

(3.3) 0 < min Oy(z) < O(t,x2) < max Og(z).
z€R3 z€ER3

Proof. We denote by F the Fourier transform, by F~! the inverse Fourier trans-
form

3
—ixew — 1 1T -W
FO)w) = [ w@eran Fow = (50) [ ewera,
R3 ™ R3
with w the Fourier space variable. We start by rewriting the system (3.2) in the
Fourier space. Since

1

FQ(w) = m?@sp](w),
we get
S0F(00) = —F(V,-Q) = +iwFQ= % (1- —— ) 7 (67)
2 t P = z = T v 1 +€2w2/3 .

Back to the real space, it becomes:

N 7/2
P00 = —— (072 —W.x67/2),

with

1
_ 1
We=7 (1+52w2/3)'

We have the following expression for the convolution kernel, see [4, Section 6.5] ,

3 \Ble
Wele) = g © Jal /e

This kernel is positive and unitary in the sense that

3 —V3|z|/e 3 [
W.>0 and W.x1= / € dz = — ze V3Eedy =1
471'52 R3 |l’| 82 0
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holds. It is also worth pointing out that

1 1 1 w?
— (1= =
g2 1+ e2w?/3 3

as € goes to 0, so that the operator 6%(I — W) tends to %, which is another way
to check that the non local model is formally consistent with the Spitzer—Héarm limit.
For proving Theorem 3.1, we introduce a cut-off of the non-linearity: the L> estimate
will show that the cut-off is actually not relevant. We set M = max©gy > 0 (bearing
in mind that ©g is non negative). Then we define

. P72, if ¢ < M,
q
§M5/21/J — §M7/2 else.

The function 1 — fas(¢) is non-decreasing and (L = gM®°/?)-Lipschitzian. Let us
consider the auxiliary problem

(3.4) { pdu+ far(u) =g,

'I.L(t = 0) = @0,

with pg € C° ([0, +-00[; L*(R?)). With a standard contraction argument, we show that
there exists a unique solution u of (3.4) with pu € C* ([0, +oo[; L' (R?)). Observe also
that v > 0 when ¢ > 0 and ©¢9 > 0. Let (un)neN be the sequence defined by
uo(t,x) = Op(x) and

(35) { POt + far (1) = We s far(ua),

Ups1(t =0,2) = Og(x).

This sequence is well-defined because w11 is solution of (3.4) with g = W, far(uy).
So, we have, for any n, pu, € C* ([0, +oc[; L*(R?)).
We have
PO (tnt1 — un) + far (Uns1) — far(un) = We x far(un) — We x far(un—1).
We set
1 if x >0,

else.

Then we get

POy (un+1 - un) Sg (un-i-l - un) + (fM(un-l-l) - fM(un)) Sg (un+1 - un)
= (We s far(un) — We k far(un—1))sg (g1 — up) -

Since fjs is non decreasing, we have (far(unt1) — far(un))sg (upe1 — uy) > 0, and,
since W, is non negative and unitary, we get

J.

(Wex fur(un) = We x far(un—1)) sg (un+1 — up) | do

IN

We x (Ll — tp—1]) dz
R3

IN

L [thy, — Up—1] da.
R3
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It follows that

L t
/ Pltnt1 — upl(t, ) de < —/ / plun — un—1](s, ) da ds.
R3 P Jo Jr3
We deduce that

(Lt/p)"tt
= sup ||p(u1r —uo)(s, ")l L2(r3)

Unp — Un ta' S T N
lp(wnt1 )( )||L1(R3) n+1)! oy

n+1
holds. Since the series ) % converges, it implies that the sequence (un)n N

satisfies the Cauchy criterion and thus it has a limit © with p© € C° ([0, +oo[; L*(R?)).
Passing to the limit in (3.5) we observe that © satisfies

pat9+fM(@) = Ws*fM(@)v

with initial data ©¢. It remains to discuss the L*>° estimate.

Of course, the initial guess verifies ug(t,x) = Og(z) < M. Let us now assume that
maxgers Un(t,2) < M holds. Since W, is unitary, we have W, x far (M) = far (M).
Therefore, we can write

PO (Unt1 — M) + far(unyr) — far (M) = We x far(un) — We x far (M) .
We use the function

" if 1 > 0,

else.

Then we have

PO (Upt1 — M) (uns1 — M), + (fur(ung1) — far (M) (upqr — M),
= (We * far(un) = We x far (M) (tny1 — M),

Since fjs is non decreasing, we observe that

(fm (Unt1) = faar (M) (upg1r — M), >0,

and, since W, is non negative, we get

We x (far(un) — far(M)) (g — M), <0.
It follows that

d

2
T RBp(un_ﬂ — M) (t,x)dz <0.

Since initially (up4+1(0,2) — M) = (Og(x) — M) < 0, we conclude that w,y1(t,2) <
M. With similar arguments, we treat the bound from below and we finally obtain,
for any n € N,

in © <u,(t,z) < Oo(z).
min O(z) < un(t,z) < max Go(2)

In particular, we have

.mmmmnzg%@@m.



SPITZER-HARM REGIME AND NON LOCAL APPROXIMATIONS 19

Therefore, w, converges to the solution © of the system (2.10), (2.15), (3.2) and it
satisfies (3.3). "

In addition, it is worth pointing conservation and dissipation properties of the model.
ProposiTiON 3.2. The total energy is conserved

d
3.6 L pedr=o.
(3.6) At Jos 0

Suppose furthermore that p = px > 0 is constant. Then, the following entropy dissi-
pation holds

d 2
(3.7) T (/ p+|O% dz + %/ p*|Vw®2dx) <0
R3 R3

Proof. The energy conservation follows directly by integration of equation (2.10).

Next, we apply the operator (Id — %AI) to (2.10). Then we use (3.2) to make the
Spitzer-Harm heat flux appear. We obtain

g? 2
1d= 58,00 = -V, - (:V.0).

P

Multiply by ©, and integrate with respect to the space variable. Using several inte-
grations by part we obtain

a /|@Fm+€a/|v9ﬁm —74L/HW(ﬁdx<O
dt R3 3 R3 * N 3p* R3 * -

In the next section, we propose a numerical scheme to solve efficiently the sys-
tem (2.10), (2.15), (3.2), and preserving the properties in Proposition 3.2 and the
maximum principle (3.3).

4. Numerical analysis.

4.1. A numerical scheme for the Schurtz-Nicolai model. For the sake of
simplicity we discuss the numerical issues by restricting ourselves to the one-dimension
framework. However, we consider models slightly more general than equation (3.2)
derived above. Precisely let us consider two (smooth) positive functions v : R —
(0,00) and k : R — (0,00). We are concerned with the numerical approximation of
the system

2
(4.1) &9:—%%@
(4.2) Q - *(0)02Q = —k(0©)0,0

with a prescribed initial data ©(t = 0,2) = Oyni(x). For the time being we neglect
the question of the boundary condition and we consider the problem as set on the
whole line € R (see Remark 4.3 below). The function & is related to the definition
of the Spitzer-Hérm flux and relies on the identification of the coefficient in (2.15).
The additional function v has been introduced as a tuning parameter to fit the results
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t
| ! OZ@
I I
n+1+7)hiF-t--@®--1--@--1-
| | :Q
(n+ 1)ht » :
l l
| |
n+7)hiF-t--@--1---@--1-
] ]
| |
nhg + +
| |
G—Dhe ' Ghe G+ DR T

(G=3)ha G+ 3)ha

Fic. 1. Staggered grids

with kinetic simulations, see [21, 22, 23, 27]. Our goal is to derive and analyze a
numerical scheme for (4.1)—(4.2).

Let hy > 0 and h, > 0 stand for time and space steps, respectively. The scheme
is based on the approximation of the following integrated form of (4.1), at the point
Jha

(n+1)h

O((n + 1)hy, jhe) = O(nhy, jhe) — #}Lm) <ax</h Q(s, ) dS))

r=jhq

together with (4.2). We adopt a Finite Difference viewpoint but temperature and
fluxes will be evaluated on staggered grids, see Fig. 1. The numerical unknown 07,
with n € N and j € Z, is intended to be an approximation of ©(nh¢, jh,). We denote
p; = p(jhs), with p: R — (0, 00) a given function. We define the scheme by

2
n+1l n __ D . n,n+1
ot = o] ht—?)pj (VZ-gmmit)
n,n+1

where we are left with the task of defining the numerical flux Qj 12 intended to
approximate the flux

1 (n4+1)hy

L Qs (G +1/2)ha) ds,
t Jnhy

and the numerical operator V2 - e intended to be a discrete version of the derivative

Oge.
For further purposes it is convenient to introduce the following operators

0,11- 0,
VP (65)e — ((VDG)j+1/2 = %)JEZ’

vD.. (Qj+1/2)j€Z — ((VD Q)j = i1z~ jSl/z)jef

hy
©,.1—-20,+06,_
AD . (®j>jEZ — ((AD@)j _ 2itl h2] J 1)j€Z~
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Note that (V) o VP = AP, We shall also use the following definition, with a slight
abuse of notation,

Qi3 —2Qj11/2 + Qj-1/2
D . D _
A7 (Qj+1/2)j€Z — ((A Q)ji12 = = ;ngg . >jez'

A naive approach consists in using an explicit discretization: we set Q;’ff/rz =

@712 intended to be an approximation of Q(nhy, (j + 1/2)hs), where the approxi-
mation of (4.2) yields

D
Q?+1/2 2 +1/2A Q]+1/2 = *"5?+1/2(v 0")jt1/2-
Here, for the nonlinear terms we use

O + @?)7

§ er.,+ 067
leﬂ/z:V( D) — j)~

’%;L+1/2 = '%( 2

But for € = 0 the problem reduces to a nonlinear heat equation and the scheme we
are writing is nothing but a mere explicit scheme for the heat equation. In particular
it will be certainly constrained by a parabolic CFL condition where the time step
hy should be proportional to h2. Such a condition induces a prohibitive numerical
cost and in particular the computation will not be affordable for any extension to
multi-dimensional problems. This remark motivates to seek an implicit definition of
the numerical fluxes. The scheme we propose is based on the observation that (4.1)
can be approached by Q((n + 7)hs, (j + 1/2) z) for 0 < 7 < 1. Hence pick 0 < 7 < 1;
we define the numerical flux Q”_:Ll 72 Q?LT /o Which has to be thought of as an
approximation of the flux Q((n+ 7)hy, (j +1/2)h;). It leads to the following discrete
version of (4.2)

(4.3)
n+t 2 n+7' D yn+1 n+7’ D An+1 DAon
Qj+1/2 +1/2A Q j+1/2 — +1/2( (V © )j+1/2 + (1 - T)(v © )j+1/2)'
It is coupled to
T‘L+1T/2 - 7‘1+1T/2 2
4.4 ot =@ — hy— 2~ IZE2 @ — hy— (VP Q7).
( ) t 3[)] h. j t 3pj ( Q )]
Inserting (4.4) into (4.3) yields
27h 1
n+r n—+7 D n+1 t n+7‘ D D An+1 _ nJrT
12 R AT Q- 3 12V ( vt )j+1/2 K (VPOM) 12,
The detailed expression of the third term in the left side is
n-+r1 n+Tt n-+rt n-+T1
VD(EVD ) an) _ L(Qj+3/2 COWiH1/2 ¥h41/2 j71/2).
p +1/2 h2 Pj+1 P;

Finally, the nonlinearities are defined as follows

+1 +1 n n
r ( e + 67 -7 er,, +0oy )
o @“2@“ €) : ¢) 7

4ol T+ O
n+r Jj+1 J Jjt1 J
Rj+1/2 = (Tf +(1- T)f)
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In order to solve the non linear system (4.3)—(4.4) that defines the pair (@?‘H, Q;’_tf/z)

we proceed as follows. We set (:);-L’O = ©7F. Then, we define the iteration process

_ o + Q™" en, ., +e7r
~n,T _ Jj+1 J Jj+1 J
Vj+1/2_V(T~ 2 +(1_T) 9 )7

e+’ %, + 07
W = (T s e e ):
(45) An,r+1 2~m,T D An,r+1 2Tht ~n,T D 1 D An,r+1
Qe =€ V41287 Qs — 3 Rit12V (’V Q )J+1/2
B ]+1/2(V 0")j+1/25

én ,r+1 @n VD L On.r+1 .

The solution (@?H7 ?117/2) is seen as the limit limrﬂoo((:)?’r, Q;L-4-71/2) In practice,
we stop the iteration when the relative error becomes smaller than a given (small)
threshold, and a few iterations are usually enough to construct the fixed point. As a
matter of fact, it is worth remarking that the first step of the iteration corresponds
to a quite natural semi-implicit discretization (only nonlinear terms are defined ex-

plicitly) and it already produces satisfactory results.

For the analysis of the scheme, the following manipulation will be useful: we ap-
27h

ply the operator p e —V . ( 2pnr P (pe) + %%”’TVD o) to the fourth equation

in (4.5). We obtain

~ ~ 27h -
ij?,r+l B VD . (E2ﬂn,er(p@n,r+1) 7-3 t ~n,er@n7r+l)j
- 2 h
— pj(_)n _ VD . ( 2~ o™ er(p®n> T aThy s er®n>

th (Qn v €QDTL,TADQTL,T+1 2;ht ~n er (;VD . Qn,rJrl)) .
J

The last term can be rewritten by using the third equation in (4.5). We are led to
the following formula

An,r+ ~n,T AN, T+ 2th ~n,r an,r+
pi©; I—VD‘(€2I/ VP (pom™ 1)+—3t/<; ryPen 1)j
2(r —1)h
_ 9j6;'l vD. (621;11,er( @n) ( ; ) tkn’TvDQn) )

J

(4.6)

Let us perform the numerical analysis of the scheme neglecting for the sake of sim-
plicity any boundary terms. Namely, we consider the unknown as being defined for
any j € Z. See Remark 4.3 for details on the boundary conditions.

THEOREM 4.1 (Von Neumann stability). Let us suppose that the coefficients are
constant: p=px >0, v =1, >0, Kk = kx > 0. We assume that

3p.vi €2 3p.h2
4.7 1-21— ——< L
( ) T KRy ht - Qli*ht

holds. Then, the scheme (4.5) (or (4.6)) is L?-stable.
REMARK 4.1. In particular the scheme is unconditionally (L?-)stable for 1/2 <
7 < 1 and it can be expected to reach second order accuracy with respect to hy and
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hg in the Crank-Nicolson case (1 = 1/2). Anyway, the scheme is stable under the
standard parabolic CFL condition % <1.
Proof. We associate to a sequence (uj)jGZ the Fourier series Fp(u)(&) = ZjEZ ;eI

The amplification factor of the scheme (4.6) reads

1-— 2 <€21/* + W) (1 —cos§)

Fp(6™7) €)= h2 3px
n N 2 2th
Fo(O7) 1-— ez <€21/* + ;ptf*> (1 —cosé)
The amplification factor satisfies {%&T;)({){ < 1 iff the condition (4.7) holds. A
similar stability analysis appeared in [3]. [

THEOREM 4.2 (Maximum principle). We suppose that p = p, > 0 is constant
and that 0 < v <v(z) <7, 0< k < k(z) <& holds for any z > 0. Assume that

3e2p, v < 30

(4.8) m hy < m

(hZ + 2%p).

Initially the data is required to satisfy 0 < @ < @? < ©. Then, the solution of the
scheme (4.6)) satisfies the same inequality.
Proof. Assuming that p; = p,, we rewrite the scheme (4.6) as follows

(4.9)  (1+a)00 ™ =af O +a; 01 + (147;)07 + b7 07, +b; 07

where we use the shorthand notation

27—ht n,r ~Nn,T 52

4= 3p*hg( jr1/e TR )+ ;Tw( 2 TP )

+ 2Tht ~n,T 52 ~n7‘

a; = ———K.,

J 3p h2 ji1/2 h2 ]i1/27

(1 —T)ht ~n,r 52 ~nr

V== 3p.h2 (% j+1/2+ﬁ:] 1/2) h2( ]+1/2+ 1/2)
+ 2(1 B T)ht ~n,r 52 ~n,r

bj = 3p,h2 Rj:tl/2_h721/j:|:1/2'

The condition (4.8), implies that the coefficients satisfy
a; >0, a; >0, br>0, 1+7>0
with furthermore
L+ b7 +b; =1, a; =al +a;.

n,r+1 _ n,r +1

Let us denote p™ = sup,cz ©F and p = SUp,ez, @ Since the coefficients in

the right hand side of (4.9) are non negative, we have

b P af +a; ) + u".
J - 1+ a;

(o}
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We argue by contradiction: let us assume that there exists 0 < n < 1 such that
pt = (1 —n)p™ "t < pmr1 Since the a;’s are bounded (uniformly with respect to

j)?
47 h 26
t + \4

0<a; <
W= p2 T Rz T

the previous inequality becomes

An.r+1 n,r+1 n )
k < 1-—
O, = ( T+ M)

which would contradict the definition of p™"+1. ]

REMARK 4.2. Note that the condition (4.8) is consistent when € = 0 with the
usual condition, which makes a proportionality constraint between hy and h% appear,
for proving the mazimum principle (see [26, Theorem 2.2]).

PROPOSITION 4.3 (Energy conservation). The solution of the scheme satisfies
the discrete analog of property (3.6):

>_ri0) =206,

JEZ iE€EZ

Proof. Assume this equality is true at iteration n. Using (4.5), we have

PILEAEDIILIES ol DR DS EDIILH

JEZ JEZ JEZ JEZ JEZ

PROPOSITION 4.4 (Entropy dissipation). Let 7 = 1/2, and assume that p = p, >
0 is constant. The solution of the scheme satisfies the discrete analog of property
(3.7):

Z (@n r-‘rl) +5QZ( J+1/2|(VD(—) r+1) 1/2| ) Z @n +5QZ( ]+1/2| V on )J+1/2| )
JEZ JEZ JEZ JEZ
Proof. First, we make some general observation. Let (4;)

jezr (Bj)jez and

(o1 /g)j < be given sequences. Remark that we have

(4.10)
> AVP(aVPB); =3 J;;l/g (Aj1Bj + AjBjiy — A;jBj — Ajp1Bj)
JEZ JEL x
=T Zo‘j+1/2 (VDA)J'+1/2 (VDB)j+1/2
JEL

Therefore, we multiply (4.6) by ((:)?’T'_H + @;L) and we write the result as follows

(é’,”“ + ey) (é;”“ — @;) —e? (éy”l + @;) vh. (DW'VD (enr+t — @”))
2
~ 3p,

J

(657 +07) VP (R VP (r6mH 4 (1-1)0")) .

J
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Then using (4.10), we have

~ 2 ~
Z ((@;M—H) o (6?)2> +e’ Z (D;I-;-Tlﬂ (|(VD®n’r+1)j+l/2‘2 - ‘(vDen)j+1/2|2))
JEZL JEZ
th ALY n,r n
= _37[)* j%’{j—i-l/Q <T| (vDe +1)j+1/2 |2 +(1—7)] (VD@ )j+1/2 |2

+ (ngn,r) vD@n)

j+1/2( j+1/2) !

For 7 = 1/2, we conclude by factorization that

> ((é}hrﬂ)Q - (92)2> +e?Yy (D;‘Lﬂ/z (|(VDén’r+1)j+1/2\2 - \(VD@TL)J'+1/2|2))
JEZ

JEZ

2

Ay = p O™ 4 en

= S| (V) | o
JEL j+1/2

holds. |

REMARK 4.3. The previous discussion does not account for boundary conditions.
In practice of course the index j lies in a bounded domain, say j € {1,...,J}. The
scheme involves “ghost” points with indices out of this range, the values of which need
to be prescribed by boundary conditions. It turns out that the formulation (4.5) is well
adapted to Neumann—like conditions where the flux Q) is prescribed at the boundary: we
impose the values of Q172 and Q jy1/2 by using the prescribed flux. The formulation
(4.6) is well adapated to Dirichlet conditions where the unknown © is imposed at
the boundary: the value of ©g and © ;41 is given by the Dirichlet conditions. The
adaptation of Theorems 4.1 and 4.2, and Propositions 4.3 and 4.4 to these contexts is
straightforward, with energy and entropy inequalities involving the prescribed boundary
terms.

4.2. Numerical results. A key features of ICF simulations is the possible oc-
currence of “antidiffusive effects”, see e. g. [14], such that the heat flux follows the
direction of the temperature gradient. We illustrate this fact in Figure 2. This fig-
ure has been obtained by using the kinetic code fpelec developed at the Atomic
Energy Commission [8]. In fact the code works on a simplified version of the Landau-
Fokker-Planck equation considered here, based on a truncated expansion on spherical
harmonics, together with the constraint of vanishing current. The boundary condi-
tion guarantees the conservation of energy. This model is more easily amenable to a
numerical treatment but it preserves the main features of the original equation. The
simulation is performed with a atomic number Z; = 4, and a density constant equal
to 2.5 x 102! g.cm™3. The size of the domain is 1072 e¢m. We plot the temperature
O(t, x) for several times, as well as the product of the heat flux Q by the temperature
gradient 9,0. The antidiffusion is characterized by regions where the product Qd,©
takes positive values (see Figure 2(b)). The Spitzer-Harm model completely misses
such a phenomena since, by definition, we have Qgy - 9,0 = —26°/2|9,0|2 < 0.

We illustrate the ability of the asymptotic model (4.1)-(4.2) in capturing the anti-
diffusive effect, see Figure 3. The comparison with the kinetic simulation cannot be
fair since we do not have access to all physical data, nevertheless we can bring out
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the main features of the nonlocal model. We consider the normalized space domain
(0,1) and the initial data reads

Oinit(z) = (1 = (0.3 = 1) x 2x) Ljg,0.5(z) + (1 = (0.3 = 1) x 2(z — 0.5)) 1j9.5,1)(x),

see Figure 3(a). We use the scheme (4.5). Of course, with e = 0 it also provides a
scheme for the Spitzer-Harm equation. We perform simulations for several values of
the scaling parameter €. The simulations are performed with 7 = 1/2, h, = 1/100,
and j € [1,99]. In order to conserve the total energy, we impose that the boundary
fluxes vanish (Q1/2 = Qgg41/2 = 0). The (common) time step is chosen so that the
stability condition (4.8) for the maximum principle is satisfied. We remind that v is
a phenomenological nonlinearity introduced in many hydrodynamic codes to fit with
kinetic simulations. Here we restrict to the simple case v = 1. As expected the smaller
g, the smoother the temperature profile, see Figures 3(c) and 3(e). In Figures 3(b),
3(d) and 3(f), we can observe the antidiffusive effects for positive values of e, with
quite sharp profiles for the largest ¢’s. This effect reduces as time grows, as observed
with the kinetic results. We point out that running the hydrodynamic code is very
fast. This aspect is particularly important since for ICF simulation the computation
of the electronic temperature is a small piece of a large hydrodynamic code involving
coupled systems of PDEs.
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Conclusion. We have derived precisely the non linear diffusion equation for
the electron temperature which arises in the Spritzer-Harm regime. The derivation
starts from collisional models accounting for both electron-electron and electron-ion
collisions. Due to the latter the collision operator preserves charge and energy only.
The kinetic equation for the electron distribution is coupled to the Maxwell system.
We discuss in details the scaling issues. The quasi-neutral regime implies that the
asymptotic solution has a vanishing current, which can be interpreted as a constraint
on the electric field. We identify, depending on the collision operator, the diffusion
coefficient of the limit equation. Next, we revisit the Schurtz-Nicolal model, which is
a non local macroscopic approximation of the kinetic model. In particular we justify
the well-posedness of the non local model and prove the maximum principle. We
design a specific numerical scheme for the Schurtz-Nicolai system and perform the
stability analysis. Finally, we check numerically the ability of the model to capture
anti-diffusive phenomena.
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Appendix A. Some useful properties of the linearized Landau-Fokker-
Planck operator.

A.1. On spectral properties of the linearized Landau-Fokker-Planck
operator. As said in section 2.3, the spectral properties of the linearized operator
are crucial. In particular we use the Fredholm-like property (B2). However, spectral
gap estimate, see (2.13), are usually not available for realistic collision kernels. Never-
theless, a fine estimate can be derived working with suitable weighted space; we refer
to [1, 17, 25] for proofs, comments and applications of the following statement (see
also [15] for the Boltzmann operator with soft potentials).

LEMMA A.1. Let us consider the linearized Landau-Fokker-Planck operator. For
any o € [—4,0], (B2) is satisfied in D = {h : R® — R, such that H%HD < oo} where

2
||h||D = |h|L2(<v>*“*1M) + |va@h‘L2(<v>*u*1M)
+ |(Id - Hv) Vvh|L2(<v>—a—3M) + |vauh|L2(‘v|—a—1M) 9

with the shorthand notation < v >= /14 |v|2.

Proof. Here and below, the norm |.| L2(w) 18 associated to the weighted inner
product

< >p2(w)= /(b(v)z/)(v)w(v)dv.

We write the problem as to find A € D such that for any g € D we have a(h,g) =
[ Fgdv with

a(h,g) = ~((Lpe + ZiCei)h 9) 12 ry 1)

and F = |v|PvM, o(v) for some exponent 8 € R.
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Firstly, we look at a coercivity estimate of the bilinear form a. Let us write

/2 h he \|? MM, dvdv,
h h = vav Vvi_vu N -
a( ’ ) 2 /Rs /Rs * < M *M*> |’U—’U*|O‘+1
_ h|? Mdv
Z7;p; H _—
+ p V PEaE

According to [17] and to [25, Theorem 1.3], there exists C; > 0 with

/2 h hy \|* MM, dvdo,
m,, (v,2t vy, 2= )| 24 dvdu.
2 //‘ V—Vx ( v M Vx M*> |U—U*|O‘+1
h h h
ZCl ‘ +‘vav +’(Id—Hv)vv .
M L2(<U>—0171M) M L2(<U>—a71M) M L2(<'U>7C‘73M)

Thus, there exists Cy > 0 such that

2
a(h7 h) Z 02

My

Then, we establish the continuity of a. Remark that

Q/2 h B
< Lp’@hhg >L2(M—1): B // H’ufv* (va — VU* M)
*

MM, .
.H’U—’U* (V’U J u dvdv

2y, 2R ) BT
M o M*> [v — v, |ott
Using the Cauchy-Schwartz inequality, we write

9 1/2
// v—v vi - Vv h* x
* * M, |[v — v, |ott
2 MM, dvd, )
g Gx * AU AUy
I o gx
g <// ’ o <vv M vv* M*) )

|v — vy |ot?
’HUVU

la(h, g)

h
Zi HUV'UM

+ np; .
! L2 (||~ M) L2(Jv|=«—1M)

We set w = % and w, = ”J&l’* so that

h hy M M, dv dv, 9%
//‘Hv—v* (VUM *Vv* M*> |’U—U*|a+1 = 2 //‘va

_w? ,ﬁ
2% e D dv do,

|w|a+1
h12

=25 (27)% |11,V :

M | pa(jp-a-1n1)

Thus, we get
o g
a(h, g §(22 2m)2 4 np; Z)’HV ‘ Vo— .
‘ ( )| ( ) M L2(Jo]—a—121) M L2(Jv|—*—1M)

Eventually, we apply the Lax-Milgram theorem to conclude that the problem is well-
posed. In particular the conclusion applies for § =0 and 3 = 2. ]
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A.2. Proof of Lemma 2.4. We remark that

p —U2
L,oGro = WU o—v°/20
- Py /@a/ZM
(2779)3/2 v — v, Jat1

(Vo = Vi, )(Gpo(0)e /20 + G, o(v,)e™"/29) du,

a/2
+Zinp;V (@/ B |a+1VG )
Since by (2.11), Zp; = p, dividing by p yields

1 —v2%/20 «
ve 0 = 7,0 /2v,,-(‘ i ViGe )

(27032
@a/2 v AL, Vs —v2/2® _U2/2®
27r AL v — v, ot (@e Gpo(v) +e "/ V,Gpe(v)
02 /26 _02/96 do,
_66 /2OG”’®(U*) - /2Ovv* Gm@(“*)) ©3/2

which already tells us that G, ¢ actually does not depend on p. We use the change
of variable v, /v© — v,, and the relation VO (d,,¢)(vVO) = 0, [p(vVO)] so that

evaluating the previous relation at vv/©, we are led to

o2 / Rlmv) (o Gro0VO) | —uzpog (M)
(27T 3/2 |\/7’U—7) )|oz+1 \/@ \/@
_UZ/QG%G\(/Q%\@) + @_UZ/QVU* (Gp Ux 9))) dvy
I Gpe(vVO)
_’_Zi@(a,l)/gvv . Vv vv P
<|\@v|a1+1 ( N ))

o 7'022_ —v?/2
= oV Py et

—ve

with the property Il 5, = II,. We conclude that Gv) = ng (vV/©) is solution of

2
ve v /2,

~ 1
= Gy
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