Numerical methods for coupling multigroup radiation with
ion and electron temperatures.
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Abstract. This paper is devoted to the numerical approximation of a multigroup three
temperature plasma model. A reformulation of the model is proposed in order to de-
rive robust convex combination-based schemes. The produced schemes are naturally
well-suited to handle stiff source terms and can be analyzed. However, because of the
very large size of the resulting linear system, a direct numerical solving can not be per-
formed in practice if a large number of cells or frequency groups is used. Consequently,
a decoupling procedure is presented in order to greatly reduce the numerical cost of the
method while keeping the fundamental discrete properties. After detailing the schemes
derivation followed by the practical numerical resolution and the decoupling procedure,
a numerical analysis is performed, and strong stability properties are proven. Several
numerical test cases are carried out to demonstrate the interest of the numerical ap-
proach.
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Introduction

Background.

From stars dynamics to Inertial Confinement Fusion, it is well-known that radiative
transport coupled with plasma physics hydrodynamics plays a key role in such complex
processes. However, full three-dimensional frequency-dependent transport-based direct
simulations are still too expensive for most computer architectures. Over the years,
various reduced physical models have been proposed to address this issue. In general
the dimension of the problem studied is reduced in order to significantly decrease the
numerical costs while keeping the main features of the underlying equations model of
radiative transfer. While reduced models enables to greatly reduce the computational
cost they are often integrated with respect to the frequency variable (grey approximation)
since frequency-dependent descriptions are generally not affordable. However, in various
astrophysical applications (such as star formations for example [13, 14]) the frequency-
dependence of the opacities (inside the interstellar gas) must be correctly taken into
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account [11, 23|. In this field it is observed that the frequency-dependence is particularly
sensitive. Consequently, one understands here the difficulty encountered when dealing
with large frequency-variation problems.

Multigroup approaches have emerged to perform frequency dependent simulations
[5, 27, 30]. In this case the frequency variable is sampled into a finite number of groups
and the frequency integration is only performed over the groups. The main advantage
of multigroup methods comes from the fact that with a relatively small number of
groups strong opacity variation may be considered. Of course, this suppose an efficient
and sufficient frequency-resolution where it is required. In general the frequency-group
distribution is carefully set at the beginning of the simulation. We mention here that
adaptive frequency domain strategies have been studied in [28, 7]. Various one dimension
neutrino radiation simulation code have been developed over the years, see for example
[2, 3, 17]. Concerning the development of grey diffusion code we refer to the large
literature on the subject [20, 8] and the references therein. Two dimension multigroup
codes have been developed more recently [?, 25, 30, 12] but the scientific literature on
the subject remains relatively low and the development of robust discretizations is still
a challenging issue. Among the most advanced works we mention [25] and the related
work [30] where the 2D multigroup model used is obtained using the comoving-frame
approach so it is correct up to the order O(v/c) (where v is a characteristic velocity of
the problem and c the speed of light). We also mention the work [12] in which a standard
direct time implicit solver using a stabilized bi-conjugate algorithm is used and thanks
to a mesh refinement strategies first three dimension simulations were carried out.

In addition to correctly model the photon transport to take into account stiff radia-
tive effects, the modeling of charged particles is also required in most astrophysics [10] or
inertial confinement fusion [7] applications. On this topic, the relaxation time between
the electronic and ionic temperatures toward the same temperature occurs on a time
scale much larger than the ones required to reach quasi-neutral regimes or required for
the electron and ion distribution functions to reach Maxwellian equilibrium distributions
[6]. However, the characteristic times of interest can be of the same order of the temper-
ature relaxation times. When this is the case, two-temperature hydrodynamics models
have to be considered [6]. In the present work the multigroup radiation equations are
then coupled with energy evolution equations for electrons and ions.

Present approach, aim and outline.

While the numerical cost involved when working with multigroup radiation-hydrodynamics
models still remains problematic (despite the large efforts recently undertaken as men-
tioned in the former paragraph), we also point out that the numerical analysis side of
the developed method remains largely unexplored. Indeed, because of the non-linearity
of the models coupled with the stiffness of the equations, time implicit solvers based
on standard linearisation strategies are very often used. However, we emphasize that a
numerical resolution based on a direct Newton-Raphson-type strategy does not ensure
that the numerical solution remains positive at each sub-iteration and may lead to di-
vergence issues. Some numerical analysis elements can be found in [21, 15, 1] however



in most of the works, despite an extensive numerical validation with various numerical
experiments, no numerical analysis of the schemes is carried out. In particular the issue
of the stability of the method, the preservation of the positivity of the discrete solutions
nor the convergence of the method is really addressed.

In this context, the present work does not intend to simply presents another multi-
group radiation-hydrodynamics code. The aim consists in providing a robust numerical
approach which is suitable for a numerical analysis. To achieve this, the ideas introduced
in [8] for a grey three temperature model are now extended to this multigroup context.
This strategy is based on a reformulation of the model and allows to prove some interest-
ing numerical properties such as unconditional stability, convergence, energy conserva-
tion and asymptotic preservation. A reformulation of the three temperature multigroup
model studied here is performed in order to derive robust convex combination-based
schemes. The resulting schemes are naturally well-suited to handle stiff source terms
and can be analyzed. However, because of the very large size of the resulting linear
system, a direct numerical solving can not be performed in practise if a large number of
cells or frequency groups is used. Consequently, a decoupling procedure is presented in
order to greatly reduce the numerical cost of the method while keeping the fundamental
discrete properties. The difficulties encountered and the solutions proposed are clearly
explained in the present document.

This work is organized as follows. Firstly, we present the three temperature multi-
group model and its associated reformulation. Hence the numerical strategy adopted is
detailed and a numerical analysis of the scheme is presented. Secondly, the methodology
is extended to the one dimensional setting to include the contribution of the radiative
flux. The numerical analysis is extended accordingly. Thirdly, the numerical strategy
studied is validated with various numerical experiments. Finally, our conclusions and
perspectives are given.

1 Model derivation

1.1 Spectral equation

In this section, the model studied and its derivation are briefly presented. We start this
derivation by the LTE version of the transport equation, where we assume the source
function is Planckian in accordance with the Kirchhoff-Planck relation. It describes the
absorption and emission phenomena of the photons when crossing matter at rest (no

hydrodynamics) [19]

101,
EaTy +w-VI, +0,I,=0,B,, (1)

where I,(t,x,w,v) denotes the radiative intensity (also called the spectral intensity)
for photons located in x with frequency v and whose direction is w. The quantity
I,(t,z,w,v) can be linked to the photons density N located at z with frequency v and
with direction w by the relation I, (t,z,w,v) = chvN(t,x,w,v). The speed of light is ¢
and the Planck constant is A. The opacity of the matter with an electronic temperature



T, for a radiation of frequency v is denoted o, (v, T.) while the radiative intensity of a
black body is written B,. Finally the Planck distribution B, (v, T.) is defined by

BV(V7 Te) = bu(l/7 Te)f(z)e: (Z)e = CLT€4,
7

where the radiative constant a and the reduced Planck distribution b, read

8ok 15h%03 1 +oo
= — by ,T = 5 bl/ 7T€ d - 1.
SR TRETER 1) = T exp(1) — 1 /0 o o)

1.2 Multigroup equations

Define G groups (ie intervals of the form [v,_1,v,[) which form a partition of R*. By in-
tegrating (1) over the group g (in other words, over the interval [vy_1, v4[) leads formally
to

101,
Cal W VI +ogl, = iagmbggbe, for g€ {1;2..:G}, 2)
with
I—/VgIdz/ a“bs—l/ygU(VT)I(twa)dy
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and the Planck means per group

1 Vg
ol =0,(Te) = / (v, Te)b, (v, Te)dv,
g I bg(Te> Vg—1

where
G

by(T.) :/ by (v, T)dv, by =1,
Vg—1 g=1

Here we also define the grey Planck opacity

G 0
op = Z bgog = / o,b,dv.
g=1 0

The group emission opacity o™ is a function of vy_1, vy, Te and 0, and can be computed
precisely and tabulated without approximations [19]. We refer to appendix D for the
practical computation of the opacities terms. On the other hand, agbs is a function of
Vg—1,Vg, T, but also I,. This last dependence is problematic so that different approxi-
mations have to be used in practice. At (Planck) equilibrium one has I, ~ B,(T), in
that case this choice simply leads to ngs = o0y™ = 04. Another choice consists in taking
I, = B,(T;) [19] so that

1 Vg

abs

oS (T,, T,) = / 00 (1, )by (1, T, ) v,
g bg(Tr) Vg—1



which can also be computed accurately and tabulated. Now, by integrating (2) over the
unit sphere, one obtains

Orprg +V - Fpg = Cag(bg¢e - O‘gﬁbr,g),
where

1
Grg = f}l{Igdw, Fr.q= ]{Igwdw,
c

and o4 is a positive number defined as oy = ngs /og. The model is said to be at
equilibrium if Vg € [1,G], oy = 1. In the following, in the test problems we work taking
ay = 1 but the methodology presented naturally extends to the general case ay # 1.

1.3 Model studied and reformulation

The model studied in the present work deals with the time evolution of the ionic, elec-
tronic and multigroup radiative energy densities respectively denoted Ej;, E, and ¢, 4 in
a hot plasma. It writes

8t¢7’,g +V. Fr,g = Cag(bg¢e - ag¢'r,g) + Qr,gp Vg € [17 G],
G

O E, = Z Cag(ag¢r,g - bg¢e) + CKJ(Ti - Te) + Qe (3)
g=1

OFE; = CFJ(Te — Tz) + Qz
The electron-ion coupling coeflicient x depends on the electronic temperature T,. Strictly
speaking, x only depending on T, is true in the weak limit of electron-ion interactions;
otherwise, it depends on both T;, T, [4]. The total (grey) radiative energy is written
¢ = E, = aT} and is given by ¢, = 2_g rg, similarly we denote ¢o = aT? for
a = e,i. It is supposed that the radiative flux F; , for the group g follows a diffusion

type approximation [19]
c

Frg=—afm~
" 30 (T)

Vorg, (4)
where 05 denotes the Rosseland (or diffusion) opacity for group g. Now, a reformulation
of the model (3) is proposed. It will be shown that it allows to write a very robust and
conservative numerical scheme. To do so, the first step consists in writing the model in
terms of the quantities ¢,. The model can then be written under the form

Oprg +V ‘57",9 = Cag(bg¢e - O‘gﬁbr,g) +Qrg, VgE [1,G]
Orde = cfe Z Ug(ag(lsr,g - bg(lse) + Becl‘?éie((m - ¢e) + BeQe, (5)

g=1
Orpi = Bickdie(de — ¢i) + BiQs,
with
_ déo 4T} dE, T, —T.

- = v, ™ 34 9 6i€:
dBn ~ pCyo =0 PO =17 i — de

The density is denoted p and C,  the heat capacity at constant volume for the population
a.

Ba

>0, «a=e,z1.



1.4 Properties

The main properties of the model studied are the following

e Total energy conservation.
Adding the three equations of (3) leads to the following total energy balance law

at(ET+Ee+Ei)+v'(FT):QT+Q€+Qi?

where we have used the following notations and properties

G G G
Zl¢r,g:¢r:aT1f17 ZlQﬁg:Q’"’ Z -
9= 9=

g=1
e Maximum principle.
In the case with no source term, if the electronic, ionic and radiative temperatures are
bounded at the initial time and at the boundaries then they remain bounded at all time.
More precisely if

for K € R™ then
max (T, (t,z), Ty(t, x), T, (t,z)) < KVt e R*.

Such a property is studied in [29, 16, 18] and references therein.

e Asymptotic behavior in the limit where o, and « tend to infinity.
In the limit where o, and  tend to infinity system (3) admits a Rosseland equilib-
rium diffusion limit [19] (where the three temperatures have relaxed towards the same
equilibrium temperature).

2 Numerical strategies in the 0D setting

The numerical strategy is now presented for the 0D multigroup model (so that spatial
derivatives are neglected). It is then extended to the general case.

2.1 First discretisations

Neglecting the spatial derivatives a straightforward backward Euler discretisation of the
reformulated model (5) leads to

¢n+1 — 7T“L, + Atco.n+1(bn+l¢1g+1 n+1¢n+1) + Ath,g7 Vg e [17G]7

;H—l ¢n + Z CAtﬂn—H n+1( n+1¢n+1 bg+1¢g+1) + CAtﬁg+llin+15?e+l(¢?+l . ¢Z+1)
g=1
+ALBITQe,
it = o + At Ler™ T (ot — ol + AtBITQ;.
(6)



Consequently, the unknown may be written under the convex combination forms

OF + BT Qi+ B R TSR ALYy Byt QrgAt + cog T AT

ntl —
?; 1+ 5?+1c/€”+15?e+1At ) 7.9 1+ col Ll A )
¢n+1 B wg-i—l + An—i—lenJrl + Z?:l Bg—i_lﬂ}?’;l
- G Tpn+l )
: T+ A+ 50, BT
where ) ontt T
n n
ntl _ e TG AL nl _ gl cog T AL
1+ BrHerntignting - 9 © 1+cogttagttAt’
and
P =gl + BETIQeA, T = ¢ + BT QiAL, Y = al TN (9], + QrgAl),
. " +1 1
and the following definitions of 6}, and S+
1
5@—}-1 _ En+ - T(?Jrl ﬁn—i—l — ¢Z+1 - ¢Z a=e.i (7)
? ) ).
e ¢?+1 _ ¢£L+1 o E&L+1 _ Eg

Remark. We point out that these discrete coefficients are never singular. Indeed, using
a straightforward Taylor expansion leads to

1

. nt+tl _ -
|T7;n+1_1’11:+1‘—>0 57,6 — 4a(Tn+1)3 > O. (8)
Similarly for the coefficients 37+!
4aT?
Tt o0 pCo,a(Ta) 9

In the following, it will be shown that the discretisation of coefficient 421 is fundamental
to enforce a correct discrete energy conservation.

2.2 Practical resolution

Despite the reformulation of the model, the expressions of qb?“, ¢! and ¢2;1 are not
completely explicit since they still depend of many implicit parameters. Consequently,
in order to proceed with the practical computation iterative methods are presented. To
update the solutions from time " to t"! sub-iterations, denoted with the index k, are
computed. More precisely, the nonlinear coefficients £3;" LR gntlk and 6?;”“ are first
computed by using (7) then

oy tE = oy (THR), RV = (TP,

as well as

1,k 1,k
?,;rLk — :‘L,g + Qr,gAt, g+1,k _ ¢2 + 5g+1’erAt, w;’H— _ ¢;1 + 5271-"- Qz‘At,

7



n+1,k . .n+1ksn+1lk n+1,k
Be CK 5'i6 At Bn+1,k: n+1,k CO_Q At

) e )
1+ ,B?H’kai”“vké?e“’kAt g 1+ ca?“’kagﬂ’kAt

by using the quantities (¢ i1*), grthk, (b?“’k. The unknowns ¢2*+1F+1 are finally
updated with

An+1,k —

G
1 1 +L.k 1 1
w;z-i- k +An+ ,k¢zl + Zl B;H' 7k¢77},3— k
g:

n+1,k+1 __
¢e - a Lk ik 5 (10)
14 Antlk 4 BZ]LJF ; b;H ;
g9=1
n+1,k 1,k sn+1,k 1,k+1 +1,k n+1,k n+1,k in+1,k+1
R R AN 7 TR 4 copthR AL TR ]

?;

n
1,k+1 wr,
) ¢n+ =

1+ ﬂ?“’kcmnﬂaké?:l’kAt " 1+ cangl’ka’g“At
Regarding the first step (k = 0) in the iterative procedure, d;c is initialized setting
T = 77 and TPH10 = T and (8) if needed. For the coefficients 4, one considers
4a(T)3
PCo,a(TE) 7
convergence of the scheme. The properties of the scheme are studied in the next section.

the limit expression 5, = see (9). The iterative process is repeated until

2.3 Numerical properties

In this section, the properties of the iterative scheme (10) are studied. More precisely,
we focus on the discrete energy conservation, stability and convergence of the scheme.

Property 1 At convergence of the scheme (k — oo so that gnTHETL = gntlk — gn+l)
in the case with no source terms (Q. = Q; = Qrgy = 0), the discrete total energy is
conserved.

Proof.

From the convex combination forms given in equations (2.2), it is not straightforward to
obtain the energy conservation relation. However, instead of using the set of equations
(2.2), one may start from the set of equations (6) which is equivalent (considering the

iterative procedure in k). Summing the ¢Z}";Lk+1 over the groups and adding the resulting

n+1,k+1

y and ¢"+t1*+1 Jeads to the following equations

equations with the ones on ¢

1,k+1 +1,k+1
gptlhtl —gn gt — o)

i U
n+1,k n+1,k -
e Bz

¢;l+1,k+1 _ (b? +

Then, by using the definition of 37+1* given in (7) leads to the discrete energy conser-
vation (when k tends to infinity)

EMY 4+ BTN 4 EMTY = B+ B + B}

Remark. As pointed out, the discretisation of the coefficients 3, given in (7) are crucial
here to obtain the correct conservation property.



Property 2 The scheme (10) is unconditionally L> stable at each sub-iterate k.

Proof.
Remarking that the coefficients A"tk B +LE and bgH’k are positive then, according to

(10), ¢+ 1R+ writes under the form of a convex combination of ¢tk HHF, (g bR Jbp R e
Therefore, defining ¢ 7% and YLk 4

mwn max

n n n+1,k n n+1,k

n+L,k _ _ . n+1l,k ) n+1, g n+1,k _ n+1,k ) n+1, .9

¢mz’n = min ¢e ) wz ) bn+1’k ) wmax = max ¢e ) % ) bn+1’k )
g g

we have the following estimates

?/)nﬂ’k < ¢n+1,k+1 < 77Z)n-irl,k
— e —

min maxr

n+1, k: n+1,k and 5ﬂ+l,k
ie

In addition, since the parameters 3; are also positive, equation

1k+1 . Lk
(6) shows that gb;H *1 also writes as a convex combination of w;ﬁ ™ and ¢Z+1’k+1.
Consequently, it follows that
n+1,k n+1,k+1 n+1,k
wmin S (z)z S wmax .
Moreover, equation (6) also gives the convex combination
ratr +1,k +1,k+1
rg n+l1, 1,
¢n+1 P + QAL+ Can+1,kAtbn+1,k¢g+1,k+1 B bg+1’k RS E + coy Ato?
1 1 = 1 1
1+CU”+ k n+ kAt a3+ k an}rlk +e n+ k:At
g
where a;”rl’k and ag“’k are positive. Hence,
bn+1,k L k bn+1 k
n+1, nt+1k+1l o n+1,k
VQ € [LG]’ an+17k¢mm d) = n+1 kwmax .
g Qg

In the classic case (og = 1), by summing the previous inequality over all the groups and
using the fact that 25:1 bg“vk =1 leads to

¢n+l,kz < ¢n+1,k:+1 < wn—l—l,k
— r —

min maxr

Property 3 (Convergence) If At is small enough, the sequence {qﬁ”“’k}k =

(d)nH B ,qbnﬂ ok , Lk qﬁ?ﬂ’k) defined in (10) converges toward "+ solution of (6).
Proof.
In the 0D setting, system (5) can be written as

¢ = A($)d + Q(9), (11)



with

¢T,1 Qr,l
QS = ¢7-7G bl Q(¢) = QT,G bl
Ge BeQe
bi BiQi
and
-1y ... 0 o1b1 0
R — b
A(é) = ¢ 0 lefele%e GO’G G 0
Beorar ... Beogag Be (_ Zl Ugbg - Hfsz‘e) Bekbie
g=
0 e 0 Bikdie —Bik0ie

System (6) is a Euler backward time discretisation of the system (11) and is given by

o = GEAIQ(E ) ALA g, ¢ = (- ArA (7)) (67 + A (67)).
The iterative method writes

ML = £ ("), ful() = (I — AtA(9)) (¢ + AtQ(¢)),  ¢" 0 = o™

Since the scheme is stable, the numerical solution (¢™),cn remains in a compact convex
subset of R*2 named E. Since A is smooth, it holds ||A||s := max [|A(¢)|| < oo and
€

for At < ||Al|x} one can write
Vo € B, (I - AtA(9))™" =1+ (At)'A(9),
i=1
and

fn(9) = &" + AtHn(9),  Ha(9) = Q(6) +D_(A) T A(9) (" + AtQ(9))-
i=1

Using the mean value theorem (since A and H,, are smooth and the time step is bounded
0 < At < (At)maz < ||A]|oo), there exists a positive constant K (independent of At and
n) such that

(61, 02) € B, |[Hn(¢1) — Ho(d2)|| < Kllé1 — o2,
thus

(1, ¢2) € B, [|fa(91) = fu(d2)]] < AtK]|61 — ¢2l.

Thus, for At small enough, the mapping f, : ¢"THF — ¢nT1A+1 s a contraction map-
ping. This property guarantees that the sequence (¢"T1*) oy converges to the unique
fixed point of f,, which is the solution of system (6).

Remark. Following exactly the procedure already presented in [8] by using discrete
Hilbert expansions, it is possible to show that the numerical scheme presented here is
asymptotic-preserving in the limit op and k tend to infinity.
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3 1D multigroup model

In this section, we add the contribution of the radiation flux (diffusion approximation)
in the simplified case of one spatial dimension. The numerical procedure presented in
the 0D case is extended then the resulting scheme is analyzed.

3.1 1D model and associated numerical scheme

In the one dimensional setting, the reformulated scheme writes as follows

8tQST,g + 3 ( rg) - ng( g¢e ¢r,g) + Qr,ga Vg € [17 G]a
at¢e = Z Cﬁeo'g(gbng - bg¢e) + Cﬁﬂeéie(gbi - ¢e) + BeQe, (12)

g=1

Ordi = ckBibie(de — ¢i) + BiQs,

where for clarity we have set ay = 1 but the methodology presented holds in the general
case. The radiation flux considered writes

Fr,g 3 R z¢r,g: Vg € [LG]~

For the space discretisation we introduce the space interval [0, L] divided in M uniform
cells. Denote j € [1,M] the index of a cell. A standard three points diffusion scheme
(1D) is considered

o Fr,g,j—l/Q F c
) rg.j+1/2 = T3 R

Ax 3ngj+1/2

with Az = L/M. Therefore we have, far from the boundaries,

At(amFr,g);'H_l = —AI»\”-H (¢n+1 — ¢n+1) + At)\n—’._l ((bn—i-l _ ¢n+1 )

Frgiv1/2
(OpFrg); = —L2d L X x(¢r,g,j+1 — rgi)s

g,j+1/2\r,g,5+1 7,95] 9,j—1/2\%r,g,j 7,9,5—1
where
Npst12 = 3R O TRVIL Ogit12 =04 (Tm ! Te’jH) :
9. 3(<7g,j+1/2)”+ (Az) ; 2

The 0D scheme naturally extends to write

OrTL + A0, Frg)”ﬂ = ¢, i+ Atcol THOI Rt — gty g € 1,6,
n+1 + Z CAtBn—I—l n+1 (¢77?—;§ bn+1¢n+1) + CAtﬁn—H n-‘rl(s;ze—i;l (¢n+1 ¢n+1)
¢n+1 — Jr AtﬁnJrl n+15n+1(¢n+1 ¢n+1>'

1,] 1€,)

(13)
The last equation of (13) can be reformulated to write under the convex combination
form

1
n+1 n+1 n+1\ in+1 n+1
QS = h QS ( - hj )¢e,j ) hj 1+ CﬁnJrl(SlneJSl n+1At

11



Now, we introduce the notation

Hn-I—l _ CAtan+15n+l n+1hn+1 (14)

ie,j

so that the second equation of system (13) reads

G
¢n+l + cAtIBnJrl n+l¢7rf;r§ CAtﬁn+l n+l¢n+1 Hn+1( ¢n+1)’ (15)
g=1
where we have used the fact that
G

Z n+1bn+1 ;L)+1
e

Similarly, by defining R"Jrl = cAt‘ﬁ""H "1 equation (15) writes under the compact

g Jj oo
form — +1 o
n n n n
¢n—l'-1 — 7] H + Z R (z) 7.9,J . (16)
€, 1 + H}H& _|_ CAtﬂg;LIO'%JFI

Finally, thanks to (16), the first G equations of (13) write

Z Rn+1¢n+1
n+1 n+1 n+1 n+1 n+1
Gy (L +coy i At) — coy by At T H +cAtﬁ"+1 o1 A0 Frg)j
(17)
_|_H77,+1 n
¢ n+1bn+1At J 1,J
:gvj g] 9, 1 + H‘;n‘i‘l + CAtﬁgj‘lo.g"J‘l
Besides, by defining
cAt< no+ HPH ?J) (cAt)2BrH
T + Hn+1 +cAt6”+1 o K= 1+ Hn+1 + cAtBn—H n+17
it is then possible to write (17) as follows
G
Orgg (1 cogy M) = Kjog o5t 30 o or gy + A(0:Frg)j ™
g'=1
_ +1pn+1
= Orgg T Ciogs Vg5
so that (17) rewrites under the non linear system form
ot Y ey
At | 1| = : : (18)
®' 5 Yit o+ @y

12



where

An+1 +e 1n+1 1 _CrlLJrll 1 0 1
—crt ARttt ettt
A?otjl = . . +1 ) (19)
0 - . —ch

and we have defined the matrices

1+ cAto} ! 0 0 b {‘}Lla’fjl bt ?jlag#jl
Antl — 0 .. 0 - K; : . .
J . J :
n+1 n+1 n+1 n+1 n+1 n+1 n+1
O O 1+CAtO' bGjaG]alj bG]O-Gjo-Gj

as well as the vectors @f;l and Y}”H

gbn—l&—l bn+1 n+1
T? 7‘7 7‘7
n+l __ . n+1l __ .
(I)rmj - : ’ Y] - CJ ’
n+1 n+1 otl
Pr.G.j bej oG.;
and the diffusion matrix
n+1
Al Ljt1/2 0 0
n+1 .
¢ =Atf o -0
n
0 0 )\ G +1 /2

We point out that the matrices A; may be expanded as follows

At = Dt Mt DR = diag(1 4 cAtol T - 1+ cAtogth),

and the matrices M;

K. bn+1 n+10_n/+1

n+1
(M} ) g9 = —Kjby 5 0y g’

may be written as the tensor product of two vectors u; and v;

n+1bn+1 O.{L‘i’l

7.7

Mn+1 _ u;LJrl ® U}m+1’ u;wl _ —Kj ’ ,U;Hrl _ :
n+1 n+1 n+1

b oc

In the next section, it will be shown that this property is useful to prove that the matrices
A;LH are invertible and their inverse may be easily computed.
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3.2 Numerical properties and practical resolution

The numerical properties of the 1D scheme are now given. We first recall the following
result which is particularly useful for the practical resolution of the 1D scheme.

Property 1 (Sherman-Morrison formula) Let A € RE*C be an invertible matrix and
u, v € RE such as 1+ vTA71u # 0. Therefore A 4+ v ® v is invertible and its inverse is

1 Ay @vA~!

A A=
(A+u®wv) T A-1a

(20)

This property enables to easily compute the inverse of the matrices (A;) jelL,M]-

Definition Let P € RV*N | P is a M-matrix if
Pi,j S 07 27&.7 V<Z7j) € [lvN]zv
N

> Pi;j>0, Vie[l,N].
j=1
N
In addition, P is a strict M-matrix if Z P,; >0, Viel[l,N].
j=1

Property 2 Let P € RV*N be o strict M-matriz. Hence P is invertible and its inverse
has non negative coefficients.

Property 3 The coefficients of the inverse of the matriz of system (18), namely (A?;;l)_l,

are non negative.

Proof. It is equivalent to prove that (Afoﬁl)T is a strict M-matrix. The sum over the col-
umn g of A?;{;l gives 1 +cAto”;+1 — Kja;éﬂa;‘“. Since H}LH > 0 hence KjUITéH < cAt.
Therefore, because of Property 2, the coefficients of ((AF1)T)™1 = ((ALIL)™1)T are

. n+1y—1 . .
non negative. As a consequence, (Ay};)”" has non negative coeflicients.

Since the components of the right hand-side of (18) are positive this property enables
to show the positivity of the discrete solution (¢} )nen-
3.3 1D discretisation with source terms

The previous expressed can be extended to include the contribution of external source
terms. In this case, the following expressions are obtained

n n+1,n G n+1 n+1
G HT W+ 0 Ry

n+l _ in+l /n n+1\ n+1 n+l _ 7€ 9,3 7.9,
(Z)z',j - hj 7,7 =+ (1 _hj >¢e,j ) ¢e,j - 1+ H;-H_l + CAtﬁZ;—IO'}L)’—;I ’ (21)
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1 1
cAt ( Hn+1 n ) ‘I):«Hf Yt 4wy
Tl T cAtﬂn—i—l ’Jn+17 A |+ | = : , (22)
oty Yyt 4wy,

where H "+ and APHL are respectively defined in (14) and (19).

System (22) may be solved using standard iterative techniques such that Jacobi,
Gauss-Seidel or bi-conjugate gradient strategies. In that case, property (20) may be
used extensively to easily compute the inverse of the matrices A; (at least for Jacobi
or Gauss-Seidel). In practice, to update the numerical solution from time " to ¢t"*!,
sub-iterations in k are considered. We start by computing the ®?*+1#+1 terms by solving
the set of equations (22). Then qﬁ"“ k1 and ¢n+1 K+1 are updated with equations (21).
In this process the nonlinear couphng terms YJ, hj, H;, Ry, Be; and the coefficients
in the matrix A;,, are fixed at sub-iteration k& to enable convex-combination forms
leading to strong stability properties. However, despite the interesting properties which
may be proven here, the size of the matrices involved may be problematic. Indeed a
direct resolution becomes particularly expensive when working with a large number of
cells and frequency groups. In the next section a decoupling strategy is presented to
address this issue.

3.4 Decoupling procedure

A direct inversion of system (18) requires to solve non-symmetric linear systems of size
(G'x M)? many times at each time iteration. This may be not affordable when considering
realistic applications. In order to overcome this difficulty, a decoupling of the diffusion
terms and the groups coupling terms is used. In practice, the method comes down to
solving G (M x M) tridiagonal symmetric systems. More precisely, the idea is to chose
the group-coupling terms at sub-iteration £ while keeping the ¢, 4 ; in the diffusion terms
at sub-iteration k£ + 1 as follows

+1,k+1 +1,k+1
Gy A AUOF )] =

+1 kpntlk ntlk +1, k41
g + cAta! TR (BT g TR — T ).

T’ 2957 9,7 €J 7.9,J

The coefficients A in the diffusion term are intentionally fixed at iteration k£ to avoid a
nonlinear dependence on ¢.. The associated numerical scheme then writes

n+1,k+1 n+1 k n+1 n+1,k n—l—l n+1,k+1 n+1,k n+1,k+1
Grai (U cop TIRAL 4 AN )+ AN ) — AR 0T — AT g

n n+1k n+1k n+1k
gy T Cog; by ALG,
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which rewrites

A L ¢n+17k+1 n+1,k
’I’L—‘rl, 'I’L—‘rl, 7"7971 9’1
ag1 gl 0 0
n+1,k n+1,k n+1,k
€91 9,2 €g,2
0 ‘ 0 , Vge LGl
: n+1,k n+1,k n+1,k
. Cg,M—2 ag,M—l cg,M—l
0 0 n+1,k n+1,k
g,M—1 g, M ¢n+1,k+1 n+1,k
r,9,M yg,M
(23)
with
n+1,k n+1 k n+1 k n+1,k n+1, k N n+1,k
ag; " =14cog AL+ ALA Zipt At/\g,j+1/2’ Cyj At gi41/2)

and
n+1 k n+1,kpn+1,k n+1,k
= ¢, +coy by Al .

In practice, these G linear systems are solved using a conjugate gradient algorithm to

obtained the QS;L;;’]CH terms. The qSZ}rl’kH and gb?jl’kﬂ terms are then updated with

the following equations

n + Hn+1 k n _|_ n+1 k n+1',k+1
¢n+1 k+1 Z Qb 7,9, , (24)

and
1- hn+1,k)¢n+1 k1

¢n+l k+1 — hn+1 k‘d}l] . (25)

0.

In order to enhance the convergence speed of this iterative procedure, the initial
condition (initial guess) may be adapted. This point is discussed in detail in Appendix.
In addition, in the spirit of [22, 9], acceleration methods may be used. This point is also
discussed in Appendix.

Remark. In the present study, electron and ion conduction terms have been neglected.
These terms add spatial coupling to the ®. and ®; evolution equations. When it is
possible, a simple approach to take electron and ion conductivities into account is to use
a simple splitting operator strategy. If it is not possible (i.e. if the numerical error due
to the splitting procedure becomes too large) the decoupling strategy presented here

still enables to compute the qb’ﬁ;;l’kﬂ terms (by solving G M x M set of equations)
then compute the gb?ﬂ’kﬂ and ¢"T1FHL terms (by solving a 2M x 2M system) at
each sub-iterations. Of course, by lagging the (szH’kH terms at sub-iteration k in the
"R+ evolution equation enables to solve two M x M systems to update ¢nthF+!

1E+1
thengb?+’+.
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3.5 Properties

In this section, the properties of the decoupling procedure are given. In particular we
highlight that despite the decoupling procedure adopted here the positivity of the dis-
crete solution is ensured.

Property 1 The matriz of system (23) is a strict M-matriz.
Since the components of the left hand-side of (23) are positive. This property guarantees
that the numerical solution remains positive.

CM*M and X\ an eigenvalue of A. There

Property 2 (Gershgorin’s lemma) Let A €
exists j € [1, M] such that
A —ajil < laiyl. (26)
i#]

Property 3 (Stability) The following estimate holds for each sub-iteration and for all
g€1,G]

n n+1,kyn+1,k n+1,k
O 4 co TN OV ALY
max ¢7]f;|]-‘1j < VM max ,y;;-l,k7 ,y;z;%l,k _ ITg.j 9, fljk €J
jef,m] je[t,m] 9 ’ 1+ngj N
. e 1 . . 1 .
Proof. Dividing the j-th line by 1 + CUZ;}r ’kAt, system (23) rewrites
1+c¢y+ ¢} —d 0 7,9,1
—c) 1+ +cy —d
/ / /
0 —Cpo1 Ly ey gLkl
9. 7M
o (27)
n+1,k+1 n+1,k
(Z)r,g,l ’7g,1
_ Ak _
= Ag =
n+1,k+1 n+1,k
¢T7g7M ’yg,M
with ik
nrd n n+1,k;n+1,k n+1,k
g B ik _ Prgg T C0g5 g5 " Al
= - 7 Lk = :
T 14l AL 9 1+ com R A

The matrix A’; is real symmetric, hence it can be diagonalised and its eigenvalues are
real. Let A be an eigenvalue then according to the inequality (26), there exists j € [1, M]
such that

1+ + = A=+ —(A=1] <+,
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and thus A — 1 > 0. Besides A~! is an eigenvalue of (A”g“)_1 and A~! < 1. Therefore as
(A’g“)_1 can also be diagonalised

AR, = NI < 1.
1(Ag) " 2 XES;I(I&E)A)! | <

Finally by denoting

n+1,k+1 n+1,k

(Z)r‘,g,l Tg.1

k+1 _ . k _ .

(I)g - . ) Fg - . )
n+1,k+1 n+1,k
(br,g,M Tg,M
one can write

kxk+1 _ 1k k+1 __ k\—11k
qu)g - Fg’ (I)g - (Ag) Fg7

and therefore
19512 = 11(A5) ' Tgll2 < [[(A5) Ml [IT5 112 < |ITG]l2.
Furthermore, for any vector X € RM it holds
X Joo < [ X2 < VM| X] oo
Finally the following inequalities are obtained

k k k k
19 oo < 1257 |2 < [ITgll2 < VM]|Tg]|oc-

Property 5 (Convergence) If At is small enough, then the sequence ¢"THF =
(d)n—l—l,k n+1,k ¢n+1,k

g Pe; ij ) converges toward ¢" which is solution of (18).

Proof. The proof of convergence for this procedure exactly relies on the same arguments
that were developed for the 0D case.

Remark. The decoupling procedure is not particularly new and the resolution of a
(GM)? system may be handle in an HPC context. Here we focus on the robustness
of the decoupled algorithm and its interesting numerical properties. If the comput-
ing resources available allow a direct resolution of the full system (without decoupling
procedure), then the decoupling procedure is not mandatory. However, because of the
coupling with matter (here ions and electrons), the system of equations becomes strongly
non-linear and a non-symmetric (GM)? system needs to be solved at each sub-iteration
(so many times at each time iteration). We believe this may become problematic with
a very large number of groups and cells even with powerful computing resources. In
addition, the procedure presented here naturally apply to unstructured meshes. In this
case, depending on the space discretisation of the implicit diffusion terms chosen, the
complexity of the non-symmetric matrix structure may be largely increased. This raises
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the numerical cost involved when solving the large (GM)? system and significantly in-
creases the cost of the full iterative process at each time iteration. Also, the decoupling
procedure also enables the use of acceleration techniques in the spirit of [23, 9] as pre-
sented in Appendix. For these reasons, we believe the decoupling procedure with its
numerical properties is of interest to the community.

4 Numerical results

In this section, numerical experiments are now presented to demonstrate the correct be-
havior of the studied methods. All the numerical tests are carried out with the numerical
scheme (23) (scheme obtained with the decoupling procedure). Indeed, as pointed out
in the previous section, a direct resolution of (18) is not affordable when working with a
large number of cells or frequency groups. We mention here that the groups distribution
is distributed logarithmically. More precisely, in practice we work with

In(vge1) = In(iy) + K,

with K = log(vg/v0)/G and vy = 4.88 - 107 and v = 1.0874 - 108.

4.1 0D slab

We start this section by focusing on 0D (no spatial variation) numerical experiments.
This series of tests cases is taken from [8, 10] and adapted to the present multigroup
context. Here the temporal evolution of the radiative, electronic and ionic temperature
profiles is studied in the presence of a stiff source term. More precisely, the external
source terms leads to the separation of the temperature profiles. The relaxation process
is then studied. The parameters used for these experiments are summarized in Table
1. The Planck opacities (0g)ge(1, considered follow the standard Kramers model (see

Problem 1 Problem 2 Problem 3 Problem 4
c 29.979 29.979 29.979 29.979
a 0.01372 0.01372 0.01372 0.01372
op 0.5-T,2 0.1-7.2 0.5-T,2 0.1-72
K 0.1 0.01379 - (T,,)~'/? 0.1 0.01379 - (T,,)~'/?
pCyi 0.15 0.15 0.15 0.15
pCy e 0.3 0.3-T, 0.3 0.3-T,
T, | 2.52487-10~° 2.52487-107° 2.52487 - 107! 2.52487-107°
T. | 2.52487-107° | 2.52487-107° 2.52487 - 10! 2.52487 -107°
T, | 2.52487-107° | 2.52487-107° | 2.52487-10~! 2.52487 - 107°
A 75.19884 15.03978 75.19884 15.03978
At 1073 1073 1073 1073

Table 1: Parameters and initial quantities.
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Annex (6.3) and write

e To-1 — e %y hvy
R Ty = .
ky T

Problem 1 and 2. At initial time the three temperatures are set equal. The
radiative and electronic source terms are set to zero while a source term is applied on
the ionic energy equation and writes

ln

Qi = 1

- st =
! At th—1 Q

A tn - tc tn—l - tc
N, <erf( 7 ) — erf(i\/§ )) ,

where we set t. = 10 and erf is the standard error function

2 z 2
erf:xb—>—/ eV dt.
VT Jo

See Table 1 for the values of the different parameters used. In addition, all physical units
are given in [10] from which these test cases are taken and extended.

Problem 3. The parameters are those of Problem 1 but the initial temperatures
are not identical.

Problem 4 This problem is similar to Problem 2 but the ionic energy source term
is replaced by a radiative energy source of same value.

In Figure 1 the source function profile @); has been displayed in yellow. In Figures 1-
3-4-5 the temperature profiles are displayed for different group numbers G for Problem
1 to 4. It is observed that the radiative, electronic and ionic temperatures separate
as the source term activates while the temperatures converge toward an equilibrium
temperature T, = T, = T; when the source term vanishes. As expected in the case
G = 1 the results obtained in [8] are correctly recovered. Then as the number of
group is increased it is noticed that the temperature relaxation phenomena takes longer.
Consequently, for 50 and 100 groups (Figures in bottom left and bottom right), the time
interval used has been changed accordingly.

For each problem, the solution profiles are displayed working with 1, 20, 50 and 100
groups. As the number of groups is increased the convergence of the solution profiles is
observed. In Figure 2, the numerical solution has been displayed for Problem 1 working
with a large time step At = 1. It is observed that the numerical method remains stable
even working with a stiff source term. Indeed, even if the characteristic time associated
to the source term becomes small comp ared to the time step used, the numerical method
behaves efficiently. Similar results have been observed for the other problems.

4.2 1D slab

In this section, numerical results are presented in a 1D setting. The first test case is taken
from [12, 30] and consists in a simple 1D diffusion problem modeling the evolution of
the radiative energies without matter coupling. The numerical results can be compared
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Figure 1: Time evolution of the three temperatures for Problem 1 with 1 (top left), 20
(top right), 50 (bottom left) and 100 (bottom right) groups for At = 1073,

with analytical references. The second one is also taken from [12, 30], it is a two groups
problem for which analytical solutions are also available. The third one is the most
challenging and deals with the propagation of a Marshak wave. It was studied in the
grey framework in [8] and is now extended to this three temperatures multigroup context.

4.2.1 Multigroup diffusion process

The first test-case performed is taken from [12, 30] and consists in simple 1D diffusion
problems for which analytical results are available. Here, there is no coupling between
radiation and matter and the Rosseland opacity coefficients in the diffusion term are
constant in space, they only depend on the group considered and writes

3.6-1014)°
ol =10"" () : Uy = \/Uglg—1. (28)

Vg

Here electronic and ionic temperatures are constant and does not evolve in time since
the radiation coupling is removed so we only focus on radiation transport. At initial
time the radiative temperature is constant in the space domain [0, L] and is denoted Tp.
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Figure 2: Time evolution of the three temperatures for Problem 1 with 1 (top left), 20
(top right), 50 (bottom left) and 100 (bottom right) groups working with a larger time
step At = 1. In the presence of a stiff source term the numerical method remains stable
and behaves efficiently.

On the left boundary a radiative energy T is enforced and propagates into the domain
through diffusion processes. In Table 2 the different parameters used are summarized.
The initial radiative energies are initialized as follows

Prg = bg(TO)aT(;la Vg € {1;...;G}.

A temperature T is enforced at the left boundary and the corresponding radiative
energies are set as follows
Prg = bg(TS)an-

Standard Neumann boundary conditions are enforced on the right boundary. Figure 6
displays the radiative energy associated to each group (the group g is associated to a
frequency v, defined in equation (28)) as function of the group frequency in x = 0.06 at
time ¢ = 10~!2. The analytical solution is taken from [12] and writes

(b'r‘,g = bQ(TO)aTé: + (bQ(TS)aTSZL - bg(TO)aTél) F(Ugv d: t)v
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Figure 3: Time evolution of the three temperatures for Problem 2 with 1 (top left), 20
(top right), 50 (bottom left) and 100 (bottom right) groups.

where
—V3oyd 1 1
F(og,d,t) = % (2 —erf (4 3;‘tgd - \/cto'g> —erf (4 &%d—k ,/ctag>> .
c c

and we have chosen d = 2 = 0.06 and ¢t = 10'? to plot Figure 6. On Figure 6 it
is observed that the numerical solution and the analytical one match perfectly. We
considered 60 groups logarithmically spaced in the range [0.5eV, 306keV].

c L a T, |To | M At
2.9979 - 1019 | 0.1347368 | 1.0267 - 10° | 1500 | 50 | 200 | 10~ 1°

Table 2: Parameters used for the multigroup diffusion test case.
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4.2.2 Non-equilibrium radiative transfer with picket fence model

The second test case we consider is also taken from [12, 30]. In [24], analytical solutions
for a 1D problem involving non-equilibrium radiative transfer with two radiative energy
groups have been developed. Here, radiative energy is injected into the space domain,
diffuses, and heats up the gas. The two groups have different opacities so that the
radiative energies propagate at different speeds through the medium. The heat capacity
is chosen such that pC, . = pC,; = aT? so it ensures 3. = §; = 1. The electron-ion
coefficient k is set large enough to prevent an electronic and ionic temperature decoupling
so we have T, = T;. The number of groups is G = 2. The opacities 0, = Uf and the
coefficients b, are constant in space and are summarized in Table 3. The Planck opacity
is defined by op = > by0o,. No electronic nor ionic source term is enforced but we
g

consider a radiative source term given by

capbgTS4 if t<ty and z < x,

QT,Q(ta x) = {

0 otherwise
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Table 3: Parameters for the test case.

Define the following dimensionless energies

Neumann boundary conditions are enforced on the left boundary while the temperature
is fixed to 0 at the right boundary. In Figure 7 the values of Uy, Us and V' are displayed

g =

¢T‘,g
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g=1{12}
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Figure 6: Numerical radiative energy per group at = = 0.06 and ¢ = 10~'? in blue and
analytical solution in red.

at time ¢t = 3 and t = 30. It is observed that the numerical solutions totally match with
the analytical ones.

4.2.3 Propagation of a Marshak wave

The last test case we study consist in the propagation of a Marshak wave. This test
case is taken from [8, 26] and extended in this multigroup context. The space interval
chosen is [0,0.5], the temperature at the left boundary is imposed at Ty, meaning that
the radiative energies are fixed at

Grg = by(Ts)aTy.

The temperature at the right boundary is fixed at Ty and thus the radiative energies
are

br.g = by(T0)aTy.

The electron-ion coupling coefficient x is chosen large enough to ensure T, = T; = T,.
The initial condition is T;, = T, = Ty and

Pr.g = by(To)aTy.

The time step used is At = 0.001. In Table 4 the parameters of the simulation are
summarized. The Rosseland opacities formulae chosen writes

Tej+Te;
R _ P e,J ej+1

In Figure 8 the solutions are displayed for only one group G = 1 at time t = 0.74
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Table 4: Parameters used for the Marshak wave test case.
L0 . . - ‘ 10 ‘ : : .
— T — T
— T — T.
0.8t — 0.8t —
(5] [
206t 5 0.6f
- -
] [
3 3
g g
04} 04}
& &
0.2 0.2
000 01 0.2 03 01 0.5 09 01 0.2 0.3 0.1 0.5
xT xr

Figure 8: Temperature profiles using 400 cells at time ¢t = 0.74 (left) and ¢ = 7.4 (right).
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and t = 7.4. The numerical results displayed correctly match with those obtained in
the grey case [8]. Figures 9 displays the multigroup solutions at time ¢ = 0.074 using
400 cells using 6, 8,20 and 50 groups. A convergence of the solution is observed as the
number of group G increases. In addition, it is noticed that the material and radiative
temperatures (respectively T,,, = T; = T, and T,) tend to separate as the number of
groups G increases.
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Figure 9: Temperature profiles for 6 groups (left) and 8 groups (right), 20 groups (bottom
left) and 50 groups (bottom right) using 400 cells.

5 Conclusion

In the present work, robust and accurate numerical schemes have been proposed and
analyzed for solving a multigroup three temperature plasma model in 0D and 1D. The
reformulation strategy of [8] extended to this multigroup context leads to the derivation
of numerical schemes which are naturally well-suited to handle stiff source terms and can
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be analyzed. Indeed, particularly attractive numerical features such as unconditional
positivity of the solution, energy conservation or convergence of the algorithm have
been proven. We underline that these numerical properties may be difficult to prove
while working with this three temperature multigroup model, therefore we believe the
methodology presented here is compelling.

More precisely, in the 0D setting a first L stable scheme has been developed. How-
ever, for 1D problems this methodology requires to solve huge systems of size (G x M)?
and can not be used for a large number of cells or number of groups. Consequently, a
variant scheme ensuring the positivity of the discrete solution has been proposed and
analyzed. We point out that this strategy naturally extends to multi-dimension prob-
lems on unstructured meshes. Another interesting perspective consists in studying the
coupling with a full hydrodynamic solver. This will be investigated while keeping the
attractive properties obtained in the present work. Of course, the algorithm numerical
costs involved in such coupling while studying multi-dimension problems will be a critical
issue. Consequently special numerical cares in addition to a careful performance study
must be undertaken in order to address it.

6 Appendix

6.1 Initial guess to enhance the convergence speed

Even though the decoupling strategy used enables to greatly reduce the computational
times, it is observed that the algorithm is still very slow to reach convergence. Thus, in
this section, we propose to speed up the convergence of the algorithm by improving the
initial condition of the algorithm. The ”natural” initialization would be

+1,0 . +1,0 _ +1,0
brgj = Prgg VIEILGL ooy =L, ¢ =0

However, the solution at time ¢"*! can be significantly different from the solution at

time t", thus making the convergence of the method very slow. That is why a better
initialization (initial guess) is considered for the iterative method is proposed. To do so
we first compute an iteration using the grey model (G = 1) with the initial conditions

0 0 0
Prj = Z o 950 bej = Z,j’ i nJ

Denoting gTey gmy ¢grey the results obtained after this ”grey” iteration, the initial

guest for the multlgroup method chosen is

+1,0 410 1o
SO b AT Ve e LG SN — T, o = el

Remark. This prediction is particularly relevant in the diffusion limit op — +o0
because the solutions for the grey model and the multigroup models are equal (if the
relaxation and diffusion opacities used for the grey model, respectively o, and 05 are
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correctly chosen). Table 5 shows the computing times for several values of G and M
with and without the ”grey” initial guess for the numerical test case described in section
4.2.3 with af = op independent of the group.

G | M | Computing time with prediction (s) | Computing time without prediction (s)
10 | 400 3300 3900
20 | 400 2900 3600
30 | 400 3800 4150
50 | 200 2650 4250

Table 5: Computing times with and without prediction.

As a conclusion, the prediction allows to speed up the convergence of the iterative
method in the diffusion limit. Of course, if the opacity vary significantly in each group
the interest in using this "grey” initialization becomes limited and slow convergence is-
sues may arise.

Remark: we use a full diffusion solve over At assuming grey and then use the solution
as the starting point.

6.2 Acceleration method

When the computation times becomes too large an acceleration procedure may be con-
sidered in order to improve the convergence of the iterative methods. The ideas presented
here are not originals and are largely inspired from [22, 9]. For clarity, the acceleration
method is presented in the case of an infinite electron-ion coupling coefficient x so that
T, = T; but it naturally extends to the general case T, # T;. For simplicity, the quanti-
ties at sub-iteration k are denoted without exponent (for instance, we write op instead
n+1,k)
P

of o . In this case the decoupling procedure leads to

k'+1 k' +1 k'+1 k'+1 k' +1 _
Prgj — Prg; — A (A97j+1(¢r,g,j+1 — Orgi) = Aai(Prgy — ¢r,gvj—1)) - ,
k k41
CAwg,j(bg,j?be,j - ¢r,g,j )s
K 1 n & K n & Og'j K
= €7j + CAtBEJ Z 0-97-7 T7g9j = fd)e’j + (1 - f) Z o ¢T’g/’j7

67j - . . :
1 + CO-Pm]AtBe?] g:l 9/21 »J

with f = 1/(1 + cop;jAtBe;). The link between the iterative loops denoted by the
indexes k and &’ will be detailed. Combining the two previous equations leads to

(1 + CAtO'g7j)¢k’/+1 — At ()‘g,j-i-l (¢k’+l - d)k"-i-l) . )‘g7j(¢k/+1 _ ¢]<;’+1 ))

T7g7j Tvg7j+l T,g,j T‘,g,j Tvgnj_]-

G Og’ 4 /
= ¢y g+ cAtog by i for ; + cAtog b (1 — f) /21 Uf;q Or
g = 5]

When o, ; tends to infinite (opaque medium), the iterative process may be arbitrary
slow. We give a brief explanation of it. In this situation, the diffusion terms are small
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in front of the cAto, ; term. At the zeroth order, the solution tends to the solution of
the equation in infinite medium which reads as

/ G '
(1+ CAtUg,j)@bv]f,gJ,rjl = Orgy + ALy be i fOLj + cAtog,be (1~ f) /21 JPJ ¢k

/ G /
Defining the difference between two iterations ¢*' 1 = § agyjqb g J - O'g’jqblﬁ g,j then
1.9, g:1 1.0,

CFH = (1-f) i cAtog; by,j0g.j K
— 1+ CAtO'gJ' op,;j

Y

which implies

CFH < (1= DIEk
then since 0 < (1 — f) < 1, we conclude that the iterative process converges. When
cAto, ; is large comparing to 1, then f is close to 0 and the factor of reduction of the

is close to 1. In these conditions, the convergence

G
cAtog ;i by i0g.
f) Z g9,) 9,1~ 9,]

error (1 —
( 1 1 + CAtO'gJ' O'p,j

is very slow.

Now we take into account the diffusion term, defining
k' +1 k'+1 k'+1 k'+1
[’( 7.9, ) —At (Ag,j+1(¢r g,7+1 ¢r ,9:J ) - )\g,j( rg,J ¢r,g,jfl)> ’

is solution of

¢k +1 ¢k’+1/2 where qbk/ﬂ/z

and denoting e rg.3 ., 7,9,J

K+1/2 /
(1 + cAtog;)9, g+]/ + E(ﬁbf,;,r.lm) = ¢:‘L,g,j + CAtUg,jbg,jf¢?,j

G
+ cAtog,ibg;(1 = f) Z op g ¢7~g g
g=1

! .
and gbf, ; jl solution of

(1+ cAtoy )¢~ o+ Lo 1) =

c
rgj T CALog by foe ; + cAtog jbg (1 — [) Z 0l ‘bfsﬁ’

/ 1 O-
then e];/;rl is solution of
k41 k' +1
(1 + CAtO—QJ) rgj =+ [’( 7,9, )
< / ¢ k +1/2 /
995 Kk +1
cAtog,ibg; (1 — f) Z op €rgg T cAtoy,jbg;( Z op; rg J d)?’,g’,j)‘
g’:l »J g’:l
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At this point, the problem is as difficult to solve as the original one since the groups
are still coupled in the last equation. But instead of solving it, we solve a grey equation
obtained by assuming some known spectrum for eff:; jl = 5pg,;0 qurl then one solves the
last equation summed over the groups

G
(14 cAt(o; — (1= £)) Y (0g,bg,j Z f; Py J))aw’f +1 +Z£ spg, OWE L) =
g'=1

g=1
G < Oyl k+1/2
Z(CAthj g] Z O'g ] r,q.j ¢Tg7]))7
g=1 g'=1 Pyj

with o; = 29: 5pg,j0g.j, Which can be rewritten

/ f G
(1+ AL} OWF ™ + 5 L(spy, OWH ) = eAU1L = f) 3 0500045 =0
g g'=

r,9".J 7"97])

Then d)?’f:;’r ]-1 is finally updated

K41 _ K4+1/2 k' +1
Prgj = Prgg T SPgOW; T

The overall sub-iteration (iterations k') algorithm is the following
e Start of the sub-iteration process: multigroup step

Look for ¢]::; jl/ % solution of

(1+ cAtog;)gl 2 4 (g 1/?) =

G
U 5 kl
<Z577~L,g,j + CAtUg,jngf‘ﬁZ,j + cAtag,jbg (1 — f) Z ai:j rg' G
g/zl 5J

e Grey step

Solve the grey equation

r7g 7]

’ , G ’
(1+ cAtfo;) oWFT! + > L(spg OWFH) =1 = 1) 52 oy (Oh i — k.
g'=

e Correction

Bl K+1/ 2 ) E+1
(bmm - ¢rgg 97]6Wj .
test for convergence of qbf,;r ]-1, if not converged return to the start of the sub-iteration

process.
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, G
If converged ¢f;1] = ¢7]f,g—fjl and ¢k+1 = f¢2,j +(1 =) 21 UPJ d)k,;l]
g/

choice of sp, ;, starting from the equation on the error at the first & iteration :

Concerning the

(1 + CAto-gvj) 7,9,J + ‘C( 7,9, )
G

G
J 1/2 0
cAtog by ;(1 = f) Z !;] rg'j T CAtog by ;( Z o 7"/9 i )
g’:l »J g’:l

In an infinite medium, this equation becomes

G G
99 1 99’5 (41/2 0
(1+ cAtog)e €rg = CAtag by i(1—f) | 3 %ewﬂj +> %(d)r,/g’,j — brg )
g'=1 P g'=1 P
(29)
: : : 99,59 _
Then ergj solution of (29) is found to be proportional to ENET thus Erg] =

spg,j(SWj . Substituting this expression into (29) and summing over g, we find that 5W]~1
is solution of the grey equation

G
(1+ cAtfo;)0W} = cAt(1 — f) X oy (b =60, ). (30)
g =

/ / a4 5
Reciprocally, the matrix my o = 07 + cAtoy (55 — by (1 — f)=22) thanks to mg 4 > 0,
OPj

mg g < 0 for g # ¢’ and > g Mgg > 0 with 59/ the Kronecker symbol, is inversible and
the solution of (29) exists and is unique. Th1s solution is thus €}

(5Wj1 is solution of (30), which implies that ¢} ¢i/92]

1
rgj = SPg,j0W; where

0. + spgj(SW verifies

G
Oy i
(1+ cAtog )y g = by + cAtog by ;i for  + cAtogibg (1 —f) > if Dr gt -
g/:1 sJ

The sub-iterative (k') process is thus converged in one step after solving the acceleration
equation. Then, since in an opaque medium, the solution at the zeroth order is close to
. . . . : g.5bg

the infinite medium solution, we choose the spectrum sp, ; proportional to ——=——.
’ 1 / cAt +o 9.7

6.3 Computation of the opacities

In this section, the practical computation of the opacities (05 ) ge[1,G) 1s detailed. Recall
the standard Kramers spectral opacity model writes

TV

op(v,Te) = er%( 7’

“+o00
op(Te) = /0 b, (v, Te)o, (v, T, )dv = KpT,,
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where Kp and ~ are physical constants which are specified for each test case. Hence by
definition

e~ Tg-1 _ o~y

G
1 [Y
AR /_ D0 T Ty = 0 (T) g;ogbg —op.

Remark. As the function b decreases exponentially, for high frequency groups the coef-
ficients b, tend to be very small, thus creating a numerical singularity in the computation
of o4. More precisely the coefficient (e ™9~ — e7™"9)/b, may lead to numerical issues.
In order to overcome this numerical difficulty, the following substitution is proposed to
counterbalance the exponential decrease. We first write

or(Te) _ b [ e de, a=

ol (T,) e %1 —e 2 241 e %91 — e kT’

Now define the change of variable

N R— .
e ‘ ’ dy = e—dl', ac(y) = ajg_l—ln (1 —y (1 —_ exg—lfxg)) .

e~ Tg—1 — g

y:

e~ Tg—1 — g

Therefore, denoting f(z) = b(x)e” leads

[ e e = [ i),

—Tg— —T
-1 e t9-l —e %y
which is correctly suitable for numerical computing.

Remark. The previous Remark shows that the evaluation (o4(7¢))ge[1,¢) may be numer-
ically expensive. In addition, these quantities need to be updated at each sub-iteration.
That is why in practice they are computed at the initial time for several given values of
the electronic temperature T, and only interpolated during the simulation.
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