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ABSTRACT. This paper deals with the numerical study of a nonlinear, strongly anisotropic
heat equation. The use of standard schemes in this situation leads to poor results, due
to the high anisotropy. An Asymptotic-Preserving method is introduced in this paper,
which is second-order accurate in both, temporal and spacial variables. The discretization
in time is done using an L-stable Runge-Kutta scheme. The convergence of the method
is shown to be independent of the anisotropy parameter 0 < ¢ < 1, and this for fixed
coarse Cartesian grids and for variable anisotropy directions. The context of this work
are magnetically confined fusion plasmas.

1. INTRODUCTION

Magnetically confined plasmas are characterized by highly anisotropic properties induced
by the applied strong magnetic field. Indeed, the charged particles constituting the plasma
move rapidly around the magnetic field lines, their transverse motion away from the field
lines being constrained by the Lorentz force. In contrast, their motion along the field
lines is relatively unconstrained, so that rather rapid dynamics along the magnetic fields
occurs. This results in an extremely large ratio of the parallel to the transverse thermal
conductivities, as well as of other parameters characterizing the plasma evolution.

A prototype simplified model for the heat diffusion in a magnetically confined plasma
can be expressed by the following nonlinear, degenerate parabolic equation

8tu - VH : (KH(U)VHU) — Vl : (RLVLU) = O, (1)

where the subscripts || (resp. L) refer to the direction parallel (resp. perpendicular) to the
magnetic field lines and v designates the temperature. In writing out the equation above we
have ignored some important physical phenomena coming from convection and turbulence.
Nevertheless, our equation contains some important features inherited from the full model
that lead to substantial difficulties in the numerical treatment of both the full model and
our simplified one. The diffusion in the direction perpendicular to the magnetic field lines is
usually dominated by the anomalous transport and the corresponding coefficient x, can be
taken temperature independent. On the other hand, the coefficient describing the diffusion
in the direction parallel to the magnetic field lines, &, is normally much larger and strongly
temperature dependent. It can be described by the Spitzer-Hérm law r(u) = rou®/? [24].
Moreover, plasma temperatures are extremely high, so that this diffusion coefficient can
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become very big. Passing to non-dimensional variables, we shall write therefore the law
for k| as
Lo
Kj(u) = ",
where € is a small parameter, 0 < ¢ < 1. An accurate resolution of the parallel and perpen-
dicular diffusion processes plays a crucial role in understanding of the plasma dynamics and
the energy transport phenomena. It is therefore very important to develop and to study
efficient numerical schemes to solve problem (1). It is also desirable to have a scheme that
works robustly for all values of € from € << 1 to € ~ O(1) since this parameter enters the
equation in combination with a non-linear term so that the effective value of the diffusion
coefficient can vary strongly over the computation domain following the variations in wu.
This is the primary motivation of the present work.

Anisotropic, nonlinear diffusion equations of the type (1) arise in several other fields of
application and a lot of efforts were made to construct efficient numerical methods for this
challenging problem. To mention some examples, such non-linear evolution equations of
parabolic type occur in the description of isentropic gas flows through a porous media [2]
or in the description of transport phenomena in heterogeneous geologic formations, such as
fractured rock systems [5], which are of fundamental interest for petroleum or groundwater
engineering. In addition, these equations appear also in image processing, related to the
elimination of noise and small-scale details from an image [3, 18, 23] or in the description
of the anisotropic water diffusion in tissues of the nervous system [4].

From a numerical point of view, problems of the type (1) are very challenging, as one
deals with singularly perturbed problems, the model changing its type in the limit ¢ — 0.
Standard schemes suffer from the presence of very ill conditionned matrices (typically with
a condition number of order 1/(eh?) where h is the discretization step in space). Solving
an equation with such a matrix on a computer accumulates the rounding errors and may
lead to completely wrong results. Note that this drawback cannot be overcome by a mesh
refinement since it results only in worsening the condition numbers of the matrices in the
discretized problem.

Several methods were investigated in literature to cope with this type of anisotropic
problems, using for example high order finite element schemes [10], preconditioned conju-
gate gradient methods in a mixed spectral/finite difference scheme [15] or introducing an
artificial “sound” method, to represent the fast thermal equilibrium along the field lines
[17]. All these methods however are rather involved and moreover their range of appli-
cation is limited, as they are efficient only until a threshold value for ¢, and cannot thus
recover the limit regime ¢ — 0. Another class of employed numerical methods are hybrid
strategies, which consist in coupling different numerical schemes valid in different regions
of the domain. For example in this case, one can couple the resolution of the singular
perturbation problem there where e ~ O(1) with the resolution of a limit problem for
€ < 1. These methods suffer however from the fact, that the coupling conditions between
the two models are hard to establish and the interface between the two regions difficult to
localize.
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The objective of the present paper is to introduce an efficient numerical scheme based
on the Asymptotic-Preserving methodology, which allows for an accurate resolution of the
singularly perturbed problem, uniformly in e, with little additional computational cost,
and using a grid which is not necessarily aligned with the magnetic field, so that one can
exploit simple Cartesian grids, for example. Initially, AP-techniques were introduced in
[12], to deal with singularly perturbed kinetic models. The key idea is to reformulate the
singularly perturbed problem into an equivalent problem, which is however well-posed if
we set € = 0 there. The reformulation of the here proposed method is based, similarly as in
[16], on introducing a new auxiliary variable, as proposed earlier in an elliptic framework
in [7], and replacing the terms of the equation multiplied by 1/¢ are by the new terms
with an O(1) factor. From a numerical point of view, this procedure means transforming
the problem of condition number ~ 1/¢, into a well-conditioned problem, which switches
automatically from the singularly perturbed problem to the limit problem, as ¢ — 0.

The difference between the method presented in [16] lies first in the treatment of the
non-linearity. Instead of fixed point iterations used to approach the nonlinearity (u"*')%/2,
we choose to implement a much simpler linear extrapolation method (see Section 3.2 for
details). Moreover, we develop here a robust asymptotic-preserving scheme of second order
in time, which has no analogue in the existing literature, to the best of our knowledge.
Finally, this paper contains also a detailed mathematical study of the problem.

The paper is organized as follows: Section 2 contains a description of the problem com-
pleted by a mathematical study. In Section 3, we present the numerical method based on an
asymptotic preserving space discretization and develop three different time-discretizations:
implicit Euler, Crank-Nicolson and L-stable Runge-Kutta methods. Finally, in Section 4
we present some numerical results, focusing on the AP-property of the schemes.

2. DESCRIPTION OF THE PROBLEM AND MATHEMATICAL STUDY

We consider a two or three dimensional anisotropic, nonlinear heat problem, given on
a sufficiently smooth, bounded domain Q C R? d = 2,3 with boundary I'. The direction
of the anisotropy is defined by the time-independent vector field b € (C*(Q2))?, satisfying
|b(x)| =1 for all x € Q.
Given this vector field b, one can decompose now vectors v € R?, gradients V¢, with ¢(z)
a scalar function, and divergences V - v, with v(z) a vector field, into a part parallel to the
anisotropy direction and a part perpendicular to it. These parts are defined as follows:

v) = (v-b)b, vy =(Id—b®b)v, such that v = v + v,
Vig:=(0b-Vo)b, Vig:=(Id-b®0b)Ve¢, suchthat Vo=V 0o+ V.0, (2)
Vivi=V-.v;, Vi -v:=V-u, such that V.o =V -v+V_ v,

where we denoted by ® the vector tensor product.
The boundary I' can be decomposed into three components following the sign of the
intersection with b:

Ly:={zel /bx) n(x)=0},
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Lip:={x el /bx) n(x)<0}, Top:={zxel /blx) n(x)>0},

and I'| =1, UTL',.:. The vector n is here the unit outward normal on I'.

With these notations we can now introduce the mathematical problem, we are interested
to study. We are searching for the particle (ions or electrons) temperature u(t, ), solution
of the evolution equation

( @u — %VH . (AHUE)/QVHU) - VJ_ . (AJ_VJ_U/) == 0, in [O,T] X Q,
%nH ’ (A\|u5/2<t7 -)VHU(t, )) +ny- (AJ-VJ-U(tv )) = —'yu(t, ) , on [OvT] xI'y,
VLu(t, ) = 0, on [O,T] X FH R

L w(0,)=4"(), in Q.

(P)

(3)
The coefficient 7 is zero for electrons and v > 0 for ions [21, 24]. The problem (3)
describes the diffusion of an initial temperature «” within the time interval [0, 7] and its
outflow through the boundary I'; . Let us denote in the following the time-space cylinder
by Q7 := (0,T) x Q. The parameter 0 < € < 1 can be very small and is responsible for the
high anisotropy of the problem. We shall suppose all along this paper, that the coefficients
A and A, are of the same order of magnitude, satisfying

Hypothesis 1. Let I'} consist of two connected components 'y, = {x € I'/n-b < 0} and
Lot ={x €'/n-b> 0} such that
either

case A:n=—-bonly, andn=>5b on Iy
or

case B:n-b> —x onl;, andn-b < 3 on ', with some constant 0 < 3¢ < 1.
All the components L'y, Loy and I') are sufficiently smooth. We suppose moreover 0 < & <
1 and v > 0 fized. The diffusion coefficients Ay € Wh*(Q) and A; € Myxa(W'*(2)) are
supposed to satisfy

0< A< Ay(z) <A, faa xeQ, (4)

Aol|v|]? < v AL (x)v < Ay|v])?, Yo e R? and fa.a. x € Q, (5)
with 0 < Ag < Ay some constants.

Putting formally e = 0 in (3) leads to the following ill-posed problem, admitting infinitely
many solutions

( =V (Au®?Vu) =0, in [0,7] xQ,
- (At ) Vyu(t, ) =0, on [0,T] x 'y,
Viu(t,)=0, on [0,7] x|,

L w(0,))=u"), in Q.
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Indeed, all functions which are constant along the field lines, meaning Vju = 0, and
satisfying moreover the boundary condition on I'), are solutions of this problem. From
a numerical point of view, this ill-posedness in the limit ¢ — 0 can be detected by the
fact, that trying to solve (3) with standard schemes leads to a linear system, which is very
ill-conditioned for 0 < ¢ < 1, in particular with a condition number of the order of 1/e.

The aim of this paper will be to introduce an efficient numerical method, permitting to
solve (3) accurately on a coarse Cartesian grid, which has not to be adapted to the field lines
of b and whose mesh size is independent of the value of . The here proposed scheme belongs
to the category of Asymptotic-Preserving schemes, meaning they are stable independently
of the small parameter ¢ and consistent with the limit problem, if € tends to zero. The
construction of the here developed AP-scheme is an adaptation of a method introduced by
the authors in an elliptic framework (see [7]), to the here considered non-linear and time-
dependent problem, and is based on a reformulation of the singularly perturbed problem
(3) into an equivalent problem, which appears to be well-posed in the limit ¢ — 0. But
before introducing the AP-approach, we will start by studying in the following section the
mathematical properties of problem (3). The test configuration chosen all along this paper
is the diffusion of an initial temperature hot spot (see Figure 1) along arbitrary magnetic
field lines b.

/ _
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- /

FiGure 1. Diffusion of a hot temperature spot along the magnetic field lines.

2.1. Mathematical properties. Before starting with the presentation of the AP numer-
ical scheme, let us first check some properties of the diffusion problem (3) for fixed ¢ > 0.
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For notational simplicity, we consider a slightly more general form of problem (P)
((Ou— V- (A |u|" ' Vju) = V- (A Viu)=0, in [0,7T]xQ,

(P Aplu™ - Viju+Ain, -Viu=—yu, on [0,T]xI, ™
Viu=0, on [0,T]xT,

( w(0,) =u’(), in €,

for any m > 1. We obtain the particular case (3) by setting m = 5/2+1 and redefining A,
as %AII for any € > 0. Equations of the type (7) are rather well studied in the literature.
We refer to the classical works [8, 9, 13] as well as to the more modern literature on “The
porous medium equation” as reviewed in [1, 22]. However, all these references normally
treat only an isotropic version of the problem above, i.e. the non-linearity of the type

u™ ! is present in front of all the derivatives of u. An anisotropic equation of the form

(7) is studied in [11], but only in the case m < 95, so that the value of m pertinent to
our application is not covered. Another feature of our setting, which is not sufficiently
covered in the existing literature, is the prescription of Robin boundary conditions. This
is the reason why we wish to study in this paper the existence, uniqueness and positivity
of solutions to (7).

We shall first introduce the concept of weak solution of problem (7) and state the ex-
istence/uniqueness theorem. Note that unlike the literature cited above, we assume from
the beginning that the initial conditions are bounded and strictly positive, and prove the
same properties for the weak solutions. Our treatment is thus performed under much less

general assumptions than usually required, but this is quite enough for our application.
Definition 2. (Weak solution) Let u® € L>(Q2). Then u € W with
W ={u € L*(Qw), such that VT >0
Viwe L*(Qr), |u"'Vjue L*(Qr), dwme L*(0,T;(H'(Q))")},
is called a weak solution of problem (7), if u(0,-) = u® and if for all T > 0 one has

T T
/ (Opult,-), o(t, '))(Hl)*,Hl dt + / / A|||u|m_1V||u V)¢ dxdt (8)
0 0 Q

T T
+/ /ALVLU-Vqud:BdH—W/ / updodt =0, V¢ €D
0o Ja o Jr,

where D = L*(0,T; H'()).

Remark 3. All the terms in this variational formulation are well-defined for any u € W
and ¢ € D. Indeed, as u € L>°(Qr), Viu € L*(Qr) and |u|" 'V ju € L*(Qr), one also
has |u|™"*Vu € L*(Qr), and thus |u|™ € L*(0,T; H'(Q)). This means that |u|™ has a
trace on 0N), belonging to L*(0NY). As L*™(0Q) C L*(0R) for allm > 1 (Q is bounded),
one has ujpq € L2(09), justifying thus the boundary integral in (8). Moreover, we have the
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continuous inclusion W C C([0,T); (H*(2))*). This shows that one can impose the initial
1

condition u(0,-) = u® with u® € L>(Q) C (H'(R2))*.

Remark 4. Actually, we have a sharper characterization of continuity in time for functions
in W. Indeed, let Y be a Banach space and let us denote by C([0,T];Y,) the space of
weakly continuous functions with values in'Y , which means for each ¢ € Y* the mapping

— (Y, u(t))y«y is continuous. Then, one can prove (see [14] for more details) that
W C L=(0,T; L*(2)) N C([0,T; (H'(2))*) € C([0, TT; Ly, ().

Theorem 5. (Existence/Uniqueness/Positivity) Let v’ € L>(Q) satisfy 0 < 8 <
u’ < M < 0o on Q, for some 3> 0. Assume Hypothesis 1 and m > 1. Then there exists
a unique weak solution w € W of (7), which satisfies ce™ " < u < M a.e. on Qu, with
some sufficiently small ¢ > 0 and some sufficiently large K > 0.

Before proving this theorem, let us also define the sub- and super-solutions to problem
(7) and establish a comparison principle for them.

Definition 6. (Sub/super-solutions) A function u € W is called a weak sub- (resp.
super-) solution to problem (7) if the variational formulation (8) is verified for all ¢ € D
with ¢ > 0 on Qu, and where the equality sign is replaced by < (resp. >).

Lemma 7. (Comparison principle) Assume Hypothesis 1 and m > 1. Let uy be a non-
negative sub-solution and us be a non-negative super-solution to (7) such that ui(0,z) <
uz(0,z) for a.a. x € Q. If at least one of the functions uy, us is strictly positive, i.e.
VT > 0 3067 > 0 such that uy > By or us > Pr on Qr, then uy < us on Q.-

Proof. For any k > 0, introduce the function Hy : R — R as

0, ifu<O
Hi(u) =1 ku, if0<u<q
1, ifu>%

and put ¢ = Hy(u* — uy"). Note that ¢ € L*(0,T; H'(Q)) since uj,us € W and thus
Vul', Vug € L*( T). Observe also that the gradient of ¢ is zero outside from the set
wh = {(t,z) € Qr : 0 < u" —uy" < +}. Choosing this ¢ as the test function in the
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inequalities (8) for u; and uy and subtracting the second one form the first one gives

T k
/O (Ou(ur = ua), Hy(u" — ug'))anye i dt < —— // AV (" — uy')Pdedt (9)

—mk // ALV (uy —ug) - [V L (ug — ug) + (u ™ — u YV Lug)dadt

—7/ / (up — ug) Hi(u* — ub') dodt
ry

< mk // ALV (uy —ug) - Viug|(u]™! —uy ™ dxdt
wk
T
since (u; — ug) and Hy(u* — ul') are of the same sign. We have moreover
um—l_um—l <C ugn_ugn < %
! 2 T Ty fuy T kB
on wk. with a constant C,, > 0 depending only on m. Indeed, the first inequlity here holds
for any u; > uy > 0 and the second inequality follows by noting that u}* — u}* < 1/k on
wi’ﬁ and uy 4+ ug > fr on Qr. We see that (9) combined with the inequality above implies

T
/ (Op(ur — ug), Hp(ul" — u3")) gy, — ug) - Vug|dxdt.
0

“’T

Let us now take the limit & — oo in this inequality. We have meas(wk) — 0 so that

T
lim Sup/ (Or(ur — ua), Hi(uy" — ug'))zye, e dt < 0. (10)
k—oo 0
On the other hand,
T
klim (O (ur —ug), Hp(ul" —uy")) vy g dt = /(ul—u2)+(T,x)dx—/(ul—u2)+(0,a:)da:.
—Jo Q Q

(11)
where (u)" = (u+|u|)/2 denotes the positive part of u. Indeed, Hy(u!"—ul") — H(u; —usz)
a.a. on Qr where H denotes the Heaviside function (H(z) = 1 for > 0 and H(z) =
0 for x < 0). Observing that J;(uy — ug)™ = O(u; — ug)H(uy — ug) in the sense of
distributions, proves (11) for sufficiently smooth wui,us. A standard density argument
shows then that (11) actually holds for any wu;, us € W. Note, in particular, that the terms
at the right-hand side of (11) are well defined for functions in W thanks to the inclusion
W cC C([0,T); L2(R2)), cf. Remark 4. Comparing (10) and (11) and taking into account
(ug —ug)t =0o0n Q at t =0, yields

/Q(ul —u) (T, z)dz <0, (12)
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which implies u; < us on Q. O

The construction of the following remarkable sub-solution is essentially due to M. Pierre

[19].

Lemma 8. (Construction of a weak solution) Assume Hypothesis 1 and m > 1. For
any 8 > 0, there exists a weak sub-solution w to problem (7) satisfying ¢ < w(0,z) < 3 for
r € Q and w(t,x) > ce 5 for (t,7) € Qu, with some constants ¢, K > 0 which depend
only on (3.

Proof. We will construct a smooth sub-solution w satisfying all the announced properties.
We thus rewrite the definition of a sub-solution in the strong form supposing from the
beginning that w > 0:

1
Ow = =V - (A V™) =V (AViw) < 0, on  (0,00)xQ (13)
1
— Ay - Vi + Ay Viw+qw <00, on (0,00) x Ty, (14)
ny-Viw < 0, on (0,00)xI (15)

The construction of such a function w will be performed separately for the two cases
mentioned in Hypothesis 1.

Case A: One can construct in this case a new coordinate system &1,...,&; on €2 such
that the coordinate lines &; coincide with the b-field lines and the surfaces £; = const are
perpendicular to these lines. Domain 2 is represented in these coordinates by a cylinder
Qe = Dx(0,1) with & = (&1,...,641) € D and & € (0,1). We thus have V|| = by ¢ with
some scalar strictly positive field y. We assume that the component I';, of the boundary
is represented by D x {£; = 0}, I'syt is represented by D x {{; = 1} and I'|| is represented
by 0D x (0, 1).

We are searching now for a sub-solution under the form w(t, z) = §(t)(sin(w&y) +n(t))/™
where 0(t) and n(t) are two positive decreasing functions which are yet to be adjusted. We
observe immediately that V  w = 0 on Q for all time so that (15) is automatically satisfied.
The remaining boundary conditions (14) should be checked on I';, and I',,;. We remind
that n = n| = b on I'yy (g = 1). Similarly, n = n| = —b on I';, ({4 = 0). Substituting
the Ansatz for w into (14) now gives

1
——Axo"T + 7&77% <0, for {4 =0and & = 1.
m

This holds if one takes n = K;6™™~ Y where K, = (mingem %A||X> > 0.

It remains to check (13). Substituting the Ansatz for w, this inequality is reduced to
om0 o
o Hxa—gd (A||X) meos(méy) + EAI\X27T2 sin(méy) < 0. (16)

Note that we have denoted the time derivative here by a dot and we neglected a term
with 7 since it is negative (the function 7(t) is decreasing). We divide now both sides by

d(sin(méq) + 1)
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(sin(€,) + 1) and bound each term on the left-hand side as

__0"meos(m&a)x  O(Ax) _ m"x a(A|><)’ _ m™y 6’(A|><)‘ 5T, ‘%‘hx)'
m(sin(n&) +n)m 9a T mpw | 0 mKli(;m—l 94 mKﬁ 94
and 5 (nt) 5 5
m sin (7 m ) 1 m
AT — T < A (sin(n6y)) ' < A
m (sin(7&a) + ) M
We see now that inequality (16) will be satisfied if we require
0+ K36 4+ K36™ < 0 (17)
with
Ky = " max 0 (AHX) and K3 = —Qmax‘AHX ‘
Km 5605 8€d m &

One can thus take 6(t) = doe~ 2530 with any &, € (0, 1].

In summary, w(t,z) = dge~ E2HED (sin(x&,) + Kyap ™ Ve mm-DIE Kt 5 ig g sub-
solution. Clearly, for any § > 0 one can take &g small enough so that w(0,z) < f.
Moreover, for any ¢, w(t,z) > 6K,/ ™e~mE2+Ka)t o that we have proved the statement
of the Lemma putting ¢ = 66”[(11/7”, K =m(K;+ Ks).

Case B: Let ¢ € C?(Q) be a strictly positive function such that ¢(z) > 1onQ, n, -V, ¢ =
n-V¢ <0onljand V¢ = —(C¢n on I'; with some sufficiently big constant ¢ > 0, to be
prescribed later.

We are searching now for a sub-solution under the form w(t,z) = ce %'¢(z) where ¢, K
are some positive constants which are yet to be adjusted. We observe immediately that
(15) is automatically satisfied for such w. The left-hand side of (14) can be written as

Cm

Ee_mKtAHnH . v“¢m -+ Ce_Kt(ALnL : ngb + ’ygb)
< e (=CemTen T IEA [y [P¢™ — CALnL - nid+79)
< CeiKt(—CAJ_nJ_ ‘ny + 7(25)

and thus it is negative provided ( is chosen sufficiently big. Indeed, A, n, -n, is uniformly
bounded from below by a positive constant in view of the geometrical hypothesis of case
B.

It remains to check (13). Substituting the Ansatz for w into this inequality yields

m—1 —(m 1)Kt

ce Kt <—K¢ L - Vi (4 Ve") = Vi (ANM)) <0. (18)

This inequality is satisfied provided we take ¢ < 1 and

1 m
K = —max |V} - (4 V¢™))| + max |V, - (AL V19)].

Finally, for any 8 > 0 one can take ¢ small enough so that w(0,z) = c¢(z) < . Lemma
is thus proved also in case B.
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|

Remark 9. In the case of a simple “aligned” geometry, i.e. b = eq and Q = Dx|0, L[ with
D a domain in R, and supposing Aj| = const, one can easily construct a sub-solution
satisfying a sharper estimate: under the assumptions of the preceding Lemma, there is a
sub-solution such that

C
w(t,x) > —————.
(14 Kt)ym-—1
Indeed, one can repeat the proof as in case A of the preceding Lemma, taking &' = (x1,...,Tq-1),
&4 = xq/L, up to the differential inequality (17). One observes now that Ko = 0 so that
one can take 0(t) = —20—— with any &y > 0 and K = (m — 1)K367 "' . Our sub-solution
(14 Kt)m—T
L 1

. a 5o . K mmD ™ > Ky
s thus w = R (sm(ﬂfd) + R and w > e as stated.

Let us now turn to the proof of our main result.

Proof of Theorem 5. We shall first regularize the problem, in order to avoid the degen-
eracy. Then, in a second step, we shall treat the non-linearity via a fixed point argument.
Finally, a priori estimates shall help us to pass to the limit in the regularized problem, to
prove existence. The comparison principle above will be used to establish the uniqueness
and the positivity of the solution. Let us now detail these steps.
1st step: Regularization

Fix 0 < a < 1 and assume that M > 0 is an upper bound for «°. Introduce for notational
simplicity the following functions a,, A, : R — R

ao(u) := [a +min(jul, M), Au(u) = /Ou an(s)ds,

and consider the regularized version of (8): find u, € W3 (0,T; H (), L*(Q2)) (i.e. uq €
L*(0,T; HY(Q)) and dyu, € L*(0,T; (H'(2))*)) such that u,(0,-) = u® and

T T
| @t ot o dt+ [ [ Ajan(ua) ¥y - 96 daat
0 0 Q
T T
—l—/ /AlvlumVL(bdxdth’y/ / uapdodt =0, Vo e D.
0o Jo o Jr,

By standard arguments, this problem is well posed. Indeed, consider the mapping
T : Br(0) — Bg(0), Br(0) :={v € L*(Qr) / |lvllz20r) < R},

where we associate to any v € Bg(0) the unique solution u € W} (0,T; H'(Q), L*(Q)) of
the linearized, regular parabolic problem

T T
/ <atu<t7‘>;¢<t;')>(H1)*,H1 dt—i-/ / AHaa(v)VHu~ V)¢ dxdt
0 0 Q

(19)

T T
+/ /ALVLu-Vlgbdxdt—i-’y/ / updodt =0, V¢ eD.
0o Jo 0 Jr,
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Indeed, taking R := v/T|[u’||2, the mapping 7 is well-defined, continuous and 7 (Bg(0))
is relatively compact in L?(Qr). The continuity follows from the fact that for v, — v
in L*(Qr) and v, — w in W3(0,T; H' (), L*(2)), the Lebesgue dominated convergence
theorem permits us to pass to the limit in the linearized term of the variational formulation.
By Schauder fixed point theorem, 7 has a fixed point 7 (u) = u, which provides a solution
to (19).

The solution wu, of problem (19) satisfies 0 < u, < M, provided we have 0 < u’ < M.
Indeed, define u,, := min(0, u,) < 0. Then one gets for the initial condition u (0,-) = 0.
Taking u, as the test function in the variational formulation (19), yields immediately

1 T
5/ \u;(T,x)]Qda; + / /A||aa(ua)\v|ua|2dxdt
Q 0o Jao

T T
+ / /AHVLu;Fdxdt—i—v/ / lu,, |* do dr = 0,
o Jo o Jr,

which shows that u_ (7, -) = 0. Since the same argument can be applied to any final time
T, we have u, > 0 in Q.

To prove the estimate from above, define u; := max(0, u, —M). Observe that u} (0, -)
0 and take u as the test function in the variational formulation (19):

1 T
5/ lul (T, x)|*dx + / / Ajag (o) |Vijul |? d dt
Q 0o Ja

T T
- / /AL]VLqudzcdt—i-’y/ / uqu, dodr =0,
o Ja o Jr,

which shows that u} (T,-) = 0. Since again the same argument can be applied to any final
time, we have u, < M in Q.

2nd step: A priori estimates
In order to pass to the limit & — 0, we will need some a priori estimates for the solution
Uq, independent of o. Taking ¢ = u,, in the variational formulation (19) yields

1 T
5/ |ua(T,m)|2d:E+/ /A||aa(ua)|v||ua|2d:pdt
Q 0o Jo

T T 1
i / / ALV o ? dvdt + / / ol dordt = / (@) 2da,
0o Jo o Jr, 2 Jq

which implies

el rzz@) < [l fy Jo ta(ta)|Viualdz dt < CluO|aq, - (20)
IV tallr2gr) < Cllull2@)s uallrzqomxr,y < Cllulllr2 @),

with some constant C' > 0.
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Taking now ¢ = A, (ug) in (19), which is permitted since u, € L>(Q7)NL*(0,T; H'(Q)),
yields

T T
/ <8tua,Aa(ua)>(H1)*,H1 dt +/ / AH’VH (Aa(ua)) |2d$dt
0 0 Q

T T
+/ /ALaa(ua)|VLua]2da:dt+’y/ / UaNo(up)dodr = 0.
0 Jo o Jr,

The first term can be rewritten as

/OT@ua,Aa(ua))(Hl)*,Hl dt = /Q U (1o (T, 2)) dir — / W (u0(2)) d

Q

with Wo(u) := [} Aa(s) ds. Due to the facts that 0 < uq < M, Ag(ua) > 0 and ¥y (uq) > 0,

we get

A (M) Pdedt < C de < — [ (04 u0@)" da
/o /Q / m(m+1) Jo

S m+1 +Mm+l) )

Thus, we have that the family {VHAa(ua)}a, a €]0,1] is bounded in L*(Qr). More-
over, {V1A,(us)}a is also bounded in L*(Qr), since Vi (Ay(ta)) = ao(ta)Viu, and
o (tg) is uniformly bounded by some positive constant. Hence, {A4(uq)}a is bounded in
L*0,T; H(Q)).

Let V = H'(Q)NL>(£) be the Banach space with the norm ||- ||y = ||| g1 @) +I||| = (@)-
For any ¢ in L*>(0,7T;V),

T
/ (@Aa(ua), ¢>(H1)*,H1 dt| =
0

with a constant C' independent of . This follows from the variational formulation (19)
with ¢ replaced by a,(us)¢ and from the estimates (20). We see thus that the family
{0:Ao(uq)}o is bounded in L'(0,7;V*). We remind also that {A,(uq)}a is bounded in
L*(0,T; H(Q)). Aubin-Simon compactness lemma [20] applied to the triple of spaces
H' Q) c L*(Q) C V* allows us now to conclude that the set {A,(uq)}q is relatively
compact in L2(0,T; L*(Q)) = L*(Qr).
3rd step: Passage to the limit

The aim now is to pass to the limit & — 0 in the variational formulation (19) in order to
show the existence of a weak solution of problem (3). The a priori estimates of the last
step permit us to show, that there exists a function u € L*(Qr) satisfying 0 < v < M in
Q7 and such that after extracting a sub-sequence from {u, }+, we have

Uy —asot in L*Qr), Ualr, —a—oulr, in L*[0,T]xT,),
Vitg —aso Viu in L*Qr) and Qg —a0 Ou in L*0,T;(H'())*).

To pass to the limit in the non-linear term, we use first the fact that {A,(uq)}a is bounded
in L2(0,T; H'(2)), so that there exists some function w € L*(0,T; H'(Q)) satisfying

Ao (Uo) —amow in  L*(0,T; HY()).

T
/ (Orta, @ (1) 8) 1y 1 | < Clll | 02201
0
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In order to identify the function w, we need some pointwise convergence of the sequence
u,. For this, recall that the sequence {A,(uq)}e is relatively compact in L?(Qr). Thus,
up to a sub-sequence

Ao(te) —a—ow in L*(Qr), hence Ao(tp) a0 w, ae in Q.

Since for any fixed v € [0, M], Aq(u) —a—o Alu) == Lu™, we have uqy —a—o A'w
a.e. in Qp. This permits to identify the function A~'w with u, so that w = %um €
L*(0,T; HY(Q)).

All these convergences allow now to pass to the limit in the variational formulation (19)
and to conclude the proof of existence for problem (7).

4th step: Positivity and uniqueness
Let u be a weak solution to (7). We use first the sub-solution constructed in Lemma 8
and the comparison principle in Lemma 7 to verify that u > ce ! with some positive
constants ¢ small enough and K large enough. We remark then that M is a super-solution
to (7). Again, by Lemma 7 we see that u < M.

Suppose now that (8) admits two solutions u; and us in YW with the same initial condition
u; = uy = u’ at t = 0. We know already that they are both strictly positive, so that Lemma
7 implies u; < ug on Q. Since the two solutions u; and uy are perfectly interchangeable
in the above argument, we have also u; > us and thus u; = us on Q. O

Let us remark here, that due to the strict positivity of the solution, in particular to the
property that u > ce ®* a.e. on Q., with some ¢ > 0 and K > 0, we have

Corollary 10. Under the hypothesis of theorem 5, the weak solution u of (7) belongs to
the more reqular space

W = {u € L®(Qu), such that VT >0 : we L*(0,T; HY(Q)), du € L*0,T;(H(Q))*)}.

Moreover, one has 2||u(t,")||z2@) < 0.

3. NUMERICAL METHOD

3.1. Semi-discretization in space. The singular perturbation problem (3) is a highly
anisotropic equation. Its variational formulation reads: find u(t,-) € V := H'(Q) such that

(P) <atU(t, -), U>V*,V + é /QA||’U‘5/2V|U(25, ) : VHU dx (21)

+/ALVLu(t,-)-VLde+v/ u(t, )vde =0, YveV
Q r

L
for almost every ¢t € (0,7). As mentioned already in Section 2, this problem becomes
ill-posed if we take formally the limit ¢ — 0. Indeed, only the leading term survives in this
limit, so that any function from the space

Q:Z{pEV/VHp:()inQ}

would be a solution. It is easy to establish, however, the well-posed problem for the limit
of the solutions to (P) as ¢ — 0. Indeed, one can restrain the test functions in (P) to be in
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the space G so that the e-dependent term disappears and the correct problem in the limit
e — 0 reads: find u(t,-) € G such that

(L) (Owu(t,), v)y«y + / A Viu(t,:) - Vivde + ’y/ u(t, )Jvde =0, Yveg
Q r,
for almost every ¢ € (0,7).

The discussion above shows that a straight-forward discretization of problem (P) may
lead to very inaccurate results when ¢ << 1. Indeed, setting ¢ = 0 would result in a singular
problem, so that the problem with ¢ << 1 would be very ill-conditioned. To cope with this
difficulty and to obtain a numerical scheme which is uniformly accurate with respect to ¢,
we introduce an Asymptotic-Preserving reformulation, very similar to the one introduced
in [7]. The idea is to rewrite the singularly perturbed problem (21) in an equivalent form,
which is however well-posed when one sets there formally ¢ = 0 and gives moreover the
correct limit problem (L). In order to do this, we introduce the auxiliary unknown ¢ by
the relation eV g = u5/2V||u in 2 and ¢ = 0 on I';,, which rescales the nasty part of the
equation permitting to get rid of the terms of order O(1/¢). The reformulated problem,
called in the sequel the Asymptotic-Preserving reformulation (AP-problem) reads: find
(u(t,-),q(t,-)) € V x L, solution of

(%, V)yey + /Q(AJ_VJ_U) -V vdx +/QA||V||q -Vvdz +7/F wvds = 0,
(AP) Yv eV
/ APV u - Viw dr — s/ AVig-Viwdr =0, YweL,
Q Q (22)
where
L:={qe L*(Q) / Vg€ L*(Q) and ¢|r,, = 0}. (23)

System (22) is an equivalent reformulation (for fixed € > 0) of the original P-problem (21).
Putting now formally € = 0 in (AP) leads to the well-posed limit problem

0
<0_u’ v>v*7v+/(ALVLu)-VLvdx%—/A”V”q-dex%—v/ uvds =0,
t Q Q r

1

(L) Yo eV
/ AHU5/2VHU . va dr =0, YwEeL,
Q

(24)
which is equivalent to problem (L). Note that ¢ acts here as a Lagrange multiplier for
the constraint « € G, which provides the uniqueness of the solution. Hence the AP-
reformulation permits a continuous transition from the P-model to the L-model, which
enables the uniform accuracy of the scheme with respect to e.

Let us now choose a triangulation of the domain €2 with triangles or quadrangles of order
h and introduce the finite element spaces V, C V and L, C L of type Py or Qx on this
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mesh. The finite element discretization of (22) writes then: find (up,qn) € Vi X L, such
that

0
ﬂvh dx + /(AJ_VJ_U}L) : VJ_'U}L dx + / A”VHQh : VHUh dr + ’}// URUp, ds = O,
Q ot Q Q r;

(AP)n Yo, € Vi
/ AHUZ/QV”uh . V”wh dr — 8/ AHV”qh . V”wh de =0, YweL,.
Q Q

(25)
Remark that this system is continuous in time and also nonlinear, such that one has to
develop now a procedure for the linearization and the discretization in time. This procedure
has to be chosen carefully, such that the AP-property developed so far, is not destroyed.
This is the aim of the next section.

3.2. Semi-discretization in time. In order to approach numerically the time derivative
in (25), we introduce three different schemes : a standard first order, implicit Euler scheme,
the Crank-Nicolson scheme and a second order, L-stable Runge-Kutta method. We show
in the following that the first order Euler-scheme is stable and asymptotic-preserving. The
Crank-Nicolson schemes gives reliable results and second order convergence under certain
assumptions, but is not asymptotic-preserving. Thus, if second order accuracy in time
is desired, the L-stable Runge-Kutta method has to be applied. All three methods are
exposed to numerical tests and compared in Section 4.

3.2.1. Implicit Fuler scheme.

Introducing the forms

©.0:= [ exds, (26)

Q

apu(¥,0,x) = / AH\I/E’/2V||@ -V xdz, (27)
Q

a”(@,x) ::/QA”V@'VXd:C, al(G,X) ::/QAJ_VJ_@'VJ_Xd:L', (28)

allows us to write the first order, implicit Euler method in the compact notation: Find
(up*', g ™) € Vi x Ly, solution of

iy | )T (0a ) G o) oy oo ds) = (o)
AP ’
a1, ™ wn) = gay (gt wn) =0, (29)
29
UZ+1)5/2

where the non linear term ( was replaced by a first order approximation in 7 :

(up ™2 = (ujy + O(r)™? = (uf)** + O(7). (30)



AP-SCHEME FOR THE ANISOTROPIC HEAT EQUATION 17

A slightly different first order AP-scheme was introduced in [16] for the resolution of the
same temperature balance problem. There, the (P)-problem was firstly discretized in time
(implicit Euler), then linearized by a fixed point mapping, and finally the AP reformulation
applied. The numerical results obtained in [16] are similar to the present ones.

3.2.2. Linearized Crank-Nicolson scheme.
To construct a scheme, which is second order in time, one can come to the idea to employ
the Crank-Nicolson scheme: Find (UZH, qZH) € W, x Ly, solution of

(uptt o) + 7 <cu(u2+1/2, on) + ay (g on) + fm UZ+1/th ds) = (u},vp) a1
aunz(uTl/Q, UZH/Q, wp) — ea||(q2+1, wy) = 0.

As one can observe, we have to deal for each fixed n, with a nonlinear equation. In the linear

terms, one can set uzﬂﬂ = 2 (up™ + ). To linearize the term aHnl(uZH/Q,uZH/Q, wp,)
however, we shall use the standard linear extrapolation method. In other words, the non-

n+1/2)5/2
h

linearity in this last formula, (u , will be replaced by a linearized second order

approximation in 7:

n+1/2\5/2 n 1 n n—1 2 o n 1 n n—1 o2 2
(u, 7)" = Uh+§(“h—uh ) +0(%) = uh+§(“h—uh ) + O(77).

(32)
The resulting linear system reads finally: Find (u}™, ¢/™) € V), x L4, solution of
(
(up*on) + 3 (CLL(UZ“, vn) 5 Jr, i on dS) +7ay (g, vn)
= (ul,vp) — = (a (U}, vy) + upv ds),
CNop) (o) = 5 (@ (o) 7 fo, o .
st (5 (Buit —up ™) s up ™ wn) — eay (g™, wi)
\ = =5 (5 (3uff —w™")  ufl, wp) -

Unfortunately, this method is not Asymptotic-Preserving. For small values of € one
expects that the solution will immediately fall into the space of functions almost constant
in the direction of the anisotropy, no matter what initial condition was imposed. In the
case of the Crank-Nicolson scheme for large time steps compared to ¢/(u})*?, the second
equation in (33) will constrain the numerical solution to oscillate if the initial condition
is not already in the suitable space. This requires the restrictive choice of a time step of
the order of /(u})?/2, which yields the method inapplicable in general cases. In other
words, the Crank-Nicolson scheme is unable to model diffusion processes for large At, due
to the inadequate approximation of the damping processes. The Crank-Nicolson scheme
is A-stable but not L-stable and the AP-property of a scheme is strongly related to the
L-stability of the scheme.

As an example of the non-convergence of the (C'N4p) scheme in a general case, we show
some numerical results corresponding to a test case defined in the Section 4.2.2. The
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initial condition is a Gaussian peak located in the center of the computational domain
with a maximum of 10°K. If the time step 7 is too large, than u} will immediately reach
negative values and thus the numerical algorithm will fail in the next iteration. However,
if 7 is sufficiently small the (CNap) scheme is of second order in time. Unfortunately, the
biggest time step that does not provoke oscillations in the numerical solution, is of the
order of 107%s, for an initial Gaussian peak of 10°K. This makes the (C'N4p) scheme of
no practical use in real simulations. These results are plotted on Figure 2.

u u
70000 185000

E4000O E]éOOOO

0 120000
E-4oooo Esoooo

-80000 50000

(a) 7=0.1 (b) 7=10"16

FIGURE 2. Non convergence of the (C'Nyp) scheme. Negative values of uj
are obtained after one iteration of the method, for big time steps. If the
time step is sufficiently small, the method converges.

3.2.3. L-stable Runge-Kutta method.

As we are interested in an AP-scheme, which is second order accurate in time, we propose
now a two stage Diagonally Implicit Runge-Kutta (DIRK) second order scheme, which
does not suffer from the limitations of the Crank-Nicolson discretization. The scheme is
developed according to the following Butcher’s diagram:

AMoox o0
1{1=X ) (34)
T—X A\

. _ 1
Wlth)\—l—TQ.
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Remark 11. (Butcher’s diagram) The coefficients of the s-stage Runge-Kutta method are
usually displayed in a Butcher’s diagram :

Ci| @i -+ Qs
. (35)
Cs | Gs1 -+ Qgs
o - D,
Applying this method to approzimate to following problem
ou
— =171 t 36
0~ L (). (36)

reads: For given u™, being an approzimation of u(t,), the u"™' is determined accordingly
to :

j=1
W=ty bjuj. (38)
j=1
Ifb; = agj for j=1,...,s than u"*! = w,.

The scheme (34) is known to be L-stable, thus providing the Asymptotic Preserving
property. The scheme writes: Find (u}*!, ¢/*!) € V), x Ly, solution of

)
(W@ o)+ 7 (aL(u?};l, on) 7 Jp ul onds + ay(alt w))
- (U,Z, Uh)

L (ufp + Mup —up ™), uf )t wy) —eay(gfht wy) =0

(RKap) (us ' vn) +7A (al(u;“, vn) + [ ush e ds +ay (g5t vh)> (39)

h
= (ujp,vn) + 52 (u} — ujy, vn)

n n n—1 n+1 n+1 _
L Qnl (uh + (uh — Uy )a Us h awh) - 5a|\(Q27h awh> =0
n+l _  n+l n+l _ n+l
Up = Uyp 4 = dop >

with u’f*,;l (respectively ug”gl) being the solution of the first (respectively second) stage of

the Runge-Kutta method. The terms uf +A(ull —uj ') and w4 (u —u} ') are respectively
the second order time-approximations of wy(t + A7) and wup(t + 7), used to linearize the
problem.

For each time step we have therefore to assemble and solve two linearized problems. This
method is two times slower than the Crank-Nicolson scheme, with the advantage however
of maintaining the AP-property of the scheme, advantage which is crucial for 0 < ¢ < 1.
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4. NUMERICAL RESULTS

In this section we compare the proposed implicit Euler-AP and DIRK-AP schemes with a
standard linearized implicit Euler discretization of the initial singular perturbation problem
(3), given by

1
(P)nr  (up™™ o) +7 <aL(uz+1, vp) + ga”nl(uz, uptt o) + 7/ up oy, ds) = (u}l, vp).
ry
(40)

4.1. Discretization. Let us present the space discretization in a 2D case. We consider
a square computational domain ©Q = [0,1] x [0,1]. All simulations are performed on
structured meshes. Let us introduce the Cartesian, homogeneous grid

where N, and N, are positive even constants, corresponding to the number of discretization
intervals in the z- resp. y-direction. The corresponding mesh-sizes are denoted by h, > 0
resp. h, > 0. Choosing a Q. finite element method (Q.-FEM), based on the following
quadratic base functions

(m—xi_g)(m—xi_l) (yfyj72)(y7yj71)

5h2 T € X0, ], oz Y € [yj-2, 9],
Ou; = %W R T R %W y €[y y500l,  (42)
0 else 0 else

for even 7, j and

0 (zi+1—z})léz—tci_1) = [-Ti—lvxi—i-l]; 0 (yj-s-l—y})léy—yj—l) ye [yj*17yj+l]7
o 0 else 0 else
(43)
for odd 7, j, we define the space
Wi = {vn = Y _ 03 00,(2) 0, ()} -
,J
The spaces V,, and L, are then defined by
Vi=Wh, Ln={q € Vs, such that g,|r,, = 0}.

The matrix elements are computed using the 2D Gauss quadrature formula, with 3 points
in the x and y direction:
1

| [ remasan= 3 weifsn), (44)

l,]:—l

where § = 19 = 0, {41 = N1 = ﬂ:\/é, wo = 8/9 and wyy = 5/9, which is exact for

polynomials of degree 5. Linear systems obtained for all methods in these numerical
experiments are solved using a LU decomposition, implemented by the MUMPS library.
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4.2. Numerical tests.

4.2.1. Known analytical solution.

First, let us construct a numerical test case with a known solution. Finding an analytical
solution for an arbitrary b-field presents a considerable difficulty. In the previous paper
[6], we presented a way to find such a solution. Let us recall briefly how to do this. The
starting point is a limit solution

u’ = (cos (my + a(y® — y) cos(wa)) +4) Te ™, (45)

where « is a numerical constant aimed to control the variations of b. For a = 0, the limit
solution represents a solution for the constant b case. The parameter T, is the scaling of
Uug-.
Since u” is a limit solution, it is constant along the b field lines. Therefore we can
determine the b field using the following implication
ou® ou®

0_ [y A
V”U 0 = o7 + yay

0

0, (46)

which yields for example
B a2y — 1) cos(mz) + 7
b=—, B= : . 47
|B|’ ( ma(y? — y) sin(rz) (47)
Note that the field B, constructed in this way, satisfies divB = 0, which is an important
property in the framework of plasma simulations. Furthermore, we have B # 0 in the

computational domain. Now, we choose u® to be a function that converges, as ¢ — 0, to
the limit solution u°, for example

p = (cos (my + a(y® — y) cos(nz)) +4) Tne™ (48)
q=p~**sin(3rx) /37 (49)
u=p+eq. (50)

In our simulations we set o = 1 so that the direction of the anisotropy is variable in the
computational domain. Note that we have

_§u5/2(t, 0)Vyju(t,0) = u(t,0), (51)

éuf’/Q(t, D)Vyu(t, 1) = u(t, 1). (52)

The problem is supplied with a force term computed accordingly.

As an initial condition we take u(t = 0), with u defined by (50). In this setting we expect
both Asymptotic-Preserving methods (E4p) and (RK4p) to converge in the optimal rate,
independently on ¢ and b.

First we test the space convergence of the methods. To do this we choose a small time
step such that the time discretization error is much smaller than the space discretization
error. We then vary the mesh size and perform simulations for 100 time steps. The
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results are summarized in Table 1 and Figure 3. All three methods give as expected the
third order space convergence in the Ly-norm for large values of €. Moreover, due to the
extremely small time step, the numerical precision is the same, even if one uses second or
first order methods. For small values of € only the Asymptotic Preserving schemes give
good numerical solutions.

10 10
— (E ;553 + e (E ,% +
-, ] -, ]
1 (RK-AP) 1 (RK-AP) —s—
0.1 0.1
0.01 0.01
vy
0.001 0.001
0.0001 0.0001
1e-05 1e-05
1e-06 1e-06 A
1e-07 ‘ : ‘ : 1e-07 ‘ : ‘ :
le-15 le-10 le-05 1 le-15 le-10 le-05 1
(a) h=0.1 (b) h =0.00625

FIGURE 3. Relative L?-errors between the exact solution u® and the
computed solution for the standard scheme (P), Euler AP method (E4p)
and DIRK AP scheme (RK4p) as a function of € and for h = 0.1 resp.
h = 0.00625. The time step is 7 = 107°.

Finally we test the time convergence of the methods. To do this we choose a small
mesh size such that the space discretization error is smaller than the time discretization
error. We then vary the time step and perform simulations on a fixed grid. The results are
summarized in Table 2 and Figures 4 and 5. Note that the (RK4p) scheme is of second
order in time as long as the error due to the time discretization dominates the error induced
by the space discretization. The standard (P)-scheme works well and is of first order, as
long as ¢ is close to one. The (E4p) scheme is of first order for all values of the anisotropic
parameter. Also note that while the (RK4p) scheme demands twice more computational
time than the (F4p) scheme, it gives much better precision. In order to achieve a relative
error of the order of 107 for ¢ = 1 it suffices to take a time step of 7 = 0.05 in the RK-
scheme. A comparable accuracy with (E4p) is obtained for a time step 16 times smaller.
In the case of e = 107! the ratio is 32.

To conclude, one can remark that the asymptotic-preserving schemes, (E4p) and (RK 4p),
are uniformly accurate with respect to the perturbation parameter €. This essential fea-
ture can be very useful in situations where the anisotropy is variable in space, i.e. the
parameter £(x) is x-dependent. No mesh-adaptation is any more needed in these cases, a
simple Cartesian grid enables accurate results, with no regard to the e-values.
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b L?-error e=1
P Eap RKp
0.1 1.60 x 1073 | 1.60 x 1072 | 1.60 x 1073
0.05 |[2.02x107*]2.02 x 107*]2.02 x 10~*
0.025 | 2.55 x 1075 |2.55 x 107° | 2.55 x 10~
0.0125 || 3.2x107° | 3.2x107° | 3.2x107°°
0.00625 || 4.0x 1077 | 4.0x 1077 | 4.0 x 1077
L L?-error e=10"10
P E4p RK sp
0.1 7.3 x 1071 | 1.47 x 1073 | 1.47 x 1073
0.05 7.3x 107" |2.04x107*|2.04 x 10~*
0.025 || 7.3 x 107! [2.65 x 107° | 2.65 x 107°
0.0125 || 49x 10" | 3.3x 1079 | 3.3x 107
0.00625 || 1.04 x 1071 | 42 x 1077 | 4.2 x 1077

TABLE 1. The absolute error of u in the L?-norm for different mesh sizes
and € = 1 or ¢ = 1071%, using the singular perturbation scheme (P) and the
two proposed AP-schemes for a time step of 7 = 107%s and at instant
t =107%, with T, = 1.

10

o p—
(E-AP) —+—
1y (RK-AP) —s— 7
0.1}
0.01 |
0.001 e
0.0001 |
1e-05 | ]
1e-06 J
1e-07

le-15 le-10 le-05 1

FIGURE 4. Relative L?-errors between the exact solution u® and the
computed solution with the standard scheme (P), the Euler-AP method
(Eap) and the DIRK-AP scheme (RK4p) as a function of € and for
7 = 0.00625. The spacial grid is 200 x 200.

4.2.2. Initial Gaussian peak.
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0.001 0.001
0.0001 0.0001
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FIGURE 5. Relative L?-errors between the exact solution u® and the
computed solution with the standard scheme (P), the Euler-AP method
(Eap) and the DIRK-AP scheme (RK 4p) as a function of 7, and for ¢ =1
resp. € = 1071 and a mesh with 200 x 200 points. Note that for e = 1 the
P-scheme and the E4p scheme give the same precision.

The second investigated test is the evolution of the following initial Gaussian peak,
located in the middle of the computational domain:

u(t = 0) = T_Qm (1 n 6—50(33—0.5)2—50(3;—0.5)2) , (53)

where T, = 10° K is the maximal temperature in the domain and the anisotropy direction
is given as in the previous tests. We perform numerical experiments with the choice
of ¢ = 1. We choose the time step 7 = 0.01 and perform numerical simulations on a
fixed 50 x 50 grid with the final time set to 15s. The time step is big compared to
the time scale induced by the initial condition. Indeed, after the first iteration of the
algorithm the numerical solution immediately falls into the space of functions which are
almost constant in the direction of the anisotropy (see Figure 7). The evolution of the
numerical solution consists of two phases. The first one, in which the parallel components
of the diffusion operator dominate, is characterized by the exponential decay of ||un||z,),
min(uy) and max(uy,) (see Figure 6). When u;, reaches some critical value, the parallel part
of the diffusion operator becomes smaller than the perpendicular one. The direction of the
strong diffusion is now inverted and the numerical solution aligns itself rather with the
perpendicular direction. The minimum, maximum as well as the L?-norm of u;, continue
to approach zero, but the decay is no longer exponential. The L?-norm and the maximal
value remain close to each other and almost constant in time. The minimal value of u,, as
well as the boundary-values decrease much faster.
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. L?-error e=1
P Eap RK 4p
0.1 1.57 x 1072 | 1.57 x 1072 | 2.52 x 1073
0.05 8.28 x 1073 [8.28 x 1073 [1.93 x 10~*
0.025 |[4.25 x 1073 [4.25 x 1072 [ 2.62 x 107°
0.0125 | 2.37 x 1073 | 2.37 x 1072 | 6.54 x 10~°
0.00625 || 1.08 x 1073 | 1.08 x 1073 | 1.50 x 1076
0.003125 || 5.44 x 107* | 5.44 x 10~* | 4.08 x 1077
0.0015625 || 2.76 x 1074 | 2.76 x 10~* | 2.07 x 107”7
. L?-error e=10"10
P Eap RK 4p
0.1 6.14 x 1071 | 1.57 x 1072 | 2.90 x 1074
0.05 6.30 x 107! [8.22 x 1073 [ 7.21 x 107°
0.025 |[6.92x 107! [4.22x 1072 [1.80 x 107°
0.0125 || 7.08 x 107! [2.36 x 1073 | 4.91 x 1076
0.00625 || 7.26 x 10~* | 1.08 x 1073 | 1.15 x 1076
0.003125 || 7.42 x 107! | 5.40 x 107* | 3.43 x 1077
0.0015625 || 6.42 x 10~ | 2.74 x 10~* | 2.05 x 1077

TABLE 2. The absolute error of  in the L?-norm for different time step
using the singular perturbation scheme (P) and two proposed AP-schemes
for mesh size 200 x 200 at time t = 0.1s with 7,, = 1.

5. CONCLUSION

The here presented Asymptotic-Preserving scheme proves to be an efficient, general and
easy to implement numerical method for solving nonlinear, strongly anisotropic parabolic
problems. This kind of problems occur in several important applications, as for example
magnetically confined fusion plasmas. The method is based on a reformulation of the prob-
lem, initially introduced by the authors in an elliptic framework, and a careful linearization
as well as time-discretization of the resulting equation, which does not destroy the AP-
properties of the space-discretization. Numerical experiments show clearly the advantages
of such an AP-scheme.
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FIGURE 6. min(uy), max(uy) and ||us||r2(q) as a function of time for the
Gaussian peak experiment, for T}, = 10° and € = 1. Time step is 7 = 0.01s
and a mesh size of 50 x 50.
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FIGURE 7. Numerical solution at different time steps for the Gaussian
peak experiment, for 7}, = 10° and € = 1. Time step is 7 = 0.01s and a
mesh size of 50 x 50.



