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L'-FRAMEWORK FOR CONTINUOUS DEPENDENCE
AND ERROR ESTIMATES FOR QUASILINEAR ANISOTROPIC
DEGENERATE PARABOLIC EQUATIONS

GUI-QIANG CHEN AND KENNETH H. KARLSEN

ABSTRACT. We develop a general L'-framework for deriving continuous de-
pendence and error estimates for quasilinear anisotropic degenerate parabolic
equations with the aid of the Chen-Perthame kinetic approach. We apply our
L'-framework to establish an explicit estimate for continuous dependence on
the nonlinearities and an optimal error estimate for the vanishing anisotropic
viscosity method, without imposition of bounded variation of the approximate
solutions. Finally, as an example of a direct application of this framework to
numerical methods, we focus on a linear convection-diffusion model equation
and derive an L' error estimate for an upwind-central finite difference scheme.

1. INTRODUCTION

We are concerned with the Cauchy problem for quasilinear anisotropic degenerate
parabolic equations of second order with the form

(1.1) Ou+divf(u) =V - (A(w)Vu), u(0,x) = up(x),

where (t,7) € Ry x RY, div and V are with respect to 2 € R?, u = u(t,z) is the
scalar unknown function that is sought,

(1.2) ug € LY(RY) N L= (RY)
is the initial function,

(1.3) F=(f1r-s fa) € (Lip,oo(R))?

is the vector-valued flux function, and

(1.4) A(u) = o (w)ot(w)T >0, with o € (L(R)YF, 1<K <d,

loc

is the matrix—valued diffusion function. The symmetric d x d matrix

A(u) = (ai;(w))

Received by the editors January 11, 2004.

2000 Mathematics Subject Classification. Primary 35K65, 35B35, 35G25, 35D99.

Key words and phrases. L'-framework, degenerate parabolic equations, quasilinear,
anisotropic, entropy solutions, kinetic formulation, continuous dependence, error estimates, van-
ishing viscosity, difference schemes.

(©2004 American Mathematical Society
Reverts to public domain 28 years from publication

937



938 GUI-QIANG CHEN AND KENNETH H. KARLSEN

has entries of the form

K
aij(u) =Y opwoi(u),  ij=1,....d
k=1

On the space of symmetric matrices, we employ the usual ordering in the sense of
quadratic forms. Note that the scalar hyperbolic conservation law (A = 0) is a
special case of (LTI).

Nonlinear partial differential equations of type (ILIl) model convection-diffusion
motions in nature and occur in a variety of applications. Being very selective, we
mention here only flow in porous media (see, e.g., [12] and the references therein)
and sedimentation-consolidation processes [6]. It is well known that ([II]) possesses
discontinuous solutions, and weak solutions are not uniquely determined by their
initial data; hence (ILT]) must be interpreted in the sense of entropy solutions [19],
[30], [31I]. The uniqueness of entropy solutions was proved in the one-dimensional
context by Wu-Yin [32] and Bénilan-Touré [2]. In the multi-dimensional context
with isotropic diffusion (that is, A(-) > 0 is a scalar function), a general unique-
ness result is much more recent and was proved by Carrillo [7] by using Kruzkov’s
doubling of variables technique. Various extensions of his result can be found
in Biirger-Evje-Karlsen [5], Eymard-Gallouét-Herbin-Michel [I5], Karlsen-Risebro
[18], Karlsen-Ohlberger [16], Mascia-Porretta-Terracina [24], Michel-Vovelle [25],
and Rouvre-Gagneux [28]. Chen-DiBenedetto [§] proved the uniqueness of un-
bounded entropy solutions by using the doubling of variables technique. Chen-
Perthame [9] finally introduced the notion of kinetic solutions and established an
L' well-posedness theory for the general anisotropic diffusion case by developing a
kinetic approach for (II). Let us also mention the earlier work by Tassa [29], who
proved the uniqueness for piecewise smooth weak solutions. There are also several
recent studies concerned with the convergence of various numerical schemes; see [12]
for operator splitting methods, [13], [I7] for monotone finite difference schemes, [15],
[26], [25] for monotone finite volume schemes, and [I], [4] for BGK schemes. All
these papers provide the L' convergence of approximate solutions without a rate
of convergence (an error estimate). As is well known, L! error estimates are more
desirable for robust scientific computation and prediction, which have been an open
problem for the general anisotropic case in numerical analysis.

In the hyperbolic context (i.e., A = 0), error estimates for the vanishing isotropic
viscosity method were derived first in Kuznetsov [20] and more recently in Cockburn-
Gremaud [10] and Bouchut-Perthame [3], [27], while various estimates for contin-
uous dependence on the nonlinearity (i.e., the flux function f) were obtained first
in Lucier [22] and later in Bouchut-Perthame [3]. Regarding degenerate parabolic
problems with isotropic diffusion (that is, A(-) is a scalar function), continuous de-
pendence estimates for semigroup solutions, and hence also error estimates for the
vanishing isotropic viscosity method, were obtained by Cockburn-Gripenberg [11];
see also [14], [18] for a different approach for the case that the flux function f also
depends on (t,x).

We are concerned with explicit estimates for continuous dependence on the non-
linearities and error estimates for the vanishing anisotropic viscosity method for
(CI). We mention that, even in the isotropic case, continuous dependence esti-
mates have never been derived directly for entropy solutions. The purpose of this
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paper is to use the Chen-Perthame kinetic approach [9] to develop an abstract L!-
framework for continuous dependence and error estimates for (1)) and to present
several applications of this framework.

More precisely, we are interested in comparing an entropy solution u = u(t, x)
of (LI) with an entropy solution v = v(t,z) of

(1.5) O + divg(v) = V - (B(v)Vv) + error terms, v(0,z) = vo(z),
where

(1.6) vo € LY(RY) N L®°(RY),

(17) 9= (91, 94) € (Lipyo(R))",

and

(1.8) B=oBw)ePw)T >0, ofec@Z®)”E, 1<K<d

The symmetric d x d matrix B = B(v) = (b;;(v)) has entries

K
bij(v) =Y oh(woh(v), ij=1,....d
k=1

Similar to the treatment of hyperbolic problems [3], [27], the error terms will take
the form of “partial derivatives” for applications, which will be specified later in
Section Bl

The first application of our general L!'-framework is an explicit estimate for
continuous dependence on the nonlinearities in (ILI)). If g = f (see Section @ for
the general case), up € BV (R?), and the error terms in (L5]) are zero, we obtain
that, for any ¢ > 0,

et ) = vt ) e ey

< o = wollsn e + cﬁ\/H (VA-VB) (vVa- @)TH ,

(1.9)

o0

where the oo - norm is taken componentwise (see Section[3lfor the precise definition).
We must emphasize that the proof of a result like (9 depends in a fundamental
way on using the parabolic dissipation/defect measure identified in Chen-Perthame
[9], which is also the cornerstone of the uniqueness proof in [9].

The second application of our L'—framework is an error estimate for the vanishing
anisotropic viscosity method for (II):

(1.10) G +divf(v) =V - (A(v)Vv) +uV - (B(U)Vv), v(0,x) = vo(x),

where the matrix B(v) > 0 is of the same type as in (L8). If ug € BV(R?), we
prove that, for any ¢ > 0,

(1.11) [ut, ) = vt ) ey < llwo = voll L1 gay + CVER,

where C' depends only on the L norms of the matrices A and B.

Within our L'-framework, there are two ways to obtain an L' estimate for u—v.
A traditional way is to view the equation for the anisotropic viscous approximate
solutions as the original equation perturbed by the error terms taking the form of
partial derivatives. If v is uniformly BV bounded in space variables, one obtains
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the optimal % rate of convergence. However, if v is not BV bounded, only a sub-
optimal rate of convergence can be obtained in this way. The more efficient way is
to derive the optimal rate of convergence from an estimate like (I9]) for continuous
dependence with B properly chosen, without imposition of bounded variation of
v. Indeed, in this paper we apply the second way to establish the optimal rate of
convergence for the vanishing anisotropic viscosity method for (LT).

While the vanishing anisotropic viscosity method has received almost no at-
tention in the literature, the vanishing isotropic viscosity method for the purely
hyperbolic case (A = 0) is well studied [3], [10], [19], [20], [27]. One motivation for
studying the vanishing anisotropic viscosity method is that anisotropic viscosity ap-
proximations are closely related to finite volume numerical schemes on unstructured
grids, for which uniform BV bounds are not available for finite volume schemes,
and the standard error estimate theory for hyperbolic problems provides only a
sub-optimal rate of convergence (see Makridakis and Perthame [23]).

Although the significant applications of our L'-framework are the estimate for
continuous dependence on the nonlinearities and the error estimate for the vanishing
anisotropic viscosity method, as an example of direct applications of this framework
to numerical methods, we focus in Section [l on a linear convection-diffusion model
equation and derive an L! error estimate for a upwind-central difference scheme.
We will present further applications of our L'-framework to numerical methods
for nonlinear degenerate parabolic-hyperbolic equations elsewhere. Also we remark
that the results in this paper can be extended to more general equations with
(t, z)~dependent coefficients; the details will be presented elsewhere.

This paper is organized as follows. We first establish the L'-framework for con-
tinuous dependence and error estimates in Sections Pl and Bl Then we apply our
general L!'-framework to obtain the following results: (i) an explicit estimate for
continuous dependence on the nonlinearities in Section [} (ii) an optimal error esti-
mate for the anisotropic vanishing viscosity method in Section B (iii) an error esti-
mate for an upwind-central finite difference scheme for a linear convection-diffusion
equation in Section [G

2. ENTROPY SOLUTIONS AND KINETIC FORMULATION
For any entropy function 7 : R — R, the corresponding entropy fluxes
¢=(q1,--.,q2) :R—R? and R=(ry):R— R

are defined by
q'(u)=7n'(w)f'(u), R'(u)=n"(u)Au).
We will refer to (7, q, R) as an entropy-entropy flux triple.
Fori=1,...,dand k=1,..., K, we let

Gt = [ obw)du
0
and .
G = [ Vit de,  for v e Co(R)
0
According to Chen-Perthame [9], entropy solutions can now be defined as follows.

Definition 2.1 (entropy solutions). A function

u € L¥(Ry; LY(RY) N L= (R, x RY)
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is an entropy solution of the Cauchy problem (T)) if the following conditions are
satisfied:

(D.1) Forany k=1,..., K,

Za% ) e L*(R; x RY).

(D.2) Forany k=1,..., K and ¢ € Cy(R) with ¢ > 0,
d
>3, (w) = VU Za (ih(w) € L*(Ry x RY),
i=1

and the parabolic dissipation measure n*¥ (¢, x), defined by

K / d 2
n"(t,x) = p(ult,z) > (Z 3m7,Cﬁc(u(t,x))> :

k=1

satisfies
2

nt? (Za Rt ))) a.e. in Ry x R%,

k=1

(D.3) There exists an entropy dissipation measure m*¥ (¢, z) of the form
mtV(ta) = [ mtE e s, for any ¥ € ColR),
R

for some nonnegative entropy defect measure m*(,t, ) such that, for any
C? entropy-entropy flux triple (1, ¢, R) with ” € Cy(R), there holds

(2.1) Bnu) + div g(u) — V - (B (u) V) = — (mum” + n"”) in D'(Ry x RY),

with initial data n(u)|;=0 = m(ug). That is, for any test function ¢ €

D(R, x RY),
d d
u) 0 + Zqi(u){)‘miqﬁ + Z rij(u)é)zizjqb dx dt
R4 xR i=1 i5=1
+/ n(uo(x))p(0,z) de = / (m“”’” +n“”7”) o dx dt.
Rd
R+ x R4

Remark 2.1. The nonnegative parabolic defect measure n*(,t,x) can be defined
as

(2.2) n“ (&, t,x) = 6(€ —u(t, ) Z <Z@ Calu )
k=1

2
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Using the duality (Co(R); M(R)), the parabolic dissipation measure n*? then
takes the form

Wt x) = / (€t a)yp(€) dE, b€ Co(R).
R

In the “diagonal case” a;; = 0 for all ¢ # j, the chain rule |(D.2)|is automatically
satisfied.

We also follow Chen-Perthame [9] to give the equivalent kinetic formulation of
entropy solutions for (II)) which can be derived essentially from duality and the
representation formula

(2.3) h(u) — h(0) = /Rh’(g)x(g;u) de, for any h € C?,

where the indicator function x(&;w) is defined by

Loce<u, when u > 0,
x(&u) =<0, when u = 0,
—1y<e<o, when u < 0;

see also Lions-Perthame-Tadmor [21].
For later use, we note that the following formulas are valid:

(2.4) Fux(&u) =06(E —u),  Oex(&u) = 6(€) = (€ —u).

Definition 2.2 (kinetic formulation). Let u be an entropy solution of (1) in the
sense of Definition 2Jl Then the kinetic formulation of (IT]) reads

Aex(&u) + f1(€) - Vax (& u)
d
(25) = Z QA (g)ailz]X(£7 u) + 85 (mu + n'u) (f,t,.’b) in Dé,t,zv
ij=1
X(5§U)|t=0 = X(f;uo),

for some nonnegative entropy defect measure m", which measures “hyperbolicity”
in the solution, and some nonnegative parabolic defect measure n* with the form
[@2), which measures “parbolicity” in the solution.

3. GENERAL L'-FRAMEWORK

Let u be an entropy solution of the original problem (). Let g be the flux
function defined in (L) and B = (b;;) be the d x d symmetric matrix defined in
([CR)). We then let v solve the “approximate” kinetic problem

dix (&) + ’(é) - Vax(&5v)

(3.1) Z bij (& H X(&v) + 0 (m" +n" + E) (&, t,x) in Dl&,t,w’

4,j=1
x(&v)e=0 = x(& vo),
for some nonnegative entropy defect measure m* and nonnegative parabolic defect
measure n’ taking the particular form

n’ (€, t,x) = §(§ — v(t, x)) Z(Z )
k=1

2
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with

Correspondingly, for ¢ € Cy(R.), define the function

Gl w) = /O ’ V(w)ok (w) dw.

Motivated by Bouchut-Perthame [3] and Perthame [27] in their treatment of the
hyperbolic problem, we assume that the error term E(&,¢,x) takes the form of
“partial derivatives”:

B¢ t,x) =0 eo(& tx)+ Y Dle{ (& t,)
J=(J1,---,Ja)
0<|J|< T

for some error terms ey and el‘] with Jy, J. > 0 integers and J multi-indices. We
assume that the error terms ey and ef satisfy

< 00, 0< < J,
(Ry;LH(R))

H (Sup |60(£a K )| , Sup |€i](€, K )|>
3 £

Lioe
where sup is taken over all
& e I(v):=[info,supv].

Define the d x d symmetric matrix

s(6) = (VA© - VBO) (VA© - VB®)

= (06 ~0"(©) (1) —o"(©) '
Then the entries of S(§) = (s;;(£)) take the form

K
- Z{am)aﬁ.(&) oA (O)0h(©) — o o (E) + aﬁ(ofrﬁ(@}.

To state the following theorem, we use the notations

S, = Hsnoozfsup ISl = sup |si5(6)]

€I(uo) £e€l(uo)
ij=1,....d
and
1f'=9'le:= sup [IF'(§) = 9"l = sup [fi(§) —gi(E)]-
gel(ug) §€1(uo)
i=1,....d

Hereafter, C' will denote positive constants, not necessarily the same at different
occurrences, which are independent of the small parameters and time variable ¢.

The main result of this section is the following abstract L!'-framework for error
estimates.
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Theorem 3.1 (general L' framework). Letu € C(R4; L*(R%)) be an entropy solu-
tion of (L)), and suppose v € L>®°(Ry; LY(RY))N L= (R4 x RY)NC(Ry; L1 (RY))
solves the “approzimate” kinetic problem @BJl). Then, for any t > 0 and any
€1,€0,€1 > 0,
(3.3)

[u(t, ) = v(t, )l L2 may < w0 = voll L1 (may

+C (55,t(51) + & (o) + 5 1(61) + El 7)) + EA7 B (e1) + Euu (B0, 51)> ,

where
Euiler) = Sup lu(r, - +y) = w(r, )l ray »
y|<e
T:07t1
gqt;,t(go) = 0<SSP7P<5 [v(s, ) — (T, ')HLl(Rd) 5
7=0,t ’
1,061 = s [l +) o s
y|<é
7':0,1&1
t||f' —g’
£579(ey) = {|U0|L1(Rd) ”571”""7 uo ¢ BV (RY),
HUOHBv(Rd) tf'=9'lles wo € BV(RY),
AP (e = {||U0||L1(Rd) =, ¢ BV(RY),
l[woll gy (may tf_fov ug € BV (RY)
and

[ 1
Eu,t(E0,€1) = =

sup |eo (&, ", )]
0 13

L1(0,t+&0; L1 (R?))

1
DS
T=(J1 ) €1
0<|J[< .

Sl‘glp ’elJ(ga B )|

L1(0,t+&0; L1 (RY))

If g = f and B = A, then the terms £ 4(e1), El79(ey), and £ P (ey) in BD)
can be dropped, that is, there holds

Ju(t,) = v )L gmay < lluo = voll 1 rey

(3.4) +O(EL4(60) +E,(E) + £uslE0.20))

for anyt >0 and €y,&1 > 0.

Proof. Some arguments in this proof follow Chen-Perthame [9] closely, for which
we are very concise here and refer instead to [9] for more details.

We set ¢ = (g9,€1), €0 > 0 for the forward time regularization and e; > 0 for
the space regularization. We then define

we(t, ) = we, (Hwe, (),
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— 1 t L 1 T T4
WEo(t) = gWO <€0> 5 Wey (.’ﬂ) = awl <€1> ceewy (ﬂ) ,

and wy > 0, £ =0, 1, denote the normalized regularization kernels with

where

[ myar =1, swpplen) € (-1.0). supp(er) € (-1.1).
‘We use the notations
Y= (€ o) = X(Gulta), T i= K€ o) = (& olt,)),
et = (x ) (€0, T teleto) = (1 ) (6 10)

(t,x) t,x

where £ = (&p,€1) > 0 is another pair of time-space regularization parameters.
Moreover, we use the notations

i = m (€, t,2) = (mu - wg) (e.t.2),

t,x

nd :=nd(& t,x) = ( ) (&, t,x),
mg :=mZ(&,t,x) = (m” * wg) (&, t, )
i nb(eto) = (5 we) (€a),
t,x
and Ez = Ez(&, t,x), which is similarly defined.
We intend to study the microscopic functional
0 < Qee(§,t,2) = [Xe| + [Xe| = 2xeXe-
More precisely, we will calculate
d

(3.5)
dt Jre xR

Qa,f(fa t7 ZC) dx df

Note that x.(&,t, ) satisfies

d
(3.6) dixe + 1) - Vaxe = Z a;j(€)03,4,Xe + 0 (mf +nl),
i,j=1
and that xz(, ¢, x) satisfies
(37) at;(é + g IXE = Z b2] z xj>~(5 + 85 (mg + ng + Eg) .
7,7=1

Multiplying (B8] by sign(€), using sign(§)xe = |xe|, and then integrating in
(&,7) € Re x RY yields

d

(3.8) 4
dt Jr.xRa

e da dE = 2 / (m* + %) (0,1, 7) de.
R4
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Similarly,

d
(3.9) —/ | dxd§:—2/ (2 +n? + Ez) (0, 1, ) da.
dt Jre xR R

We now consider the quadratic term. To this end, we need an additional regu-
larization in the kinetic/velocity variable &:

ng(s(f,t,.ﬁ) = (X‘E?wé) (§7t,l‘),

25,5(57157'%') = (Xé’g/(b(;) (£7t7x)

for a standard regularization kernel ¢s. We also need a &-truncation 77,(€), which is
a smooth nonnegative function with bounded support. That is, 71, (§) = 7 (/L) —
1 as L — oo with

for €] <1/2,

for £ > 1.

0 S T(g) S ]-7 for 5 € (—O0,00),
L
= 0’

The destiny of these additional parameters is that § | 0 first and L T oo second.
Then x. s satisfies

8th,5 + f/(f) : Vsz,é

(3.10) d
= 30 (g vs) + 06 (Gt 02 w05 )+ R,

ij=1
and Xz s satisfies

DiXes +9'(8) - VaXes

(3.11) L )
_ Zaxixj((bijxg)gw)mg (m? +n + E2) x s ) + L.
ij=1
In (@I0) and @I,

R 5 = divs (' (€)xes — (x:) x5 ).
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A simple calculation reveals

d ~
(3.12) —/ T1(€)Xe,6Xz,6 do d€
dt Jr, xR

- / To(©)%en (F'(6) — 9'(6)) - Ve dar de
R¢xRZ

/Rgxm E)¥es Z wi wg( @ijXe *%) d d¢

1,j=1

/ &)Xz,50¢ <(m? —I—ng)*w(;) dx d€
REde ¢

e, E a“ i X & *w dx d
/1;{E><Rd X 61] | J( JX 6) 5

/ E)Xe,50¢ ((mg +n?+ Ez) % ¢6> dx d€
Rngd 3

/1:; Rd XE 5R56+XE 5R5 6) dmdé.
& X

6
Z (t;e,&,6,L).

=1
As in Chen-Perthame [9], we have

(3.13) %iﬁ)l Is(t;¢,0,L) =0 in LP(0,T) for any 1 < p < oc.

Writing out the convolution products explicitly, we have

1(t;€,€,6,L)
/TL G (€) - Vowe(t — s, — y)ws(t — 8,2 —y)
x 5§ —m)vs (€ — 0" )x(m;u(s, y)x(n'sv(s',y')) ds dy dn ds’ dy' dn' da dg.

Sending first § | 0 and second L T 0o, we get

lim hmIl(t €,€,0,L)
Ltoo §

(3.14) —— [ = () Vawnlt 5.0~ ghuelt '~ )

x x(&u(s,y))x(&v(s,y) dsdy ds’ dy' dx dE
= —&T79(t;¢,8).
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Integrating by parts yields
(3.15) I5(t;e,€,0, L)

= _/ T (§)Xzs ((m’; +nY) *%) dx dé
R¢ xRd 13
- [ meue ((mz ) *%) da dg
R¢ xR4 ¢
N /R 7O (6(5 ) (wgwn) (mggw(s) da d

N /R O (5<5u) e (ws%)) (nyzw) da de

4
=Y Is(t;e,£,0,L)
=1
and
(3.16) Is(t;e,&,6,L)
/ &)Xes ((mg +nZ +E€~)*ws> dx d§
R de £
/ 45(6) ((ms +nd+ ) %) du dé
REXRd

/Rsde ( =) (1) (wetps) ) { me 2%) dx d§

¢
)
* s T & (-0 1 wevn)
)

/Ede < (€& —v) (6; (werhs) E~a§<1/)5> dx d¢

5

Z o(t;e,€,0,L).

As in [9], we have

(3.17) hm hrnI3 1(t;¢,€,0,L) = lim im I5 1 (¢;6,8,6,L) =0
Lioo 610

in LP(0,T) for any 1 < p < o0.
Moreover,

(3.18) 151%1(13,2@; €86, R) + Iss(t;e, &,0, R))
= 7/ (mg +n+mZ+nf+ E:)(0,t,z) dx
R
in L?(0,T) for any 1 < p < oc.

Clearly,
I3 3(t;e,6,6,L), I5 3(t;¢,€,6,L) >0 for any ¢ > 0.
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Integrating by parts also yields
(3.19) I(e,6,L)

- _ /11ng§ TL(¢) i Zd: O, ((Uiig) 251/)5)81]. ((oﬁxs) 2&/)5) dx d¢

k=1i,j=1
K d
’ /Rngg 0 ; ”2_1{895 ((Ufl‘cié) ’gw)aﬂ%‘ ((Uﬁch) ’g%)

— O, X2,50, ((ains) ’g%) } dx d§

=:I51(t;¢,,0,L) + Iz 2(t;¢,€,0, L).
Similarly,
(3.20) Iy(t;e,8,0,L) = Iy 1(t;6,,0, L) + Iy 2(t;€,€,0, L),
where

(3.21)  I41(t;e,8,6,L)

——[ T S zdj 0r, ((0fi%e) £ 5) s, ((oFixe) £ ) dvd

RexRg k=11,j=1
and
(322) 14,2(25,5,6,57 L)
K d
_ B B
B /Rngg ) kz_:“;l{az ((Ulkxs) ’,;1/’5)8%' ((Ukas) ’g%)

= 0, ((be) £ 03) 0, Xs,a} da .

As in Chen-Perthame [9], we have

(3.23) lim I o(t;€,€,6,L) = lim Iy o(t;¢,€,0,L) =0
510 610

in LP(0,T) for any 1 < p < c0.
We now study the new term
(3.24)
EAB(t;¢,6,6,L)
=1I1(t;¢,€,0,L) + I3 4(t;€,E,0,L) + Iy 1(t;6,8,0,L) + I5 4(t;6,€,6, L).
From now on in this proof, for notational simplicity, we drop writing the domains

of integration. Writing out explicitly the convolution products, we have

Igﬁl(t;&‘,e’;:, (5, L)

K d
-3 % / ()00t — 5,0 — YDy, welt — 2 — y W (€ — )ibs(€ — )
k=14,5=1

x ot (mx(m;u(s, y)oi(n)x (s v(s',y')) ds dy dn ds’ dy' dn’ dz d€.
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Similarly,

I41(t'€ E~ (5 L)

:_ZZ/TL )0 ot = 5,3 — )0, we(t = 8", w =y Vps( = )

k=114,5=1
x Ps(& =)ok mx(miuls,y))o . )x(m'sv(s',y')) ds dy dnds’ dy' dn’ du dé.
Note that

1374(t;8,§, 5, L) + 15,4(25;5,5, 5, L)

K
=Y [ Tul@entt = s - (e = ' = sl — s, 0)s(€ ~ 0(5'y)
k=1

d 2 d 2
x (Zai ;;g(u(s,y))> + (Z ay;gﬁ(v(sf,y/))) ds dy ds' dy dz de
i=1 j=1
K
223" [ Tul@onlt = s,z = et = 5o = (€~ uls,)lé (1)
k=1
d
X Y 0y, G (uls,y) Za (B (u(s',y)) ds dyds’ dy dx dE
=1
K
Y / To(©)welt — 5,0 — ylwelt — o', 7 — )
d
x Za%c“‘ P (s, ) Zay; P (s ) ds dy ds' dy da de

—222/% €)0r, w2t — 5, — y)0u we(t — ', — y' Wis (€ — )s(€ — 1)

k=114,j=1
< o mx(muls,y)ohm ) x(n'sv(s',y) ds dy dnds' dy' dy' dx dg,

where we have used the chain rule|(D.2)| integration by parts, and ([23]). From this
and the previous calculations, we find

A

t ,€,0,L)
K d
Z Z/ a we _Sax_y)aa:jwé(t_s/ax_yl)d]&(g_n)w&(g_n/)

k=1
< { otk o) - 20wl + ot |
x x(m;u(s, y))x(n'sv(s',y")) ds dy dn ds’ dy’ dn’ dw d¢.
After performing the changes of variables,

z=§—m, Z=€6—1, dzdz' = dndn,
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K
. Z Z /ﬂ(g)amzwf(t — 5T y)aszUg(t - Slvx - ?/)7/15(2)%(2/)

 { ot ~ (e - #) - 20E - afs — )+ ofi6 ~ ofhle - )|
(€= zu(s,y))x(& — 25v(s',y)) dsdy dz ds' dy’ dz’ dx dE.

From this, it follows easily that

(3.25) lim lim E47 5B (t;¢,€,6, L)
L1c0 610
Z/ i, We(t — 8,0 — yws(t — s',x —y)
4,j=1

< {o©0 () — 20O + ok}
x x(&u(s,y))x(&v(s',y") ds dy ds’ dy' du dé,
where we have also performed integration by parts.

Now it is crucial to exploit the symmetry property of (i, j) — 8%1,%%(75—3, x—y)
to obtain a favorable quadratic form:

d
(3.26) Y 3§ixjwe(t—Syx—y){oﬁc(f)aﬁf(ﬁ) 204(€)073.(6) + 0k (€)o EZ(E)}

i,j=1

Z 2 o, we(t — 5,2 —y) (04 (&) — o 5(9) (071(8) — /1(9)) -

i,j=1
In view of (8.28]), (B:26), and the definition of s;;(¢) in B.2)), we finally get

(3.27) lim lim 475 (t;¢,¢,0, L)
Ltoo 510

Z/ i, We(t — 8,0 — ywz(t — "2 —y)

1,j=1
x 8 (€)x(&u(s,y))x(& (s, y) dsdy ds’ dy' dw dé
—E47B(t;¢,8).
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Writing out the convolution products, we have

(3.28)
15,5(t; €, év 5a L)

= [ Tul©)slé ~ vl )¢ - W)wstt - 5.0~ )
X <6g°w5~(t —s,z—1y)eo(n,s,y)

+ Z Dlws(t — s,z —y el (0,5, y')) ds dy dnds’ dy’ dn' dx dé
J=(J1,.J) >0
[T|< .

- /W§(t —8,T—1Y) ((ZJDwg(t -8,z —1y)eo(v(s,y),s,y)

+ Y. Diwt—sx—y)ef(v(s,y), 5, y’)) ds dy ds' dy' dzx

J=(J1 ., Ja)>0
[J]<Jx

=: —=&,(t;€), when L T ooandd | 0.

Summarizing our calculations from BI2)) to [B28]), we obtain that, for any
g,€>0,

d
(3.29) — / XeXe dx d€ > —/ (mg +ng +mf¢ +n¢+ Eg) (0,t,x) dx
dt Jre xR R

— &7t e, 8) — EATB(ty6,8) — E,(t;8).
Then the estimates B.3), B8), (39), and 329) yield that, for any €, > 0,
[ Qe tayde
REXRg
¢
g/ Qe,z(£,0,2) dz dé + 2/ EF9(rie,8) dr
R¢ xR¢ 0
¢ ¢
+ 2/ EAB(t;e,8) dr + 2/ Ev(t;e,€)dr.
0 0
Similarly, we have
/ Qe:(£,0,x) dx d
RgXRg

— [ (1uto )|+ 0l )] = 2min (s, )] (5" 9D Lsantatsamterar=or)

X we(=8,2 —y)wsz(—5",x — ) dsdyds’ dy' dz

= / u(s,y) = v(s', y)|we(=s, 2 — y)we(=5", 2 — o) ds dy ds’ dy' d.
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A standard calculation reveals

/ Qe (€,0,) de de
Rngg
< Jluo = voll gy + s (s, ) = w0(-) g1 ey
0<s<ep

+ sup [[o(s,) = v0( )y + sup ol + 1) — w0l 1 (mo)
0<s<ép ly|<e1

+ sup |lvo(- +y) —vo()ll 11 (mey -
ly|<éy

Similarly, we find

/ QE7§(£atax) dx df
R¢xR4

> [u(t) = vl may = sup JJuls, ) = ult, )| Loy
0<s—t<eq
— sup (s, 1) =t ) pamay = sup Jlult, - +y) — ult, )l g
0<s—t<&o lyl<e1
— sup [[o(t,- +y) — o, )l ra) -
ly|<é1

Sending eg | 0, we conclude that

Jult,-) = v(t, )l L1 may
x t = T (=
< luo — UOHLl(Rd) +28 ,(e1) + 28, 1 (80) + 287 1(61)

t

¢
+2lim [ E/79(r;e,8)dr +21im | EA7B(r;e,8)dr
5010 0 Eolo 0

t
—|—2/ Ev(r;€)dr, 0<t<T.
0

It remains to estimate the last three terms.
Recall that u(t,x) € I(ug) = [inf ug,sup ug) for a.e. (t,z) € Ry x R4 Tt is easy
to see that

¢
lim/ ET79(r;e,8) dr
0

EolO

d
s/nf'fg'nooZ|ariwsl<x—y>|w5<7—s',xfy'>
=1

x x(&u(r,y)) dyds' dy'dr da d¢

HI = 9o
) :

< Cllull e 0,721 R o

Note that, if up € L'(R?), then lull oo 0,701 (may) < llull 1 ey < 00 (see [31]).
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On the other hand, if u € L>®(R.;; BV (R%)), then we can first integrate by parts
in (314) and utilize ([2.4]) to obtain

= /Z(f{(U(& Y) = gi(u(s, y))we, (v = y)we(T — 5",z — y)
i=1

X Oy, u(T, y)x(u(T,y);v(s', ")) dy ds' dy' dr dx
< Cllull poeo,7:8v RN — 6|l s

Note that, if ug € BV (R?), then ||ul|p &, v ®a)) < [uoll gy (ray < o0 (see [31]).
Again using the standard properties of regularization kernels, we find

EoiO
d
> / Or.a,Wer (T = y)‘w (1 ="z —y) [x(&ulr,y))| dyds dy dr dx d€
ij=1
d
=50 > / 0 0, we, (¢ *y)‘ lu(T,y)| dydr dx
i,j=1

tSoo
< C— HUHLW(O T;L(R4))
e

For u € L= (R ; BV(R?)), we can then improve this estimate. In this case, we
may integrate by parts in (B27]) and employ (2Z4]) to obtain

lirn/ gA- (1;€,€)
Eolo

Z /3%1,«)51 we(t — 8,2 —vy')

1,0=1

x 835 (u(T,y)) 0y, u(r,y)x(u(r,y); v(s",y")) dy ds’ dy' dr dx d¢

< Se Z/|5‘%wsl —y)|we(r = 5", 2 =)

3,j=1
X |0y, u(T, y)| [x(u(r, y);v(s’,y"))| dy ds" dy' dr da

< Seo Z/‘aijsl )| 10y, u(t,y)| dydr dx
1,5=1

tS

< CHUHLOC(O,T;BV(Rd)) el
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Finally, we estimate

/Otem;é)df s/wgvfs,xfy)

» (yago%(T_sgx_yf)ysgpeo<5,s',y’>|

+ Z ‘Diwg(Ts',:cy’)|sup|e‘1](£,s',y’)‘) ds dyds’ dy' dr dx
T=(J1 e da) 20 ¢
[J|<Jx

C
< - ||supleo(&; - )l
g0 | e

L1(0,t+&0; L' (R?))

1
+C Y PR
J=(J1,...,Jq)>0¢1
| |< .

This concludes the proof of B3)). If ¢ = f and B = A, then é}f_g,EtA*B =0.
Consequently, we can let €1 | 0, and hence &, — 0 in ([3.3). This completes the
proof of (4. O

4. ESTIMATES FOR CONTINUOUS DEPENDENCE ON THE NONLINEARITIES

sSup ‘6‘1](57 Y )‘
3

L1(0,t+&0; L1 (RY))

We now apply the L!'-framework developed in Section [} to derive an explicit
estimate for continuous dependence on the nonlinearities in quasilinear degenerate
parabolic equations with anisotropic diffusion. Consider the problem
(4.1) O + divg(v) = V - (B(v)Vv), v(0,z) = vo(z),

where g, B, and vq satisfy the conditions stated in Section[Il The kinetic formulation
of 1) is (B3I with EF = 0. For simplicity of presentation, we assume that ug €
BV (RY).
We can now apply Theorem Bl with &, =0, £y,&1 | 0 (so that Eﬁ)t,é’f’t —0)
and &7 (e1) < €1 ||luoll gy (ray- Hence, for any t > 0 and any 1 > 0,
l[ult,-) = v(t, )l L1 may < llwo = voll L1 (ray
S,
+ Clluolly e (61 + 1~ 9l + ).
Choosing the optimal €1, we end up with the following theorem.

Theorem 4.1 (continuous dependence estimate). Suppose ug € BV (RY). Let u
be an entropy solution of (LI) with (L2)-(L4). Let v € C(Ry; LY (R%)) be an
entropy solution of [@I) with (LO)-(LR). Then, for any ¢t > 0,

(4.2)

Jult,-) —v(t, )l L1 (mey

< fluo = voll 11 (ray

+ Clluoll v (ra) (t 1" = 9'lloe + \/E\/H (\/Z_ \/E) (\/Z_ \/E)THOO> .
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Remark 4.1. Note that Theorem [T holds without the assumption that v €
L>®(R,; BV(RY)). Also, observe that, in the isotropic case: A = diag(as,...,aq)
and B = diag(by, ..., bq),

Jloa-va) (a-vm)| -
i=1,...,d

Vai(§) — \/bz‘(O‘ :

We remark that, in the estimate ([€2]) for continuous dependence, the strong norms
for f — g can be replaced by weaker norms in the spirit of [3], although we do not
pursue this here.

5. AN ERROR ESTIMATE FOR THE VANISHING ANISOTROPIC
VISCOSITY APPROXIMATION

We now consider the anisotropic viscous problem (LI0) with f, A, B, and vg

satisfying (L3), (L4), (L4), and (L8], respectively. Suppose B(v) > 0 (i.e., (LI0)

is uniformly parabolic which admits a unique classical solution) and

Be :=|Bllo = sup b;;(§) < oc.

Eel(uo

hi=1,rd
We are interested in applying the L'-framework established in Section [3] to derive
an explicit error estimate for u — v as p | 0, where u is an entropy solution of the
original problem (). As in the previous section, we assume that ug € BV (R?).

Let (n,q, R) be an entropy-entropy flux triple. Multiplying (LI0) by 7’(v), we

recover the usual dissipation structure

d
om(v) + divg(v) = V - (R (v)Vv) — " (v) Z ij(V)Op, v O, v
(5.1) w .
+uV - (' (v)B(v)Vv) — un” (v) Z bij (V) Dz, v Oz, 0.

We identify the entropy defect measure m (¢, ¢, x) as
2

m”(f,tw)zé(ﬁ—vt x Z (Zawlgk ) ;
k=1
and also the entropy dissipation measure m?¥(t, ) as
) = [ mierapEds e CoR).

via the duality (Co(R); M(R)).
The parabolic defect measure n¥(¢,t, x) is identified as

2
n(€,t,2) = 6(¢ — v(t, 7)) Z(Za Gk ) >0,
k=1

and again, via the duality, the parabolic dissipation measure n¥%(t, ) as

nw(t,x):/ n (&, t, ) (€) dE, ¥ € Co(R).
R
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Hence we can write (B.I)) as
On(v) + divg(v) — V- (R (u)Vv)
— (um“”” + n”’"”) +uV - (7 (v)B(v)Vv).

We can now transform the dissipation structure (52) via the duality into the
kinetic structure [9]:

8tx(§;v)+f’(£)- Vax(&;v)

(5.3) d
- Zam ;cxg Ev )+8§(/Lmv+nv)+uzbij(€) iy X (57 )

1,j=1 i,j=1

(5.2)

We first assume that vy € BV (R?). Then we can write

M Z bl] m r, ’l))

7,7=1

= 0 uzc’% (Za (/ bij(n E(&t,x),

where

. 1
E(¢,t,x) Z@I]el (& tyz), el(&tx)= (/ bij(n dn).

From (Z4)), it is clear that, for any &,

‘el(gm‘wzmj |ax,u\<uBooZ|aM| j=1,....d

=1

Hence

< ptBos|[voll By (ra)-
L1(0,t;L'(R%))
Applying Theorem BI with €9,£1,0 | 0 (so that &, &%, &L, — 0), and

Slglp ’ejl (5; ) )‘

gf,t(ffl) < 51||U0||BV(Rd)7
we obtain that, for any ¢ > 0 and £; > 0,
- t
Ju(t,-) —v(t, ')”Ll(Rd) < fuo — UO||L1(Rd) + Cllvoll By (re) (51 + a)

Choosing the optimal &1, we get a rate of convergence in p | 0 that is of order /tpu.
If vo ¢ BV (R?), then we must write the error term as

H Z bl] z :c, ) = 85E(§,t,x),

3,j=1

where

» £
Beto)= 3 . dieto),  IEn) —n / by (M) (7).

3,j=1
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Clearly, for any &,

eij(f,tw)} < Booplv(t,z)|, i,5=1,...,d.
Hence

< tBoopt[|voll L1 (gay -
LY(0,t; L1 (RY))
so that, for any ¢ > 0 and &; > 0,

sgp ’e? (&, -)’

- tL
Jut, ) = 0(t s ey < Tto = voll s ey + Cllvoll s ey (81 + 25 )-
1

Choosing the optimal €1, we get a rate of convergence in p | 0 of order (t,u)%.
Observe that we do not get an optimal convergence rate when vy ¢ BV (R?) in
this way. However, as already mentioned in Section [I one of our observations is
that, by interpreting the desired error estimate as a continuous dependence esti-
mate, we can obtain the optimal result. Indeed, in the present context, Theorem

ATl gives
[u(t, ) = v(t, ) L2 (ra

< flwo = voll 11 (ray

=
+ C|u0||BV(Rd)\/Z\/H (\/Z VAT uB) (\/Z VAT uB) H
for any t > 0. Now a simple calculation reveals

(V- vaTD) (V- VD)

We summarize the discussion in this section in the following theorem.

)
oo

< Cu.

oo

Theorem 5.1 (vanishing anisotropic viscosity). Suppose ug € BV (RY), and let
u be an entropy solution of (L) with (L2)-(L4). Let v € C(Ry; LY(RY)) be an

entropy solution of ([LI0) with (L3), (L), and (LJ). Then, for any t > 0,
[ut,) = v(t, M L way < luo = voll L2 ray + Clluoll By ey Vip-

6. ERROR ESTIMATES FOR A FINITE DIFFERENCE APPROXIMATION

In this section, as an example of a direct application of the L'—framework to make
error estimates for numerical methods, we focus on a linear convection-diffusion
model equation

(6.1) Ou + div(Vu) = V- (AVu), w(0,2) = up(x),

for some constant velocity vector V' = (Vq,...,Vy) > 0 and some small constant

diffusion matrix A = diag(ay,...,aq) > 0. We assume that uy € BV (R?).

Fix a time step size At > 0 and a spatial step size Az > 0. We use J¢ a; for the

temporal difference operator

v(t + At,x) —v(t,x)
At ’

Oz, Az for the first order spatial difference operator in the direction z;:

v(t,z) —v(t,x — Azxe;)
Az ’

8t’At’U(t, JI) =

O azV(t, @) = 1=1,....,d,
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where e; denotes the ith unit vector in R%; and 92, A, for the second order spatial
central difference operator in the direction x;:

v(t,x — Aze;) — 20(t, x) + v(t, z + Axe;)

2 _ C
Oz, azv(t, ) = L ) i=1,...,d
We consider the explicit upwind-central finite difference scheme:
d
(6.2) Opav(t, )+ ZV@x“Axv (t,x) Zaz s AVt T), v(0,x) = ug(x).
=1

As usual, to ensure the stability, it is necessary to require the CFL condition:

At
. 2A <1 = o Ag = ;-
(6.3) Vx dA + d(A st Voo 1= max Vi, Aoo:= max a;

From the CFL condition ([@3)) and uy € BV, it follows in a standard fash-
ion (see, e.g., [13], [I7]) that ||v(t,-)||Lx(Rd) < ||u0||Lx(Rd) and [v(t, )| pv(re) <
[uoll By ey for all ¢ > 0, and [jv(tz,") —v(t1, )1 mey < C/[t2 — 1] for all
ti1,to > 0.

Our goal is to derive an L! error estimate that is uniform with respect to the

small diffusion matrix A. For technical reasons, we are not going to work directly
with v, but instead with a regularized version v, defined by

wlt) = (9 5 o) (6o) o= (pupr) >0

where w, = w,(t, x) is a standard regularization kernel of the type used in the proof
of Theorem B.I] with the smoothing radius pg in ¢ and p; in z.

Evaluating (€2) at (¢t — s,z — y), then multiplying by w,(s,y), and finally inte-
grating the result over (s,y), we obtain that the “smooth” function v, satisfies the
finite difference equation

d
(6.4) O, atvp(t, ) + ZV(’?M AzUp(t, ) Zaz s AxUp(t )

i=1
with initial data
v,(0,2) = (wp;:uo) (z).

Clearly, the approximate solution v, satisfies the following apriori estimates,
uniform in At, Az, p:

0o (t, Ml oo (ray < ol o (ma) 5
(6.5) HUp( )”BV(Rd) < H“OHBV (R4,

[vp(t2,-) — vo(t1,- )HLl(Rd) <Oyt —ta], forany ti,t5 > 0.
A Taylor expansion yields

O, Atv,(t, ) = Oy, (t, ) + Eo(t, x),

with
- 1 At
Eo(t,x) = 5 Ofv,(t + z, ) dz.
0

Observe that, for any ¢t > 0, HEO

(65) was used.

HLl(OtLl(Rd)) < Ccist 3/2, where the third part of
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Similarly,

d d
> Vida,aavp(tx) =D Vidyv,(t, x) + B (t,x),

i=1 i=1

with

d 7 0
1(t, ) :Zé/A 92 vy(t,x + ze;) dz,
i— —Azx

=L tA”” , in which the second part of (G5

HLl(OtLl(Rd)) =
has been used.

Finally,
d
Zaza AzVp(t,T) Zaﬁ vt x) + Ea(t, x),

i=1

with

A
Ey(t,z) = a x/ 2 0,(t, T+ ze;) dz,
and, for any ¢t > 0, ||E2H < Othzs 3 , in which we have used (63 again.

L1(0,t;L1 (R4)) =
Hence, from (@.4), it follows that v, satlsﬁes the “approximate” convection-
diffusion equation

(6.6) O, +div(Vv,) = V- (AV,) + E(t, z),

where E(t,x) := Eo(t,x) + E,(t,x) + Es(t, ), which suggests that we may apply
Theorem Bl with Jo = J; = 0 to estimate u — v,,.

Let n : R — R be an entropy function. Multiplying (6.6) by 7'(v,), we obtain
the usual dissipation structure

d 2
Am(vy) +div(V(v,)) — V- (AVn(v,)) = —"(v,) (Z fa> 17 (0)E ¢, ).
=1

As usual, we can transform this dissipation structure via the duality into the kinetic
structure:

d
X&) +V - Vax(€vp) = 3 a2 X(E:vp) + B (m” + 1 + E) (&, t,),

=1

where m¥ = 0 and

2
n' = 5§(¢ —v,) (Z\/MMO . B(& 1) =15y E(t, 1),

so that OcE = (¢ —v,)E.
Observe that, for any ¢ > 0,

< Ct

At Axr  Ax?
sup|B(E, )| ( ) .
¢ L1(0,:L1 (R4))

PR TR
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Hence, using ([34]) in Theorem Bl with Jo = J; = 0 (after having sent £y,£; | 0),
we get

At Ax  Ax?
It ) = 0 M s sy < o — 20, g sy + Ct (p_/ o, p_§> |
for any ¢t > 0 and p > 0. From (6.5), we have
l[uo — v, (0, ')”Ll(Rd) s ot ) —v,(t, ')”Ll(Rd) <C(po+p1)-
Hence

tAt  tAx  tAz?
() = 0t gy < C (Voo + o1+ g7y + o g | >0,
o P1 Pi

Choosing the optimal p, we get the following theorem regarding the convergence
rate for the upwind-central finite difference scheme.

Theorem 6.1. Let u be an entropy solution of (1)) with (L2) and ug € BV (RY).
Let v = v(t,x) be the upwind-central finite difference solution generated by (G.2)
with @3). Then, for any t > 0,

lut, ) = v(t, ) s ety < C ((tm)% + \/tAx) < OViAz.

Remark 6.1. Note that the L' error estimate in Theorem [6.11is robust with respect
to sending the diffusion matrix A to zero. We emphasize that, although the problem
1) under consideration is linear, our L! method of analysis is still very much
nonlinear! We will further develop our approach to analyze and derive L' error
estimates for monotone finite difference schemes for nonlinear degenerate parabolic
equations elsewhere.
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