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ABSTRACT. We analyze approximate solutions generated by an upwind difference scheme (of
Engquist-Osher type) for nonlinear degenerate parabolic convection-diffusion equations where
the nonlinear convective flux function has a discontinuous coefficient v(z) and the diffusion
function A(u) is allowed to be strongly degenerate (the pure hyperbolic case is included in our
setup). The main problem is obtaining a uniform bound on the total variation of the difference
approximation w2, which is a manifestation of resonance. To circumvent this analytical prob-
lem, we construct a singular mapping W(~, -) such that the total variation of the transformed
variable z& = \I/('yA,uA) can be bounded uniformly in A. This establishes strong L' com-
pactness of z2 and, since ¥(v,-) is invertible, also 4. Our singular mapping is novel in that
it incorporates a contribution from the diffusion function A(u). We then show that the limit
of a converging sequence of difference approximations is a weak solution as well as satisfying a
Kruzkov-type entropy inequality. We prove that the diffusion function A(u) is Holder contin-
uous, implying that the constructed weak solution u is continuous in those regions where the
diffusion is nondegenerate. Finally, some numerical experiments are presented and discussed.

1. INTRODUCTION AND STATEMENT OF RESULTS

We are interested in upwind finite difference approximations for nonlinear degenerate parabolic
convection-diffusion initial value problems of the type

ur + f(v(x),u)e = A(W)ze, (z,t) €llr =R x (0,T),

(1.1) u(z,0) = uo(x), z € R,

where T' > 0 is fixed, u(x, t) is the scalar unknown function that is sought, and f, v, A, ug are given
functions to be detailed later. The special feature of the problem studied herein, which makes
mathematical and numerical analysis more complicated, is the combination of a convection part
that depends explicitly on the spatial location through a coefficient v(x) that may be discontinuous
and a diffusion part that strongly degenerates in the sense that A’(-) > 0. In fact, included in our
setup are hyperbolic conservation laws with a discontinuous coefficient:

(1.2) u + f(y(2),u)z = 0.
To facilitate the analysis, (1.2) is often written as a 2x 2 nonstrictly hyperbolic system of equations:
(1.3) v =0, ug + f(y,u), = 0.

Problems of the type (1.1) occur in several applications. Biased by our own interests, we mention
here only flow in porous media (see, e.g., [8, 14]) and sedimentation-consolidation processes [4, 5].
The purely convective version of (1.1) (A’(u) = 0) provides a simple model of traffic flow on a high-
way [49, 25], the spatially varying coefficient  corresponding to varying road conditions. Scalar
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conservation laws with discontinuities in the flux also arise in radar shape-from-shading problems
[41] and as building blocks in dimensional splitting methods for multi-dimensional Hamilton-Jacobi
equations [30].

Before continuing, let us detail the assumptions that we need to impose on the “data” of the
problem (1.1). For the coefficient -y, we assume that

y(z) € [v,7] Vx € R; v € BV(R).
In particular, v is allowed to be discontinuous. For the convective flux function f, we assume that

(1.4) f(7,0) = fo € R for all v and f(vy,1) = f1 € R for all ~.

The purpose of this assumption is to guarantee that a solution initially in the interval [0, 1] remains
in [0,1] for all subsequent times. Furthermore, we assume that f € Lip([y,7¥] x [0,1]). With this
assumption the partial derivatives f, and f, exist almost everywhere, and || f5|lco and || fu|lco are
Lipschitz constants of f with respect to v and u. In what follows, we will often use the notational
shorthands ||f.||, || fv]| instead of || fulloos || fy oo, respectively. Let

fif (v, u) = max(0, fu(v,u)),  fi (v, ) = min(0, fu(y, u)).
We will also require the technical assumption that f, is Lipschitz continuous as a function of
7, with Lipschitz constant L,.. It follows that f, and f; are also Lipschitz continuous in ~y
with the same Lipschitz constant. For example, if f(v,u) = ~f(u), where f € Lip([0,1]), this
Lipschitz assumption will hold with L, = || f’|. We assume that for each v € [v,7], there is a
unique maximum u*(y) € [0, 1] such that f(v,-) is strictly increasing for u < u*(vy) and strictly
decreasing for u > u*(y), and that for each fixed v € [y,7], | fu(v,u)| > 0 for almost all u € [0, 1].
Finally, we also assume that u* is Lipschitz continuous as a function of ~.
Regarding the diffusion function A, we assume that it belongs to Lip([0,1]) with Lipschitz
constant ||A’|| and that the following degenerate parabolicity condition holds:

(1.5) A(+) is nondecreasing with A(0) = 0.

Actually we shall be a bit more precise than (1.5). We assume that A degenerates (i.e., is constant)
on a finite set of disjoint intervals, that is,

M
Aw)=0,  vwe | o8] =9,

i=1
where o; < 8;,i=1,...,M, M > 1. On these intervals, (1.1) acts as a pure hyperbolic problem.
We assume that A is non-degenerate (i.e., strictly increasing) off these intervals, so that (1.1) acts
as a parabolic problem on [0, 1]\Q. It is assumed that the maximum «*(7y) either lies in § for all ~,
or lies in the closure of [0, 1]\§2 for all 7. This is trivially satisfied, for example, if f(7y,u) = vf(u),
since then v* is constant. In view of (1.5), one often refers to (1.1) as a mixed hyperbolic-parabolic
problem. In what follows, we assume (since the pure hyperbolic case has already been treated in
[44, 45])

max_ A'(w) > 0.
we[0,1]

Finally, we assume that the initial function ug satisfies
up € LY(R)N BV (R); up(x) €[0,1] Vo € R;
(1.6) A(up) is absolutely continuous on R;
A(ug), € BV(R).

Our assumption that A(ug) is absolutely continuous requires that any jump in u¢ must be contained
within one of the intervals [«;, 5;] where A is constant.

Independently of the smoothness of v, if (1.1) is allowed to degenerate at certain points, that
is, A’(s) = 0 for some values of s, solutions are not necessarily smooth and weak solutions must
be sought. A weak solution is here defined as follows:

Definition 1.1. A measurable function u(zx,t) is a weak solution of the initial value problem (1.1)
if it satisfies the following conditions:
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(D.1) w e LY (IIy) N L>®(T7) N C(0,T; LY (R)) and A(u) € L?(0,T; HY(R)).
(D.2) For all test functions ¢ € D(Ily) such that ¢|i=r =0,

(17) I (s G0 - aw.e,) dide+ [ w0 =o.

R

Solutions behave even more dramatically if A’(s) is zero on a whole interval [a,3]. Then
(weak) solutions may be discontinuous and they are not uniquely determined by their initial data.
Consequently, an entropy condition must be imposed to single out the physically correct solution.
If v is “smooth”, a weak solution u satisfies the entropy condition if for all convex C? functions
n:R—R,

n(w)e + (q(v(x),u))z + 7(U)zz
+ (@) (0 (w) f (v(2), u) = g (v(x), w)) <0 in D'(Ily),
where ¢, : R — R are defined by

qu(y(x),u) =n'(u) fu(y(@),u),  r'(u) =n' (WA (u).

By a standard limiting argument, (1.8) implies that the Kruzkov-type entropy condition
lu— ¢l + [sign(u — o) (f (v(z),u) = f(7(2), )] + [A(u) — A(C) [0z

+ 7' (@)sign(u — ) £ (v(x),c) <0
holds in D'(Il7) for all ¢ € R. The entropy condition (1.9) goes back to Kruzkov [37], Vol'pert [46],
and Vol’pert and Hudjaev [48]. Existence, uniqueness and stability results for entropy solutions of
strongly degenerate parabolic equations with smooth coefficients can be found in [2, 6, 9, 28, 50,
48, 47]. For example, when the coefficients are sufficiently smooth and the initial function satisfies
(1.6), there exists a unique entropy solution of (1.1) that belongs to BV (Ilt) (i.e., uy, and u, are
finite measures on II7) and A(u) belongs to the Hélder space C1 2 (Il7).

The entropy solution theory breaks down when + is discontinuous. In Karlsen, Risebro, and
Towers [31], we took a first step towards analyzing degenerate parabolic equations with a discon-
tinuous coefficient. More precisely, we proved existence of a weak solution by passing to the limit
in a problem where we had smoothed out the coefficient and added artificial viscosity. In contrast
to the present paper, the convergence proof in [31] used the compensated compactness theory.

In this paper, we are interested in constructing a “simple” numerical scheme for (1.1) and
proving its strong convergence towards a weak solution. When ~ is constant or at least smooth,
several numerical schemes have been proposed and analyzed already in the literature. Let us
mention the operator splitting methods in [16, 24], the finite difference schemes in [18, 15, 17], the
finite volume schemes in [1, 40, 20], and the kinetic BGK schemes in [3]. For a partial overview
of mathematical and numerical theory for degenerate parabolic equations based on “hyperbolic”
techniques, see [14].

We now present the numerical scheme that we propose for (1.1) when 7 is possibly discontinuous.
Let Az > 0 and At > 0 denote the spatial and temporal discretization parameters respectively.
We then let UJ* denote the finite difference approximation of u(jAz,nAt). The difference scheme,
which uses the Engquist-Osher numerical flux [13] for the convection part and centered differencing
for the parabolic part, takes the following (conservation) form

U;H_l -U} N h(j 41, U1, US) = B3, U UL
At Az
A(Uf) - 2A(UF) + A(UF)
(Az)? '
Here the numerical flux h is the Engquist-Osher generalized upwind flux [13] (see Section 3 for
precise statements). The scheme (1.10) is the one-dimensional version of the multidimensional
algorithm presented in [29], where convergence was established for a “rough” but continuous

coefficient 7. It is also closely related to the algorithm presented in [44] and [45], where a staggered
mesh EO scheme was investigated for a purely hyperbolic problem with a discontinuous coefficient.

(1.8)

(1.9)

(1.10)
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In particular, the discretization of v is staggered with respect to that of the conserved variable
u. This results in a significant reduction in complexity compared with the alternative of aligning
the two discretizations. In the latter case, a more complicated 2 x 2 Riemann problem has to be
solved (exactly or approximately) [38, 39, 21, 35, 34]. Staggering the discretizations also greatly
simplifies the analysis, making it possible to apply, with some allowances for the parabolic terms,
some of the analytical techniques developed for monotone difference schemes for purely hyperbolic
problems. Another important feature of our scheme is its conservation form, i.e., it is a shock
capturing algorithm in the purely hyperbolic regime where A’ = 0. For the case of constant -,
[18] provides numerical evidence that differencing the PDE (1.1) directly (i.e., not in conservation
form) results in wrong solutions, specifically shocks may move with the wrong speed. Finally, our
algorithm is a so-called upwind scheme, meaning that the differencing of the convective flux is
biased in the direction of incoming waves, making it possible to resolve shocks without excessive
smearing.

Let u®(z,t) be the piecewise constant approximate solution generated by (1.10), and define
o(w) = w/|w| if w # 0 and ¢(0) = 0. Roughly speaking, our main results can be stated as follows

Theorem 1.1. We have that u® converges along a subsequence in Li (Il7) to a weak solu-

tion w of the initial value problem(1.1) in the sense of Definition 1.1. Furthermore, if v has
finitely many discontinuities located at &1, ..., &z, the limit satisfies the following entropy condi-
tion in D'(Il7) for all ¢ € R:

(111)  Ju—cli+ (o(u—)(f(v(2), u) = fF(v(2), ))x + [A(u) = A(S)ea — | F(7(2), €)a] 0.

The convergence proof consists of establishing bounds on the solution and its L' space and
time translates, measured with respect to a transformed variable z. Specifically, we prove that
the scalar upwind difference scheme converges (along a subsequence) to a weak solution of (1.1)
by constructing a singular mapping ¥ : (y,u) + (7,2) such that strong compactness of z2 =
U (yA,u?) can be obtained. As in other problems concerning resonance phenomena, it is necessary
to measure the space translates with respect to a nonlinear transformation W, since there is
generally no spatial variation bound for the conserved variable u itself. The singular mapping
approach has been used for at least twenty years in the purely hyperbolic setting. However, the
presence of the parabolic term in (1.1) requires a novel, and somewhat more complicated, singular
mapping. Specifically, the singular mapping (3.1) includes a contribution from the diffusion term
A(u), which make the subsequent analysis a bit more intricate than in the purely hyperbolic case.
We prove compactness for two separate parts of the singular mapping. One part, F(vy,u), is
associated with the convective portion of the problem, and the other, A(u), is associated with
the diffusive portion of the problem. In the process of establishing compactness for the diffusive
portion, we also prove that the limit u satisfies A(u) € L?(0,T; H'(R)). We then combine the
two portions to recover the original singular mapping F(vy,u) + A(u), and conclude that since
the mapping is strictly increasing as a function of the conserved variable u, convergence of the
transformed variable implies convergence of u. We also establish regularity of the diffusion function
A(u), specifically that A(u) € CY2(Ily), proving that the solution u itself is continuous in the
regions where there is nonzero diffusion.

For the purely hyperbolic problem, the singular mapping approach can be traced back to
Temple [43], who originated the technique in order to establish convergence of the Glimm scheme
for a 2 x 2 resonant system of conservation laws modeling the displacement of oil in a reservoir
by water and polymer. In addition to the Glimm scheme, convergence has been established for
the 2 x 2 Godunov method by Lin, Temple, and Wang [38, 39]. Specifically, they applied the
2 x 2 Godunov method to the system (1.3) and used a version of the singular mapping to establish
compactness (see also Hong [26] for an “improved” singular mapping). The front tracking method,
which is based on the work of Dafermos [11] and Holden, Holden, and Hgegh-Krohn [23], has been
applied to a number of hyperbolic problems with discontinuous coefficients. Gimse and Risebro
[21] used the front tracking method to study the two phase flow equation, proving compactness
of the sequence of approximations via a bound on the spatial variation, measured with respect
to the singular mapping. For the scalar conservation law with a concave flux, Klingenberg and
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Risebro [35] used the front tracking technique to establish existence, uniqueness, and asymptotic
behavior for the Cauchy problem (1.3). The front tracking method has also been applied to the
situation where the flux f is neither concave nor convex [34]. A version of the singular mapping
was used in both [35] and [34], see also [33]. The singular mapping has also been used to establish
convergence of difference schemes for scalar conservation laws having a discontinuous coefficient,
see Towers [44, 45]. In [44], it was also proved that limits of the difference approximations satisfied
a Kruzkov-type entropy condition. Moreover, uniqueness was established in the class of piecewise
smooth weak solutions satisfying this entropy condition. This latter result is generalized to (1.1)
in [32].

The following example, due to Lin, Temple, and Wang [38], helps to understand the impact of
resonance in the purely hyperbolic setting. Assuming that the flux is smooth, they linearize the
conservation law. Focusing on the case (for the sake of simplicity) where the original equation is
u + (y(z) f(u))z = 0, the version that results from linearizing about u* (where f'(u*) =0) is

Ut + f(u*)’)/o: =0,
which has the solution u(z,t) = —f(u*)v.t + uo(z). If v belongs to C*, this solution, along
with its variation, grows linearly with time, i.e., neither the solution nor its variation is bounded.
Furthermore, if 7 is allowed to have jumps, then the solution only makes sense as a measure. If
one instead linearizes about a point where f’(u) # 0 and the initial data wug is bounded, both the
solution and its variation will remain bounded; this follows from [45] and Proposition 2.1 herein.

The present paper provides the groundwork for future work in several directions. The parabolic
term forces a very small time step on our explicit scheme, and so we intend to investigate an
implicit version, which will allow for a more efficient algorithm. We also plan to present a second
order version of the scheme based on using flux limiters in a novel way that keeps the total
variation bounded, as measured via the singular function. We will generalize to the situation
where the diffusion term varies spatially, and incorporate more general invariant regions, making
it possible to relax the condition (1.4), and allow for singular source terms. Additionally, we will
prove uniqueness for piecewise smooth solutions of the initial value problem (1.1) satisfying the
Kruzkov-type entropy inequality (1.11). One more avenue of investigation is to relax the condition
that the flux have a single maximum, allowing for any finite number of critical points.

The rest of this paper is organized as follows: Section 2 provides preliminary material concerning
the definition of our algorithm and the resulting approximate solutions. In Section 3 we state and
prove our main result, convergence of the scheme (2.4) to a weak solution of the initial value
problem (1.1). Section 4 establishes that the diffusion function A(w) is continuous of class C1:2.
In Section 5 we demonstrate that our scheme satisfies a cell entropy inequality, and that as a
consequence, piecewise smooth limits of our algorithm satisfy a Kruzkov-type entropy inequality.
Section 6 provides the results of some numerical experiments.

2. DEFINITION OF APPROXIMATE SOLUTIONS

Let Az > 0 and At > 0 be the spatial and temporal discretization parameters. The spatial

domain R is discretized into cells
Iy =iy, 1)
where z = kAz for k = 0, :I:%7 +1, :i:%, .... Similarly, the time interval [0, 7] is discretized via
t, = nAt for n = 0,..., N, where the integer N is chosen such that NAt = T, resulting in the
time strips
I" = [tn, tni1).

We let x;(z) and x"(t) be the characteristic functions for the intervals I; and I", respectively.
We let X7 (7,t) = x;()x"(t) be the characteristic function for the rectangle

R?:I]XIn

Also, we let R Ij+% X [tn, tnt+1) With Ij+% = [zj,zj41). To simplify the presentation, we

n —
itz
use Ayand A_ to designate the difference operators in the z direction, e.g.,

Ay f(v, UF) = f(vie1, Uja) — £, UF) = A f (41, Uy )
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Furthermore, A} and A" are spatial difference operators with respect to u only, keeping ~ fixed,
e.g.,
Aif(’YWUJn) = f(’Yjv ]n—&-l) - f(’}/ja an)
Before we can state the finite difference scheme, we need to introduce the Engquist-Osher (EO
henceforth) numerical flux [13]:

o v,) = 5(F) + £0vo) = 3 [ Ufutasw)ldu.

The EO numerical flux is consistent with the actual flux in the sense that

h(Vv u?“) = f(’Yvu)'

In addition, for fixed v, h(v,v,u) is a two-point monotone flux, meaning that it is nonincreasing
with respect to v, and nondecreasing with respect to u. Due to the regularity assumptions about
the flux f, the numerical flux h is Lipschitz continuous with respect to each of its arguments, and
in fact satisfies

(2.1) fa (rv) = ho(v,0,u) <0 < hy(y,0,u) = £ (7, ).

Thus, if the flux f is C' smooth, the numerical flux is also C'' smooth as a function of the conserved
variables v and v. From formula (2.1) it is clear that || f,, || is a Lipschitz constant for the conserved
variables u and v. It is not hard to check that ||f,|| + 1L, is a Lipschitz constant for h with
respect to the variable v. We also recall the decomposition

(22) Aqih(ry]-‘,—%v ]n-',-lv U]n) = Aih_(’YJ-‘,-%?U_;n) + Avih-l‘(ryj-i-%v U]n)a
where h_, hy are defined in (2.3) via

3 3
(2.3) h7(7j+%>§) :/0 f;(7j+%7w)dw> h+(7j+%a§) :/O fi—(%'jt%aw)dw'

It is not hard to check that h_, hy € Lip([y,7] x [0, 1]) with Lipschitz constants || f,|| and L.
The difference scheme that is analyzed in this paper can then be stated as follows:

(2.4) Ut = UP = MA_h(y;11,Uf 0, UF) + pA_AL AU,
forje€Z,n=0,...,N —1, and A, u denoting the numbers
At At A

Ar P AT Ar
The iteration (2.4) is started by setting

A=

(2.5) UJQ = % (’LL()(:L‘j—) + U()(.’L‘j"r)) s

and the discretization of 7y is staggered with respect to that of u:
1
(2.6) Ti+s T 5 (V(xﬂ%*) +7(xj+%+)) :

Observe that the definitions of U jQ »Yj+L are meaningful since ug,y € BV(R).

It can be shown (see Lemma 3.2) that the difference scheme (2.4) is monotone and U}* € [0, 1]
with the CFL condition

(2.7) Al full + 264" < 1.

In the case where ||A’|] > 0, we will have A = O (Az). In fact, then we can assume that there is a
constant 0 < b < 1 with

bAz b
A= < Ax.
2| full Az + 2] A|| T 24|
In the totally degenerate case (pure convection), |A’|| = 0, and then we can allow a less restrictive

CFL condition of the form A = O(1). For the remainder of this paper we will assume that || A’|| > 0.
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Let N = |T/At|, and Z3, = {1,...,N}. The difference solution {U}'} constructed via the
scheme (2.4) is extended to all of Iz by defining

(2.8) ub(z,t) = > Y xj(a.)Ur,  (x,t) €y,
nEZ‘}\'] Jj€Z
where A = (Az, At). Similarly, the discrete coefficient {v;, 1} is extended to all of R by defining
A
y (x):ZXjJr%(x)'yﬂ%, r €R,
JEZ

where x;, 1 is the characteristic function for the interval I; 1 = [z}, z;41).

Before proceeding to the proof of the main result of the paper, we provide the following as
motivation for the singular mapping approach. In the situation considered in the following lemma,

we can actually bound the spatial variation of U ; directly. Note however that we are actually
bounding the variation of f(U}'), and because f' >0, this leads to a variation bound on Ur.

Proposition 2.1. In addition to the assumptions on the data described in Section 1, assume that
f is smooth, f(u) — 0 as u — 0, and [’ is bounded away from zero, f'(u) > fI . > 0. Also
assume that v > 0. If the scheme

(2.9) Ut = U7 = X (1 FU) = 1y S )

is used to generate approzimations {UJ'} to the conservation law (1.2), and the CFL condition
(2.7) is satisfied, the following spatial variation bounds hold uniformly in A:

(2.10) Z !'Yj+1/2f(an) - ’Vj—l/Qf(anfl)’ <y, Z ’ ]TlJrl - U]n| < Cy.
JE€Z JEZ
Proof. To prove the first estimate in (2.10),
A v = =S ot —ur| < ©
Z —<7j+1/2f(j)>_XZ|j - j|_ )
JEZ JEZ
by Lemma 3.3. For the second estimate,
1 n
Z ’f(UJn) = f( ;11)‘ < ; Z "7j+1/2f(Uj ) — 7j+1/2f(U;l71)|
JEZ -+ jez

1
= ; Z(’VJH/?JC(U?) - 7j71/2f(UJ7‘1—1)’ + |,yj*1/2f(an—1) - 7j+1/2f(U;L—1)‘)
L jez

)

1 1
<= ‘A_ <7j+1/2f(U}L))‘ + 1D (A
ljez X JEZ

and this is uniformly bounded, using the first estimate in (2.10) and the fact that v € BV. Now,
by the mean value theorem,

YA = FU) =D | OO0 - U]

JEZ JEZ
for some 67 between U;' and UJ",, from which it follows that
C 2> |FWUP) = FU)] = fon Y05 = U
JEZ JEZ
completing the proof. O

Remark 2.1. For example, the flux in Proposition 2.1 could be linear, f(u) = u.
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For the conservation law (1.2), since f’ > 0, the singular mapping ¥ defined by (3.1) in the

next section reduces to
V(v u) =7f(u),

and so the first estimate in (2.10) gives a spatial variation bound for the transformed variable,
2 = W(v;,U"). That bound is then used to derive a variation bound on the conserved quantity
itself. Clearly, when f’ changes sign the argument proving that TV (u) < oo breaks down, and it
is possible to construct examples where T'V (u) actually blows up. This variation blow-up can be
viewed as resulting from resonance. On the other hand, the bound on 7'V (z) remains valid even
if f’ vanishes. This leads to the idea of proving compactness for the transformed variable z, and
then using the fact that the singular mapping z = U(v,u) is strictly increasing as a function of
u to recover the limiting value of the conserved quantity. Of course when f’ changes sign, the
version of the singular mapping presented above is not monotone. To see how to circumvent this
problem, suppose that the flux f(u) has a single maximum at u*, and notice that the entropy
flux F(u) = sign(u — u*)(f(u) — f(u*)) is strictly monotone, making it possible to use vF(u) as
the singular mapping, at least in the purely hyperbolic case. When a degenerate diffusion term is
present, a somewhat more complicated, but closely related mapping is required, as will be seen in
the next section.

3. COMPACTNESS OF APPROXIMATE SOLUTIONS

A and

In this section, the goal is to prove strong compactness of our approximate solution u
that any limit of a converging subsequence of u® is a weak solution of (1.1).

In what follows we will be studying approximate solutions as the mesh size A = (Azx, At)
decreases. We will always assume that the mesh refinement parameter A is decreasing with A
constant if ||A’|| = 0 (the purely hyperbolic case), or p constant if ||A’|| # 0, the constant in each
case determined by an appropriate CFL condition.

As previously mentioned, our approach is to prove a uniform variation bound with respect to
a transformed quantity z = U(v,u). The singular mapping ¥(v,u) is designed to be Lipschitz
continuous and strictly increasing as a function of u. Due to the presence of the diffusion term
A(u), it is necessary to modify the singular mapping somewhat from the purely hyperbolic setting,
where the singular mapping would simply be

\Ijhyp(%u):/o | fu(y, w)| dw.

We add the diffusion term, and at the same time, zero out the contribution of the convective flux
wherever A(u) is nondegenerate. This allows us to analyze the convective portion F (v, u) and the
diffusive portion A(u) separately. Let S be the characteristic function for (J,[cv, 8;]. The singular
mapping is then

(3.1) U(y,u) = /OuS(w)fu(%w) dw + A(u) =: F(y,u) + Au).

Lemma 3.1. Under the assumptions described in Section 1, the mapping V(vy,u) is strictly in-
creasing as a function of u. Furthermore, both W and F belong to Lip([y,7] x [0,1]).

Proof. For Lipschitz continuity of ¥ with respect to wu,
u
w0 = 000l < | [ Ifuwlde] + 1400 - A0)
< (Ifull + 1AM Je =],

and for Lipschitz continuity as a function of -,

¥ 0) = W] = | [ Sl fuln ol [ S@fu e vl

< ‘/0“ | fu(y1,w) — fu('72,w)|dw‘

< ‘U - O|Lu'y|71 - 72‘ < Lu7|71 - 72|'
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It is clear that essentially the same estimates prove that also F € Lip([y, 7] x [0, 1]). By definition,

Vo (y,u) =S| fu(v, u)] + (1 = S)A'(u) > 0 ac,

which proves strict monotonicity. O

We will use the notation || W, ||, || ¥, [|Full, and ||F5| for the Lipschitz constants provided by the
previous lemma. In what follows, C; will denote positive constants that can depend on the data
of the problem but not on A.

The approach will be to show compactness for the sequence of transformed functions

2B (@, 1) = U(y (@), u®(z,1)),
where u® (x,t) denotes the numerical approximation generated by the scheme.
A finite difference scheme such as the scheme (2.4) is monotone [10, 22] if
(3.2) Up <V Vj = U<V

Lemma 3.2. If the assumptions concerning the data described in Section 1 are satisfied, and the
scheme (2.4) is applied with the parameters A and p chosen so that the following CFL condition
is satisfied

(3.3) 2A| full + 2u)1 A7) < 1.

Then the computed solutions remain in the interval [0, 1], the CFL condition (3.3) holds for each
succeeding time step, and the scheme (2.4) is monotone.

Proof. The formula (2.4) defines U ?H as a function

n+1 _ n n n
Uj - Gj( j+17Uj 7Uj71a7j+%;7j7%)'

The partial derivatives with respect to the conserved variables are
aUJnH/a = *)\fzf(’Yj-s-%v )+ pA(UR) >0,
OUITJOUTy = Mif (vj_1. Ufy) + nA'(Ufy) 2 0,
QU QUL = 1+ Ay (1743, UL = MiF (1 UF) — 2 A/ (UT).
Thus U ;’H is a nondecreasing function of the conserved variables at the lower time level if

1+ /\qu(’}/j-y-%aUJn) - Afj(’Yj—%vU]n) - Q.UA/( ;‘:—1) > 0.

This will hold if the CFL condition (3.3) is satisfied for the solution at level n. If the CFL condition
holds for the initial data, then since each of the functions G;(-, -, ~,'yj+%,'yj7%) is nondecreasing
as a function of its first three arguments, and U € [0, 1]

0=G;(0,0,0,741.%-3) < Gi(U3 1, U7 Uy, v01,%5-1)
n+1
= UM <G(L L y0,7) = 1
(3.4)

The first and last equalities in this relationship result from the fact that for all v, f(v,0) = fy
and f(7,1) = fi1. Proceeding inductively, it is clear that the solution UJ* € [0, 1] for each n > 0,
and thus the CFL condition remains satisfied at each succeeding time level. That the scheme is
monotone is clear from the fact that U ;H'l is a nondecreasing function of U}, U*, and Uj~ ;. 0

The next lemma is of fundamental importance for the subsequent analysis. In addition to
providing for L' time continuity of the numerical approximations, it also plays a key role in our
bound on the space translates of the transformed variable. With respect to the spatial variation,
the situation is somewhat different here than in the case where v is constant. Specifically, the
variation (measured via the transformed variable) may actually increase from one time step to
the next, and so the now classical total variation decreasing (TVD) argument is not available.
Instead, we bound the spatial variation in terms of the L! time translates.



10 KARLSEN, RISEBRO, AND TOWERS

Lemma 3.3. Assume that the hypotheses of Lemma 3.2 are satisfied. Then there exists a constant
Cs, independent of A, such that

Ax D UM —Ur| < Az |Uf - UP| < CsAt.
JEZ JEZ
Proof. Starting from the marching formula (2.4), the time differences can be expressed as follows:
Upt = U7 = U = U = 0B (b U UF) = by, UL U 7Y)
AL (AUT) = AUT)
. n— n—= n—3 n n—1
_ (1 - A0j+; +AB T} —2uD) 2)(Uj —urh
n—3 n—3 n m
+ (—ABH%Q +puDj ) U — Ui
n—1 n—1 e
+ (ACTE  uDl T Wy - U,

where
n—3 ! 1
BE= / Fr (3. 0U7y + (1= U756 < 0,

1 1
Cr = / Ff (yjn, 0U7 + (1= 0)U1)do > 0,
2 0 2

J+
ey _Awp - awph
J - Ur —pyr—t =
J J

Due to the CFL condition (3.3),

_1 _1 -1
(3.5) L=ACT P +AB ¢ — 2,uD" >0,

and so

J
(3.6) + (SABI L) D ) U — U

()\C 24 uD)” )|U;L1 — Ul

. e 1 n e
U3t = UL < (1= ACT + B — 2uD] 2>|Uj U

NI ol

Summing this inequality over j and multiplying by Az gives
1 —
Axd UM —Ur < Az |UF - U
JEZ JEZ
Continuing this way by induction yields
Axd (UM —UP[ < Az ) |UF - U
JEZ JEZ

Then, using Lipschitz continuity of h and the fact that AAxz = At,

Az U = UP| =AY

1
A_h(r}/j—‘r% ) U]Q-i-lv UJO) - A—EA-"-A(U]O)

jez jez
1

0 0

< At}ez [A_h(vj51, U1, U] + At;@z A 1A+ A;)

< ATV (o) + At (L] + 5L )TV () + ALY

JjEZ

1 0
A -ALAW))]
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We still have to estimate the last sum in the preceding inequality. To this end, notice first that if
up has a jump at x = xj for some index k. Then by (1.6),

A(UR) = Auo(zx—)) = Aluo(zr+)).
Now using this, it is clear that

1 . 1 [
A AAWD)| = |A_ - / Aluo())s dz

_ ﬁ /:“(A(uo(x))w ~ Aluo(x — Az))) da

<z 1AGO@)L Al - A ds

and so summing over j and using standard results concerning total variation (e.g., Lemma 2.4.4
of [27]) yields

1 0
AL ALAWY)

2.

JEZ

< 37 [ 1AGuo(a)s = Aol = Az do

< TV (A(uo)z),
which gives the desired bound and completes the proof. O

Lemma 3.4. Under the assumptions in Lemma 8.2, the computed solutions u™(-,t") satisfy a

uniform L*(R) bound for t™ € [0,T):
1
(3.7) ||UA<~7tn)||L1(R) < C3T + ||u0||L1(R) + §A$TV(UQ)7

and if v® is another solution generated using the same discretization of I, the following discrete
L' contraction property holds:

(3-8) [ (") =02 Gty < 1w (,0) =02 (L 0y

Proof. Using the triangle inequality and the result of Lemma 3.3 yields
™) |y = Ax Y UF| < Ax ST |UR — U + Az Y |UpY

JEZ JEZ JEZ
< Ae Y [UF -Vl + A furt).
JEZ JEZ

Proceeding by induction,
A 1 0 0
[ (ot |y < nAx Y |UF = UP| + Az Y |U7).
jEZ JEZ
By Lemma 3.3, nAz 3, [U} — UP| < nC3At < C3T. Now applying the estimate

Aa:Z|U°|</\uO |dx—|—2/ |luo(z) U]Q‘dx

JEZ JGZ
< / luo(x)| dx + —AxTV(uO),
R 2

the proof of (3.7) is complete. The discrete L' contraction property (3.8) follows from the Crandall-
Tartar lemma [10], using the fact that the operator which advances the initial approximation to
time level n is monotone, conservative, and takes L' mesh functions into L' mesh functions. O

The next three lemmas provide a proof of compactness for the sequence of functions F2 defined
by
FA(x,t) = F(v™ (x),u™(x,1)).
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In what follows, we will use the Kruzkov entropy-entropy flux pair indexed by c:
Viw =lu—c,  Flv,u)=0o(u—c)(f(y,u) = fy,0))
Lemma 3.5. Assume that the hypotheses of Lemma 3.2 are satisfied. For each ¢ € R,
(3.9) V(UM S V(UL = AA"H(v,4 3, Uy, UP) + pA_ AL [AU?) = A(0)] + ACul A,y |,

where the EO numerical entropy flux is given by

(310) H00) = 3 (F.0) + F.0) = 5 [ ot = alfu(.w)ldu.

Proof. Let a Vb = max(a,b) and a A b = min(a,b). With
Pyt = U = M h(v51, U, UP) + pA_ALA(UY),
the following discrete entropy inequality follows from Lemma 3.7 of [18]:
V(i) S VUD) = A" H vy, 4, Ussr, UT) + pA_ A4 JAQUT) — A(c))
where
(3.11) H(y,v,u) = h(y,vVe,uVe)—h(y,vAc,ue).

For a derivation of the explicit formula (3.10) for the EO numerical entropy flux from (3.11), see
[45]. Then

V(UT) S V(UF) = MY H (7541, Uy, UF) + pA_ A4 [A(UT) — A(e)|
— V(i + VUt
It remains to estimate V (p "+1) V(U”H)i
|V( n+1) V(Un+1)| < ‘anrl U}%+1|
= MNA_B(Yj41, Uy, UF) = A%h(y;41, Uy, U

1
<A+ 5 ) ey = -
(3.12) = ACy|Aiv;_al.
U
In what follows, x,(w;c) is the characteristic function for the interval [c,400), x;(w;c) is the

characteristic function for (—oo, c], and x(q,g)(w) is the characteristic function of the interval (o, 3].
The following identities (see [45] for a derivation) will be required in the proof of Lemma 3.6:

1 u n n u n n
§(A—H(’Yj+%a Uj+17Uj )+ A—h(’Yj-g-%) 419 Uj ))

(3.13) U, ur
— [t Gppwdot [ twof () d.

n n

1 u n
E(A_H(’Yj-g-%? J-‘,—l?U ) Al h(7j+17 J+1’U ))
(3.14) ur, ur
:_/ Xl(w;c)f;(ijr%,w)dw—/ Xl(w;c)fj('yj+%,w)dw.

n n

Lemma 3.6. Assume that the hypotheses of Lemma 3.2 are satisfied. Let u*(y) denote the unique
mazimum of f(vy,u) for u € [0,1]. The following inequality holds for ¢ > u*(’yj+%).'

Ui 1 )
5.15) —A" (/0 X (w5 &) fulj 30w dw + = AL (A(U]) - A(c))+>

1 n
< S0 = UR |+ Col sy,
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and the following inequality holds for ¢ < u* ('ijé)-'

u U]n . _L ny .
(3.16) —A—(/O xe(w; €)| ful; g w)| dw — 2= AL (A(U]) = A( ))_)

n

2

1 n (L
< XlUj - sz| + 05‘A+7j—
Proof. We start by writing the scheme (2.4) as

u n n 1 n
A% h(vj41, Uy, Uj )_MA*AJr(A(Uj ) —A(c))
(3.17) :
D)

Next, we write the discrete entropy inequality (3.9) as

(an - U;L+1) + (Ali - Af)h(’Yng%’ anJrl? an)

u n n 1 n
A—H('Yj+%an+1a Uj )*EA—AHA(UJ‘ ) — A(c)|

1

(3.18) < (V(U7) = V(UF™) + Cal Ay
1 n

< 07 = U7+ Cal Ay |

2

Inequality (3.15) is derived by adding (3.17) and (3.18), and then dividing by two. The right hand
side of this combination is

§(X(Uj — U + (A = A )h(y;41, Uy, U + b\ U — Uit +C4|A+7j,%\)
=3 Uy -u; +1)+ + §(A, — A )h(Vj41, Uy, UF) + §O4|A+7j,%\

1 n
< 507 = U7+ Gsldsn oy,

where we have used the fact that the numerical flux h is Lipschitz continuous as a function of ~.
Applying (3.13), the left side of the combination is

1
5 (Aqih(’yyké ’ an+17 an) + Aqu(ﬁ)/jJr%’ an+1a an))

1 (ﬁA,m(A(U}L) SAWQ) + A |AUF) - A(C)D

2 Ax
Uj'a Uy
= / Xr(wie) fo (vj41,w) dw + / xr(w; e) fo (Y1, w) dw
up ur,
1 n

With ¢ > u*(v;11), the integral involving x, (w; o) fif (7541, w) is zero, and

Xr(wie) fi (Vj41,w) = =xr(w; )| fulyjp1, w)l,
completing the proof of (3.15). Inequality (3.16) is proven in a similar way by subtracting (3.17)

from (3.18) and dividing by two, and then using (3.14). d
Let

(3.19) fy)=u () ve, () =u()Ac

and

“ 1

(3.20) Vi eu) = [ xe(wi ()| fuly,w)l dw + = A (Au) = Al ()4,

(3.21) V(v eu) = | xalwie" (7)) fuly, w)| dw — ALxAAA(u) — A" (7)))-
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Lemma 3.7. Assume that the hypotheses of Lemma 3.2 are satisfied. For some constant Cg,
independent of the mesh size A,

S ’A’i]—"(fyj_%,Uf) < Cs.

JEZ
Proof. The first step of the proof is to establish a uniform (with respect to A) bound for the
sequence of divided differences AL A(U}")/Ax. We postpone the proof of this result to Lemma
4.1. In addition, it is clear that for any constant k, the same uniform bound also holds for the
divided differences A (A(U}') — k)—/Ax and A (A(U}') — k)4 /Aw.

To continue the proof, fix i € {1,..., M}, and take ¢ = «;, ¢ = §; in the formulas (3.19), (3.20),

(3.21). Using the fact that A is constant on the interval [oy, 5;], we get

wL(’Vvﬁiau) - wL(IYvaivu) = /(; X(af(’y),ﬁf(v)](w”fu(’% w)| dwa

0 000) =670 8) = [ X)) o

where
aft =u (M) Ve, B =u (VB aof =u ()N, B =u(y) B
As a consequence, with the help of the identity

X(al (7),8E (v)] T X(aR(7),8R(7)] = X(a:.B:]5
we find that

Filyou) == / X(@u.) (@) fuly, ) duo

= /O (Xt (0,850 (@) + a0 () ) L w)
= ’(/}L(’%ﬁlﬁ U) - ’(/JL(’Y,OQ‘,’LO + wR(,% Oéi,u) - ’(/JR(’Y,ﬁi,’U,).

Now observing that F has the decomposition

(3.22) F(y,u) = ZE(% w),

it suffices to show that the sum
Y IAYFi(y s U
JEZ
is bounded independently of the mesh size A, for each i =1,..., M.
Recalling Lemma 3.6, for each ¢ € R we have

(3.23) —ALYE (g, ¢, UF) < S|P = U |+ C5|Aga; g,
1 n
(3.24) AR (1,0, U7) < X\Ujjf — U+ Cs|A ;1.

If the quantities A(cL (7)), A(cf(v)) appearing in (3.20), (3.21) are independent of ~, then both
YL (v, ¢,u) and (v, ¢, u) are Lipschitz continuous in ; this is a result of the Lipschitz continuity
(with respect to v) of f, and of u*. When that is the case, by replacing C5 in (3.23), (3.24) by a
larger constant C7, we can replace the A" difference operators with A_ operators:

1 n
(3.25) A Y (y;_1,6,UF) < 110; T UP |+ Crl Ay,
n 1 n n
(3.26) —A Y (y;1,e,UF) < X\Ujjll — U |+ Cr|l Ay .

Since the right hand sides of (3.25) and (3.26) are nonnegative, we can replace the left sides of (3.25)
and (3.26) by the nonnegative quantities —(A,’L/JL(’YJ;%,C, Up)- and —(A,wR(vj+%7c, Upr))-.
Then summing over j € Z, we see that both zZJL('yj_% ,¢,U') and wR(vj_% ,¢, UT') have uniformly
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bounded negative variation, as a result of Lemma 3.3. Moreover, still assuming that A(c?) and
A(c*) are independent of 7, both 1/)L(’yj_%,c, Uj') and wR('yj_%,c, Uj) are bounded uniformly
in A. This is a consequence of our bound on the divided differences A, (A(U}') — k) /Ax and
AL (AU}) = k)4 /Az (with k = A(c®), k = A(c")), along with the fact that Ujr € [0,1]. Taken
together, the bounds on the negative variation and the amplitude allow us to conclude that the
total variations are also uniformly bounded:

S |a vty eun)| < YA Ry e U] <G,
JEZ JEZ

Now using Lipschitz continuity (with respect to v) of 1% (7, ¢,u) and %% (v, ¢,u) one more time to
go back to A" difference operators, we have

Z ‘A,iwL(’Yj—%7ca U]n)‘ S 097 Z ‘Az’lﬂR(’}/j_%,C, U]n)’ S C’9-
jez jez

If we can apply these estimates to the ¢ and ¢ terms making up F;, then in view of the
decomposition (3.22), an application of the triangle inequality will complete the proof. Thus the
remainder of the proof consists of checking that none of the quantities A(ak), A(alt), A(BF),

A(BE) appearing in F; depend on 7. First take the case where u*(vy) < a; < ;. Because of our
assumptions about u*, if this relationship holds for any value of ~, it holds for all 7. In this case

OE(y, Biyu) = T (v, aiyu) = 0T (v, 0" (7),w),
and thus the ¥’ terms cancel, leaving
]:1(7’ U) = wR(’% Qg U) - wR(% ﬂ?ﬁ U)

So, for this case we only have to verify that A(af) and A(BR) are independent of v. With
u (y) < a; < By, ozf’ = «; and BZR = B, i.e., ozf’ and ﬁiR are independent of v, and thus so are
A(al), A(BE). Similarly, in the case where a; < 3; < u*,

fl(’Y»u) = ¢L(%@',U) - wL(’}/vai»u)v

and o = «;, BF = B3;, independently of v. The last case is the one where o; < u*(7) < ;. Here,
all four terms making up F; are present:

fz(’Y) U) = wL(’Ya ﬂ’ia U) - d)L(’}/y Qs ’lL) + q/}R(F)/a Qg U) - wR(’Y7 Biy U),
but since A is constant on [a, 3],
Alaf) = Alaf) = A(BE) = A(B) = Alai) = A(B;) = A(u* (7)),
all of which are independent of ~. O

Lemma 3.8. Assume that the hypotheses of Lemma 3.2 are satisfied. There exists a subsequence
of {fA}, also denoted by {fA}, and a function

F e L'(Tly) (| L>(TIy)

such that F& — F in L}

loc

(Iz) and a.e. in Mg. Furthermore, F(-,t) € L*(R) for all t € [0, T].

Proof. The first step of the proof is to establish a uniform variation bound for F2(-,#"). The step
function F2(-,¢") has jumps at cell centers, due to jumps in 42, plus jumps at cell boundaries,
due to jumps in u”. When both types of jumps are accounted for, we arrive at

TV(FA(, M) = 3 (AL F (U] + 3 |F (g U) = Fly-3,U)
JEZ JEZ

D DIINFLCHINGD

JEZ

+ 17l TV (7),

yielding the desired variation bound as a result of Lemma 3.7.
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Using the fact that u® € [0, 1] and the definition (3.1) of F provides an L° bound: [|F2| <
| full. To show that F2(-,t) is in L'(R) (uniformly) on each of the time slices 0 < ¢ < T, observe
that F(v,0) = 0, and so, with n chosen so that ¢ € [t",t"T1)

A _ A.I‘ n Z‘
/R|]-' (a:,t)|dx—/ﬁ|}" (x,t")| d

:/ |.7:(7A(m),uA(x,t"))| dx

/ |.7: (z,t")) — F('yA(:c),O)| dx
< Hfu||/R}u (a:,t”)70| dx

1
(3:27) < 1£ull (CBT + lluollza gy + 5A2TV (o))

by Lemma 3.4. For time continuity, Lipschitz continuity of F with respect to its second argument
gives

/ | FA (z, t" + At) — F2(x,t")| da
R

Az . )
= 5 2 (1F O 1. U5 ™) = F 3 UP H1F (3 U = Flyy oy U))
JEZ
< VFullaz Y (U7 = U7 < sl Ful|At,

JEZ
by Lemma 3.3. Using this estimate it is easy to check that
(3.28) IFACot+7) = FAC D) my < Csl|Full(7] + Ab).

Let { X} }$2, be a sequence of positive numbers with X, — co. From standard compactness results
(Lemma 16.8 of [42]), there is a subsequence (which we do not bother to relabel) of {F*} such
that for any fixed Xy,

X
(3.29) / |F2(z,t) — F(z,t)| dx — 0, t€[0,T], and

(3.30) // FA (2, t) — Fa,t)| da dt — 0,

for some measurable function F. By passing to a further subsequence if necessary, we may assume
that F2 converges a.e. in [~ Xy, Xz] x [0, T]. By applying a standard diagonal process, we can find
a subsequence (which we do not bother to relabel) such that F2 converges to F a.e. in R x [0, T).
Note that (3.29) and (3.30) remain valid for our subsequence. To show that each F(-,t) € L}(R),
an application of the triangle inequality yields, for any Xy,

X5 Xk Xk
/ | F(x,t)| do < / | F(x,t) — ]-'A(x,t)| dx +/ |}'A(x,t)| dx

— Xk — Xk — X

X. 1
< / |F(z,t) — F2(z,t)| dz + || full (CgT + |luoll Ly (m) + iAxTV(uo)).
— X}

Letting first A — 0 and then X} — oo, and applying (3.29), we have
IFC Dl < 17l (C5T + ol oy )
proving that F(-,¢) € L*(R). It is clear from this estimate that
[Py < TR (CT + ol )
and so F € L'(Il7). That F € L>°(Il7) is clear from the bound on F2. O
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To show strong compactness of A(u®), we shall in the following three lemmas obtain uniform
L?(TI7) estimates on the space and time translates of A(u®).

Lemma 3.9. Assume that the hypotheses of Lemma 3.2 are satisfied. There exists a constant
C11, independent of A, such that

(3.31) {AtA:v > > (ALAWU) } < O Az

neZf, 1€2

Proof. The proof is a discrete energy argument similar to the one used in [29] (but the proof here
is a bit simpler since we know that the difference approximations are L' Lipschitz continuous in
time). Multiplying (2.4) by At AzUT', summing over n, j, and doing summation by parts in j, we

find that
e Y S U8t Y S URA b, U

n€z} €2 n€z}, J€Z
At
R D D AUALAW) =0,
nGZ'X, Jj€Z
Observe that we can write

1
n n+1 n
U (U™ = Uy)

= (W2 = 2 = Wyt - up)?).
Since A’(-) > 0, we also have

Using these observations in (3) as well as (2.2), (3.12) and Lemma 3.3, we get

At YN UPAYE (00, UP) + AL > Y UFA Dy (7,41, U)

n€Z+ JEZ nEZ; jEZ
1
ALAU

T as Z 2

—Ax " . . .
S 2 Z Z<(UJ +1)2 - (UJ )2 - (U] R Uj )2) + CuT . TV(’y)

nezx JEZ

Ax ntl . Az oo

S? Z Z(UJ 7U ) +7Z(UJ) + C12T - TV (%)
nezZ}, J€Z JEZ
< max|Un{ Ax Z Z Un+1 Un| + Z(UJO)Q + CT - TV(y) < Cus,
n€zZ}, J€% JEZ

(3.32)

for some finite constant C43 that is independent of A.
To continue our analysis, we need to introduce the functions

13 13
He(r,6) = /O wByhs (v, w) dw = Ehs (v,€) — /O ha(y,€) de.

Then the following equalities hold
ur
§ (h,(7j+%,w) —h_(741, UJ+1)) dw,
i+l
vy

(hs (g 0) = b (. Up) )

Jj—1

UPAYh_ (743, UF) = AUH_ (35,1, UT) /

Up A A (43, Uf) = A (3. UP) + [
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Hence
ur
IPUIICIRUNTIEED 3 ol J (RN RN AL
n6Z+J€Z nEZ*JEZUﬂ
+ E: z:(Ay ) Qb+1aU )
nezZ}, J€Z
(3.33) up
Z ZU}’A’ih+(7j+%7U Z Z / (h+ 7j+1aw) h+(7j+%aUgn—1)) dw
nezl J€Z nezf, JEZU;LI
+ 3 (A - A )M (. U,
nEZ;jGZ
and
At ST ST|(AY = A H (4. U] < CUT TV (),
(3.34) nezy I
At S|(A% - A )M,y 0P| < CuT TV ().
n€z}, €2

To bound the terms involving integrals, we need the following technical result (an easy proof can
be found in [19]): Let g : R — R be a monotone Lipschitz continuous function with Lipschitz
constant L,. Then we have

&2
/ (9(w) — g(&1)) duw

Applying this to h_, hy we find that

(9(&2) — g(€1))°,  V&,& €R.

_2L

U;7 n 1 'U.
[ () = b3 U ) o 2 m(A (4 UM,
(3.35) .

vp
/n <h+(7j+%7w) _th(’quL%?anfl)) dw > 2||f ||(A h+(’Y]+l U ))

Inserting (3.35) into (3.32) yields via (3.33) the following inequality:

AT 2 SO0 U+ gy 3 FAtha (g, U

z+JEZ Z+Jez
(3.36) X
||A’|| A Z Z ALA(UY)) 2<C 4 CT - TV (y) + 20T - TV (v).
n€zZ}, J€%
From (3.36), we conclude that (3.31) holds. O

Remark 3.1. Although we did not need it in the proof of Lemma 3.9, (3.36) also provides us
with the estimates

(3.37)
{AtA:z: > (AYh (341, U7) } , {AtAx > Z(Azm(m%,ugl))?} < C5VAZ,
nez J€Z nezf, 1€Z

which imply, for any X > 0, an estimate of the type
(338)  Atdz > 3 (1AL (i U AR (14, UN)I) < Cro(X)VA,

neZf; liI<X/Ax
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where C16(X) is a constant depending on X but not A. This is a sort of variation bound and
for that reason the estimates in (3.37) are sometimes called weak BV estimates in the literature
[7, 19, 36]. We mention that under a stronger CFL condition it is possible to prove Lemma 3.10
without using L' Lipschitz continuity in time of the approximate solutions as stated in Lemma 3.3,
see [29].

Lemma 3.10. Assume that the hypotheses of Lemma 3.2 are satisfied. There exists a constant
Ch7, independent of A, such that

AR (- +y,) = AW )lzzme < Crrv/lyl(lyl + Az), vy eR.

Proof. Let Z(x) € Z be the integer such that x € I7(,). For z,y € R and £ € Z, let x(z,/) =1
whenever the line segment from x to x +y intersects both Iy, Iy if y > 0 or both Iy, I,_1 if y <0,
otherwise let x(z,¢) be zero. Observe that

Az (. 0) < |yl + Az

LEZ

and
[ a6y dz <ol
R
The last estimate is true since [, x(z,£) dz is the measure of the set
{z € R: the line segment from z to = + y intersects both Iy, Iy if y > 0 or both Iy, I, if y < 0}.

Equipped with these estimates on x(z,¢) and Lemma 3.9, we calculate as follows:

// (A(uA(x +y,t)) — Al (a, t))>2 dt dz
IIr

S /(A(UA(x—Fy,tn)) —A(uA(x,tn)))zdx

nEZ;R

Aty / (A (Vi) — 4 (UL_?(I))>2 da

nGZ;(,R

=At Y /(ZAJFA(UZL)X(%E)) dz

’I’LEZ;R LeEZ

< At Z /AxZX(x,l)Aix Z(A+A(Uf))2x(m,€) dx

TLGZX—,R LeZ LeZ

< (|y\+Ax)Ai$At > > (aa (UJTL+£))2/Rx(x,£)dx,

nGZT\, ez
< Chlyl (jyl + Az),

where (17 is the constant in Lemma 3.9. This concludes the proof of the lemma. O

Lemma 3.11. Assume that the hypotheses of Lemma 3.2 are satisfied. There exists a constant
Cis, independent of A, such that

JAA (- 4 7)) = AW () zzmr ) < CisVT + AL V1€ (0,7).

Proof. From Lemma 3.3 it follows that

/ w2 (@, 4+ 7) — B (2, )| do < Ca(r + Ab),
R
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for all ¢, 7 such that t,t + 7 € (0,T). Now “interpolating between L' and L°”, we obtain the
desired result:

/0 N /R(A(UA(%t-i-T)) _A<UA(.Z’,t)))2 dee di

T—1
§Clg/ / |uA(x,t+T)qu(x,t)|da;dt§C’20(T+At),
0 R
where the constants C19 and Csy do not depend on A. O

Remark 3.2. Again under a stronger CFL condition, it is possible to prove Lemma 3.11 without
using L' Lipschitz continuity in time of the approximate solutions (Lemma 3.3), see [29].

Lemma 3.12. Assume that the hypotheses of Lemma 3.2 are satisfied. There exists a subsequence
of {AA}, also denoted by {AA}, and a function

(3.39) A e L*0,T; H'(R))

such that A® — A in L2 _(I7) and a.e. in . Furthermore, A = A(u) a.e. in Uz, where u

denotes the L weak-x limit of u®.

Proof. For the compactness part of the lemma, one has to use Lemmas 3.10 and 3.11 and repeat
the proof of Kolmogorov’s LP compactness criterion (see Theorem IV.8.21 in [12]). We omit the
tedious but straightforward details. In view of Lemma 3.10 and the strong convergence A® — A,
we clearly have

— _ 2
//(A(x +y,t) = Aw,1)) dtde < ChrlyP?,
It

for any ¥ € R. From this it follows that (3.39) holds, and the L?(0,7; H*(R)) norm of A is
bounded by Ci7. The proof of the final part of the lemma can be found in [31]. d

We are now in a position to prove our main theorem.

Theorem 3.1. Assume that the hypotheses concerning the data stated in Section 1 are satisfied.
Let u® be defined by (2.8) and the scheme (2.4), with the parameters \ and u chosen so that the
CFL condition (3.3) holds. Then there exists a weak solution u of the initial value problem (1.1) in
the sense of Definition 1.1, and a subsequence of {uA}, also denoted by {uA}, such that u™ — u
in Li,.(Il7) and a.e. in Ip.

Proof. Let 22 = U(y2,u®) = FA + A®. Both of the sequences {fA} and {AA} have sub-
sequences converging boundedly a.e. in Ilp, by Lemma 3.8 and Lemma 3.12, and therefore in
Ll .(II7). By passing to a further subsequence on which both {F2} and {A%} converge, there
is a subsequence, also denoted by {22}, such that for some z € L{ (Ily) | L>*(Il7), 2% — z in
Ll .(II7) and a.e. Let u(z,t) = U (y(z), z(z,t)), which is well-defined a.e. in II, thanks to the
fact that W(~,w) is strictly increasing as a function of w. The immediate goal is to show that we

have pointwise convergence of u® a.e. in II7. Suppressing the dependence on the point (z, ),
(W(y,u®) = Uy u)] < [W(y,u) = U2 ul) |+ [C(y2,u?) = Uy, u)]
< | =72 [ — 2]
Thus, since 72 — v a.e. and 22 — z a.e., U(y,u?) — U(y,u) a.e. in II7. Since ¥(y,-) is strictly

increasing, it follows that u® — u boundedly a.e., from which convergence in L. (II7) follows.

Since each u® € [0, 1], it is clear that u € L°°(Il7). Also, it is immediate from Lemma 3.12 that
A(u) € L*(0,T; HY(R)). To prove that u € L'(Ily), fix X > 0, and set I = [-X, X] x [0,7].

Then
//|u(x,t)|dtdxg//]u(x,t)—uA(x,t)\ dtdx+//]uA(as,t)| dt dx

7 17 ey
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S//’u(m,t)—uA(x,t)‘ dtda:+//]uA(x,t)| dt dz.
X My

After invoking Lemma 3.4, then letting A — 0 and subsequently X — oo, we get

// u(ert)| dedz <T(CHT + [lu(-, 0|y ).
Ir

proving that u € L'(Il7). As a result of the time continuity estimate of Lemma 3.3, and by
passing to a further subsequence if necessary, u®(-,t) — u(-,t) in L*(R) for each t € [0,T] (see,
e.g., the proof of Lemma 16.8 of [42]). To show that u € C(0,T; L'(R)), let 7 > 0, and apply the
triangle inequality:
[ult+7) = ul )l prmy < JuCt+7) = u® (ot +7) || (w)
+ [t t+7) = () |y + U (1) —ul, )| nwy-
It is a simple consequence of Lemma 3.3 that
[u® (ot 4+ 7) = wB (1) | 1wy < Ca(T + At).

Using this fact, and letting A — 0 in the preceding inequality gives the desired L' time continuity
estimate for the limit function u, proving that v € C(0,T; L*(R)).

It remains to show that the limit solution u is a weak solution to the initial value problem (1.1),
for which a version of the Lax-Wendroff theorem is required. Let ¢ € D(Ily) with ¢|;—7 = 0. Fix
X > 0 such that ¢ vanishes for [z| > X. Let ¢7 = ¢(z;,t"). Multiplying the difference scheme
(2.4) by ¢7 Az, then summing by parts results in

n—1
— Az At Y ZU” d) — Az U

nezf, J€Z JE€Z
—AzAL Y Y (g Uy UP) o Bed) + Az At ) ZA(Uj)TxQA_A+¢j =0
nezf, J€Z nez} J€Z

where JAz = X and N = [T/Dt|, and j € {—J,...,J}, n €{0,...,N}. For (z,t) € R} we have

that .
o — P
]Tt'] — (Z)t(x’t)

1 n
A+ = $o(x,t) (T O AL+ Az),

EA_AJ,_(?? = ¢$Z($, t)
and

¢) = ¢(x,0) + O (Az).

Therefore we have that

Aear 3 S op B 4 A D0 AW A-AG] + Ar Y UG

neZf, J€Z neZf, J€Z JE€Z

(3.40)
= // (uAgf)t + A(uA)qu) dt dz + /UA(:E,O)gZ)(x,O) dx + O (Ax + At).
i R

Now defining v; = % (v(z;—) + 'y(xj—l—)) and defining 72 as

=> xi@),

JEZ
we compute

(73+17U+17U ) f(fYJaU )*h(7]+17U+17U ) h(ﬂyjaU]n-&-laU;l)
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+h’(7]? ]+17Un) h(vijJn7U;L)
Uit

+17Un)dw+/ fvj (’Yjvw) dw

n

J+2

’YJ+%

[
/ Ui, Uj) dw + Ay h (v, UJ).
-

J

Consequently,
AsAt D 3D (9501, Ufen, U ) A6
nEZ+ JEZ
//f Moy (z,t) dt drz + O(Ax)

1
+AzO (TV (7)) + AzAt Y Y A4 (v,41,U7) A9

nezf, J€Z
Now, using (3.38), we find that the last term above can be bounded by
(3.41) CoV Az,

where the constant Cy depends on ¢ but not on A. Collecting these bounds we find that

(3.42) / / (un + (2 (@), u™) s + Ao ) dbde + / u?(2,0)(x,0) de = O (VAz),
IIr R

where the O () term on the right depends only on ¢. Since A(u) € L*(0,T; H'(R)) it is possible
to integrate by parts in x, and hence

// A(u) By dt da — //A(u)%z dt dz = —//A(u)x¢z dt dz.
o TIr Iy

Letting A | 0 in (3.42), we thus find that u is a weak solution, and that we have a “weak
convergence rate” of 1/2. O

Remark 3.3. Note that TV[_X7x]ZA(~, t) < Coy, for some constant C; that is independent of A
but dependent on X. Here the R dependence comes from only having an L? space translation
estimate on A(u?). This bound could have been used directly to get strong compactness of z2.

4. ADDITIONAL REGULARITY

In this section we show that A(u), where u is the limit constructed in Theorem 3.1, can be
identified a.e. with a C'2(Ily) function. To this end, we will in the next two lemmas obtain
uniform L>° estimates of the space and time translates of {A(U7')}.

Lemma 4.1. With the hypotheses of Theorem 3.1, there exists a constant Cas, independent of A,
such that
|A(U}) — AUD)| < Caslj —ilAz, Vi, j e Z

Proof. Assuming that M is a positive integer such that Ul' = 0 for j < —M +1, from the definition
of the scheme (2.4),

1 n n 1 n
E|A+A(Uj)| ‘ (’Y]+1aU+17U )‘S h(’Yj+1aU+17U) $A+A(Uj)‘

J
n n 1 n
Z A (h(74+%7Ue+1vUe ) — EAJrA(Ue ))‘
t=—M

J
> wptt-up)

=—M

1
Y
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< At N ot —ur| < cs.
JEZ

Since h(*yj+%,Uf+1, U}') is bounded,
|A+A )’ < CQQA(E
and the lemma follows. OJ

Although the above L°°(Il7) space translation estimate was an easy consequence of Lemma 3.3,
the L>°(II7) time translation estimate is a bit trickier to obtain, as shown by the proof of the next
lemma.

Lemma 4.2. With the hypotheses of Theorem 3.1, there exists a constant Cag, independent of A,

such that
|A(U}) — A(UJ™)| < Cas/|n —m|At.

Proof. The proof is an adaptation of a technique used in [17]. To prove the lemma, we shall
need to work with an interpolant of the discrete values {U}'} that is continuous everywhere and
differentiable almost everywhere. For this purpose, define 4" (z) as

W (x) = ﬁ ((x —xj1) Ul + (2 — @) U;Ll), x € [zj_1,2;).
Then define
~A 1 ~n+1 5
i (0,8) = 5 (0= t) @ (@) + (s =D @), t€ [tnstas]

As before, let Z(x) € Z be the integer satisfying x € [x7(y), 27(z)41), s0 that T(z; + o) —j =: J
for some J € Z. Since @* is differentiable in time almost everywhere on II7, we can proceed as
follows:

zi+a
/ (ﬂA(x,tn) fﬂA(x,tm)) dx
z;
Titat,
= / /(’MIA(x,T) drdzx
z; tm

I(zj4+a)—1pn—1

= Z Z //@u (x,7)dr dx

RZ —1/2
I(zj+oa)— Th+1
= Z Z / @ (z) — @ (z)) da
k=j =m 2
z]+o¢ —1n-1 Tk+1

- Z_: / AL< — k) (Udt = Ukga) + (@1 — ) (U = Uﬁ)) de

k=j {=m e

Az n—1Z(xz;+o)—
=5 > ((Uﬁii Utn) + (U - Uh)).

l=m k=j

Hence, using Lemma 3.3, we find that

Tjto

(4.1) ’/ (@2 (2, tn) — @™ (2, ty) da

zj

< C3|n—m| At.
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Now set o = /|n — m|At. By the mean value theorem, there exists a number z* in [z;,z; + a]
such that

1
(4.2) a2 (2" tn) — @2 (2" tm)| = —
(8

/:ﬁa (ﬂﬂ(é,tn) - @A(g,tm)) dg’ =0 (\/m) 7

where we have used (4.1). From this we derive the following estimate:

By = [A@@® (2", tn)) — A@> (", 1)) < 1A']] [22 (2, ) — @5 (2", ) |
=0 (\/ In — m\At) .

(4.3)

By the triangle inequality,
|A(an) - A(Uym)| = |A(ﬂA(xj7tn)) - A(ﬂA(ijtmm < EB1 + E> + k3,

where
By = |A(® (z),tn)) — A (2", )],
By = |A(a® (2%, t,)) — A(@® (2", )],
By = |A(a® (2, tm)) — A(@® (aj,tm))|
By Lemma 4.1,
B+ B =0 (2" — ;) = O(a) :o(m),
which finishes the proof of the lemma. O

Introduce the piecewise bilinear interpolant A® (x,t) interpolating the values A(U}) in the same
way that @° interpolates the values U. 7. Then the main theorem of this section can be stated as
follows:

Theorem 4.1. With the hypotheses of Theorem 3.1, there exists a subsequence of A®, also de-
noted by A®, and a function

AeCha(Ily)
such that A% — A in L3S (Ilr). Purthermore, A = A(u) a.e. in I, where u is the weak solution
constructed in Theorem 3.1.
Proof. Let (j,n) and (i, m) be integers such that (z,t) € R}, . and (x+y,t+7)€ R ,. Then
2 2

|A%(z +y, t+7) — A%(x,t)| < By + B> + E3,
where
B = |[A% (@ 4yt +7) = AB (i, tm)|,
Ey = |A (Tistm) — A(xj,t )|7
= |A% (2, tn) — A% (2,1)].

Lemmas 4.1 and 4.2 imply that E; = O (\z —jlAz 4+ /|n— m|At>. Obviously, for (x,t) € R;L+%
we have

min {A(U}), A(U7,,), AU, AU }

< A% (z,t) < max {A(U}), A(U}, ), AU, AU } -

(4.4)

From this and again Lemmas 4.1 and 4.2, we have F; 4+ F3 = (Asc + VA ) Thus there exists
a constant Cyy, independent of A, such that

’AA(.T—i-y,t—i-T)—AA(J?,t)‘ < Cyy (y+T—|—Ax+\/A_t).

Equipped with this estimate, we repeat the proof of the Ascoli-Arzela theorem to conclude that
there is a subsequence of {AA}, still denoted by {AA}7 and a limit function A € C2 (I17) such
that A® — A uniformly on compact sets and pointwise on IIz.
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Next we show that A = A(u) almost everywhere. Without loss of generality, assume for some
sequence A — 0 that u® — w a.e. and A® — A pointwise everywhere. Pick an arbitrary but fixed
point (x,t) such that u®(x,t) — u(x,t). We have

|A(u(z,t)) — A(z,t)| < Ey + Ea + Es,

where

= |A(ule,8) - A (@, 1)),

= |A(uA(x,t)) - AA(x,t)| ,

E; = ‘AA(x,t) — A(z,1)].
Obviously, E; and F3 vanish as A — 0. Let j and n be integers such that (x,t) € R;L+%. Then,
in view of (4.4) and Lemmas 4.1 and 4.2, Ey = ’A(UJ”) — A% (z,t)| =0 (Ax + \/A_t), which also
tends to zero as A — 0. This concludes the proof of the theorem. O
5. ENTROPY SATISFACTION

Because the diffusion term is strongly degenerate, solutions to the initial value problem (1.1) can
develop discontinuities, and so solutions are not a priori unique. In the case where the coefficient
v is continuous, an entropy condition is used to single out the physically relevant solution. In the
remainder of this section we establish a cell entropy inequality for solutions of our finite difference
algorithm, and then show that limit solutions satisfy a Kruzkov-type entropy inequality. This
generalizes the corresponding result in [44]. In [32], we use this entropy inequality to establish
that there is an L' contraction principle for weak solutions of the initial value problem (1.1) that
are additionally assumed to be piecewise smooth.

Lemma 5.1. With the hypotheses of Theorem 3.1, the following cell entropy inequality is satisfied
by approzimate solutions Uj* generated by the scheme (2.4):

(5.1)

V(U S V) = A (M (44, Up, UF) = iy |AU) = Af)]) + A \A+f(yj,%7c) ,
where the numerical entropy fluzx H(WjJr%,U;-:_l, U]”) 1s defined by
(5.2) H(v41, U0, Uf) = f(41, U Ve, U Vo) = f(41, Uy AU M)

Proof. The proof is an adaptation of a portion of the proof of Lemma 4.2 of [10]. Let

n n n n n n 1 n
Gj(Up1, U U ) = U = U = AA <h(7j+%’ i Uj) = EA+A(Uj )) ;
and observe that
Gj(ca cc)=c— )‘A—f(’}/j—i-% ,€).
The following inequalities are a consequence of monotonicity of the numerical scheme:

(5.3) Gji(c,e,e)VG;(UL,, U UM ) <Gi(eVU e VU e VU ),

(5.4) =Gj(c,c,c) NG(UL L, U UM ) < =Gi(e AUy, e AU e NUT ).
Following [10], (5.3) and (5.4) are added, and the identity a Vb —a Ab = |a — b| is applied, giving
’Gj J+17Un ;" ) Gj(C, C, C)|
< Gj(eV U;‘Jrhc\/ Ui,eVU 1) = Gi(c AU}y, e AU e AU ).
Take the left side of (5.5):

(5.5)

(5 6) |G ( g+1)Un U'n ) Gj(C,C,C)’ = ‘G] ]+15Un Un )_C+)‘A—f(7j+%7c)‘
> Ut — o = A|A_f (0]
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Now take the right side of (5.5):
Gi(eVU,eVU! eVU ) = Gi(e NU e NUT e AU )
=cVU —cAU}
_)\A,(h(fijrl,c\/UH,c\/U) h(Vjy1,¢ AUy, c AU ))

1 n n

n n n 1 n
(5.7) — U — | - )\A,(H(Wﬂ%, o Up) = oA A7) - |)
The last step in (5.7) used the fact that A(U' V ¢) — A(UJ' Ac) = |A(U}') — A(c)|, which results
from the fact that A is nondecreasing. The proof is completed by comparing (5.6) with (5.7). O

Theorem 5.1. Suppose that the hypotheses of Theorem 8.1 hold. Let u be a limit point of the
sequence {uA} generated by the scheme (2.4) (see Theorem 3.1). The following entropy inequality
holds for all nonnegative test functions ¢ € D'(Ilp) such that ¢li—o = ¢|t=r = 0:

/you—d%+0w—dUW@%w—fW@%dWﬁﬂMm—A@N%dex

(5.8)
/ |f(v(2), )z |¢ dtda > 0.

Remark 5.1. Note that in the last integral in (5.8), since  is not continuous, but only of bounded
variation, the term |f(v(z),c).| must be interpreted as a measure. If we label this measure v,
then for any set £ C R,

V(E) =TV, |, (f(( /u ).l do.

Proof. Let V(u) = |u — ¢| and F(v,u) = o(u — ¢)(f(v,u) — f(7,¢)). Following the proof of the
Lax-Wendroff theorem, the discrete entropy inequality (5.1) is multiplied by d)}’Am, then summed
over j and n. Here ¢7 = ¢(x;,t") and ¢ is a test function of type described in the statement of
the theorem. This yields

(5.9)
Y -vwor 1 .
AtAz > > o7 ( N + A A-H (41, US4, U7
neZJr JEZ
(5.10)

—ﬁA,AHA(U;L)—A( ) AtAz qu"

n€z} €2

172

Summing by parts and letting A — 0 gives, by the bounded convergence theorem,

n+1 n
(5.11) AtAz Y Zw( G )At vvy) +AixAH(7j+1,UH,U”)>
nezf, J€Z
(5.12) - // Wos + F(y(z), u)%) dt dz,

as in the proof of the Lax-Wendroff theorem. For the term containing [A(U}') — A(c)|, summing
by parts and letting A — 0 gives

(5.13) AtAz Y Z@A SA_AL|AUD) - |—>/ |A(u (¢)| e dtda.

L
nEZNJGZ
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For the remaining term,

(5.14)

AtAz Y Y 4 |5

nezf, i€2

- / / )l () didi + / Z F(ER)0) — FH(En). )] 6 (Emrt) dt,

Or\{&m}

A S 40)

which follows by breaking the spatial portion of the sum into sums over intervals where v is
differentiable and isolating the finite number of cells where the jumps in v are located. The proof
is complete once (5.11), (5.13), and (5.14) are combined. O

6. NUMERICAL EXAMPLES

This section discusses some numerical examples for the equation

u + (V@) [ (W)a = A(W)as,

each using the convective flux f(u) = u(l — u). We will focus on Riemann problems, with initial
data denoted by (ur,ur), meaning that ug(x) = uy, for x < 0, up(x) = ug for x > 0. Similarly
the coefficient has a single jump at the origin, which we denote by (v5,vr). The data satisfy all
of the hypotheses of the paper, with the exception that we do not have ug € L*(R). This is not
a serious violation, since we can imagine that ug eventually vanishes for large |z| (thus satisfying
ug € L'(R)), and that the waves generated by this variation in ug never reach the boundary of
our computational domain. By choosing our output time small enough that no waves from either
the interior or exterior of the computational domain ever reach the boundary, we can handle the
boundary conditions by simply setting the boundary data to their initial values, and keeping them
fixed throughout the computation.

Example 1. Figure 1 shows the result of two runs of the scheme (2.4) with the Riemann problem
having constant initial data (ur,ugr) = (0.6,0.6), and the coefficient given by (yr,vr) = (0.05,0.1).
The scheme was run for 500 time steps, with Az = .02 and At = .04. In (a), the diffusion term
was A(u) = 0, i.e., the purely hyperbolic problem. In (b), the diffusion term was

(61) A(u) =.0025 (UX[07.45) (U) —+ .45)([.457.55) (U) + (U — O.].)X[‘5571] (u)),

which is degenerate (A’(u) = 0) in the interval (.45,.55), and linear with A’(u) = 1/400 elsewhere.

In (a), the constant state on the left u;, = 0.6 is connected to a steady jump at x = 0 by a
rarefaction, which is connected to a constant state of approximately u = 0.15. This constant state
is connected to ug = 0.6 by a shock moving to the right. All of these waves are created by the
jump in the coefficient v. In (b), the shock moving to the right is smaller, due to the diffusion, and
the steady jump at £ = 0 has been replaced by a shock moving to the left. Both shocks have end
states at approximately v = 0.45 and u = 0.55, providing numerical evidence that discontinuities
can only occur in regions of state space where the diffusion A(u) degenerates to a constant.

Example 2. The initial data ug and the coefficient v are the same as in the previous example.
The diffusion term is now given by

(6.2) A(u) = .0025(u — 0.3)x[.3,1)(u),

which is degenerate for u < .3, and allows for a stationary jump in the solution u at x = 0. Figure
2 (a) shows the solution for the purely hyperbolic problem, and (b) shows the effect of adding the
diffusion term. The scheme was run for 500 time steps, with Az = .02 and At = .04, as in the
previous example. The diffusion term has the effect of changing the upper end states for both the
steady jump and the shock moving to the right, lowering them to approximately v = 0.3, providing
more numerical evidence that the solution is continuous wherever A(u) is nondegenerate.
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FIGURE 1. Example 1. (a) Purely hyperbolic problem; A(u) = 0. (b) With
degenerate diffusion term (6.1).
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FIGURE 2. Example 2. (a) Purely hyperbolic problem; A(u) = 0. (b) With the
degenerate diffusion term (6.2).

Example 3. Figure 3 shows the result of two runs of the scheme (2.4) with the Riemann problem
having initial data (ur,ur) = (0.8,0.2), and the coefficient given by (vz,vr) = (0.05,0.1). Both
plots in Figure 3 show the purely hyperbolic case. In (a), Az = 0.02, At = 0.04, with 100 time
steps. In (b), Az = 0.01, At = 0.01, with 400 time steps. Both plots show a spurious bump
that starts out as a kink, and then moves to the right at the edge of the rarefaction. Refining
the mesh causes the bump to decrease in amplitude and width, as can be seen by comparing
Figure 3 (a) with (b). We have found that these spurious bumps turn up in certain (but not
all) Riemann problems. As predicted by our convergence theory, they shrink as the mesh size
diminishes. For a Riemann problem the discretizations (2.5) and (2.6) result in an intermediate
state ups = (ur +ur)/2 and a sharp jump from 7, to yg. We have found from experience that
the bump can be removed by moving the jump in v one mesh width in the direction of the bump.
All of our convergence theory remains valid with a change of this type, since we still have v2 — v
in L}, and boundedly a.e. Figure 4 (a) is the same as Figure 3 (a) with the exception that the
jump in ug has been moved one mesh width to the right, with the result that the spurious bump
does not appear. Figure 4 (b) is the same as Figure 4 (a), except that the degenerate diffusion
term

(6.3) A(u) = .0025 (UX[O,.2] (u) + 2x(2,1) (U))

is incorporated.
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FiGuRrE 3. Example 3. (a) Purely hyperbolic problem, showing spurious bump;
A(u) = 0. (b) Purely hyperbolic problem. Mesh size reduced to show that the
spurious bump reduces in width and amplitude.
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FIGURE 4. Numerical example 3. (a) Purely hyperbolic problem, with jump in
~ moved by one mesh width to the right to get rid of spurious bump. (b) With
degenerate diffusion term (6.3).

The effect of the diffusion is to smear out the corners where the rarefaction meets the constant
states. Although not shown in this plot, when the mesh size is reduced sufficiently, the small jump
between the minimum point on the graph and u = .2 fills in, so that the solution is continuous in
the region where A’(u) > 0.

Example 4. In this example we study the convergence rate for the problem in the previous
example, with the diffusion term included. We used the discretizations (2.5) and (2.6), so that the
spurious bump was present, but diminished as the mesh shrank. Table 1. shows the results of the
test. The last row in the table was used as the ”true” solution; L' differences with this solution
were computed, and appear in the last column of the table. Although the test is not conclusive,
it appears that for this particular example there is linear convergence as Ax — 0.
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