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Abstract In this article, a concept of implicit methods for scalar conservation
laws in one or more spatial dimensions allowing also for source terms of various
types is presented. This material is a significant extension of previous work of
the first author [5]. Implicit notions are developed that are centered around
a monotonicity criterion. We demonstrate a connection between a numerical
scheme and a discrete entropy inequality, which is based on a classical approach
by Crandall and Majda. Additionally, three implicit methods are investigated
using the developed notions. Next, we conduct a convergence proof which is
not based on a classical compactness argument. Finally, the theoretical results
are confirmed by various numerical tests.
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1 Introduction

This article deals with the entropy solution of hyperbolic conservation laws
in the sense of Kruzkov. Specifically, we allow the numerical methods to act
within the two most general settings, that is (i) smooth fluxes together with
non-linear sources and (ii) continuous fluxes and sources depending both on
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space and time. The corresponding analytical existence and uniqueness results
for these cases are given within a number of papers of Kruzkov and his co-
workers, see for example [2,14,15] and the references therein.

This paper represents a significant extension of the work by Breuf} [5],
where implicit methods are considered for homogeneous scalar equations in
one dimension. To our knowledge, the combination of the developed concept
of implicit methods for both mentioned general problems together with the
application of corresponding schemes on problems belonging to both classes is
new. Accordingly, the main contribution of this paper is the extension of the
rigorously validated range of applicability of finite difference methods.

The encountered difficulties for the described task have already been dis-
cussed in the introduction of Breuf$ [5]. Summarizing, information that is prop-
agated with infinite speed may take place provided that a flux function of a
nonlinear conservation law is not Lipschitz continuous as it is accepted in set-
ting (ii). A detailed one-dimensional example is given by Kruzkov and Panov
in [15] (see also [5]), where the exact solution is known. This example shows
that a rarefaction wave extending to infinity after arbitrarily small time takes
place. Additionally, this example has a pole for u = 0 and the solution domain
is infinite although an initial condition with compact support is given.

Two direct conclusions emerge from this example. At first, the Courant-
Friedrichs-Lewy (CFL) number would be effectively zero provided an explicit
scheme is used. Additionally, the Kuznetsov approach for convergence [16] is
not employable, because it relies on a suitable error estimation which explicitly
uses the Lipschitz continuity of the flux and the boundedness of the domain
of the solution. At second, a variety of other well-established approaches for
the convergence of numerical methods are not applicable. For instance, one
approach is based on Helly’s theorem which uses the compactness of the func-
tion space of bounded variations (BV). This is employed in the convergence
proofs of Total Variation Diminishing (TVD) methods. But using the BV con-
cept, this function space is only compact (see LeVeque [17]) provided a fixed
compact space-time-domain containing the solution is used. Hence, the com-
pactness property of this function space is unfortunately not applicable in the
discussed case. The same is true for explicit monotone methods as it is the case
in the fundamental work of Crandall and Majda [7]. They used the properties
of this function space to obtain a compactness argument. Especially, in that
work the sources are also assumed to be essentially bounded and BV-stable
integrable functions depending on space and time. In another important ap-
proach introduced by DiPerna [9] measure valued solutions are used, where the
compactness of the domain of the solution both in space and time is assumed
which has already been discussed in [6].

From this discussion it should be clear that we need to employ implicit
schemes such that the convergence strategy is different from the before men-
tioned ones. Therefore, we use the monotonicity of implicit methods to obtain
a discrete comparison principle. This suffices to guarantee the convergence of
such methods to the entropy solution in the sense of Kruzkov.
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Therefore, in this paper the monotonicity property of an implicit scheme
is investigated (see [10,17] for the discussion for explicit schemes). Hence,
it is indispensable to avoid any derivative of the flux. As we will show, we
construct a monotonicity notion that is based on a comparison of data sets
using an induction principle.

The application of this monotonicity notion on three implicit variations
of well-known monotone explicit schemes is investigated. One would expect,
that implicit schemes are generally capable to capture all effects described by
a conservation law even for continuous fluxes and general sources, because in
the implicit case the numerical characteristics include all the characteristics
of the differential equation. However, while our monotonicity investigations of
an implicit upwind scheme and an implicit Godunov-type method yield the
expected results, the investigation of the implicit variation of the traditional
Lax-Friedrichs scheme shows, that the scheme is only monotone even in the full
implicit case if the flux is Lipschitz continuous. Furthermore, the restriction on
the admissible Lipschitz constant of the flux is not depending on the number
of spatial dimensions. This interesting result which is new to our knowledge
is explored via a simple experiment using a two-dimensional linear advection
equation.

Let us note that, on a broader scope, implicit methods for hyperbolic con-
servation laws have a long history of interest, see e.g. [1,8] for two important
milestones. While implicit discrete formulations require to solve systems of
equations, the reason for some interest in implicit schemes arises as their use
is sometimes advocated, for instance if the modeled process incorporates dif-
ferent wave speeds that need to be resolved by employing a common time
step. This may be the case especially in systems of equations, for which the
scalar hyperbolic PDEs traditionally serve as role models in the mathematical
sense. As another point of practical interest, many initially time-dependent
processes, for instance in gas dynamics (i.e. compressible flows) described by
the hyperbolic system of Euler equations, eventually develop steady state solu-
tions which are much better captured using an implicit scheme than an explicit
one, cf. [19]. Thus, the theoretical foundation of implicit scheme components
which we discuss here is of general interest in several fields.

This article consists of five additional sections. In Section 2, we briefly
review the two most general theoretical results on solutions of conservation
laws available to our knowledge, namely the existence and uniqueness results
established in [2] and [13]. In the next section, we introduce the notions for
implicit methods that are centered around monotonicity. The given detailed
convergence proof is an extension of the strategy given in Breuf [5]. Section
4 presents the investigation of three numerical methods with respect to their
monotonicity. Additionally, for these methods the proofs of convergence to-
wards the entropy solution are given. Finally, we present the results of various
numerical tests in Section 5 followed by a short summary and conclusive re-
marks in Section 6.
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2 The setting

Within this section, we define the two mathematical scenarios of interest, i.e.
we briefly review the type of problems considered in [2] and [13].

Scenario 1 The Cauchy problem under consideration is

—uxt Z t)) = ¢ on R%x (0,7, (1)

u(x,0) = up(x) on RY, (2)

where T is a fixed positive number. Concerning the flux functions we generally
assume

W) ECRR), 1=1,...,d. (3)

In order to apply the uniqueness theorem given in [2], the fluxes are addition-
ally supposed to satisfy the growth conditions

|fi(u) = fi(@)] < wi(u—14) ae. for w>4 and for I=1,...,d,

with the moduli of continuity w; featuring
w1(0) =...=wy(0) =0 and hmlnfr le

Note that these conditions on the fluxes are more general than the usually
assumed Lipschitz continuity. The initial condition shall satisfy

u € LE, (RS R) (1)

and for the source term we consider
9= q(x.1) € Lj,. (R x (0,7); R) , (5)

T
q(-,t) € L® (R R) for a.e. t€ (0,T) and / lg(-,t)]|oo dt < c0.  (6)
0
Under the conditions (3) — (6), Bénilan and Kruzkov [2] proved uniqueness of
the entropy solution of (1) — (2).

Because the solution of the Cauchy problem generally develops discontinu-
ities even if ug is smooth, it is often considered in its weak form, i.e.

/0 /Rd [u (x,1) ¢ (x,1) +;f;(u (X’t))%¢(x’t)] dx dt

—/ ug (x) ¢o (x) dx
R

- /000 /qu(x,t)(b(xt) dxdt V¢ € Cg° (R R) . (7)
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It is well-known that weak solutions are in general not unique, see for exam-
ple [17] and the references therein. In order to ensure uniqueness, a so-called
entropy condition has to be introduced. The already mentioned entropy con-
dition due to Kruzkov [2] which guarantees the uniqueness of a solution of (1)
— (2) takes the form

/O°° /Rd ['“ (x,1) — klor (1)

+ngn — k) [fiu (%, 8) — fi(k)] aixlgb(x,t) dx dt

z—/ o () — Kldo (x) d

/ / sem [ (x, £) — K] q (x,£) & (x, £) dx dt (8)
Rd
for all ¢ € Cg° (R*!; R) with ¢ > 0 and for all k € R.

Scenario 2 The Scenario 2 deals with the Cauchy problem

d

—uxt Z fi(x,t,u(x,t)) = ¢ on R?x (0,T), (9)
=1

u(x,0) = ug(x) on R?, (10)

where T is a fixed positive number and with

d?:ffl = fi,, T e,

In comparison to Scenario 1, we impose different assumptions on the fluxes
and the source terms. As in (4), there is no particular condition imposed on
the initial data. The flux functions are now assumed to satisfy

fixtu) e CT (R xRy xRy R) , 1=1,...,d. (11)

As source terms we consider functions
g=q(x,tux,t) € C' (R x Ry x R; R) . (12)
Under the conditions (11) and (12), Kruzkov [13] proved the uniqueness of

the entropy solution of (9) — (10). Comparing the weak formulation of this
problem with the weak formulation (7), we have to substitute

/OOO/W‘J(XJW(XJ)W(XJ) dxdt for /Ooo/qu(X»t)aﬁ(X,t) dxdi .

(13)
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The assumptions (11) and (12) yield the form of the Kruzkov entropy condition
as

/O“’ /Rd l'“ (x,t) — k| (x,1)

d
s (0.0, 1) = ) L0, £ (,0)) = it )] 50 t)] dxdi
=1
>~ [ o () = ki () ax

_/OOO /Rd ésgn [u(x,t) — k] {q (x,t,u(x,t)) — fi., (xﬁ,k)] b (x,t) dxdt

for all ¢ € Cg° (R™; R) with ¢ > 0 and for all k € R. (14)

3 Numerical methods

We first describe the implicit notions, followed by the proofs of the involved
Lemmas and Theorems in a separate section. For the sake of brevity, we dis-
cuss only Scenario 1 in detail, since the techniques which have to be used
with respect to Scenario 2 are identical. The proper conceptual extension to
Scenario 2 is described within additional remarks.

3.1 A concept of implicit methods

Since we want to describe numerical methods in d spatial dimensions, we spend
some effort on a general notation.

Because we investigate finite difference methods, we have to introduce grid
points. For simplicity, we consider grids which are equidistant with respect
to the individual d spatial dimensions as well as to time, i.e. we employ grid
spacings Ax; corresponding to the space dimensions [ = 1,...,d, and At
corresponding to time.

Since this results in a countable number of grid points, we introduce a
linear numbering J of the spatial grid points

J=1{0,1,2,...}.

We also define a bijective mapping

J : J—R?

T —> (ilAIl, igAl‘g, ceey idAId)T with (il, ig, ey id)T € Zd .
Let us note that the mapping goes formally to R?, but it just maps to a

countable subset of R%. In order to describe the indices within the stencil of a
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numerical method, we define the index i £ §l via

=) i) (ilAﬂl‘l, igAl‘g, feay (il + 1) AZ‘[, feay idAxd)T

Let uf and qf denote the value of the numerical solution and the value of
the source term at the point with the index j € J at the time level kAt
respectively. With these notations, we consider conservative implicit methods
in the form (refer also to [3,17])

d
7 =3 2 o7 ) o ()

We assume that the numerical flux functions g; introduced in (15) are consis-
tent, i.e.

gi(v, v) = fi(v) holds for all v e R and for all I =1, ..., d.

In the case of Scenario 2, we simply add arguments (x;, t" ') within the fluxes;
we will not do this explicitly in the following.
The key to nonlinear stability is the notion of monotonicity.

Definition 1 (Monotonicity) Let two data sequences

"= {v}l}jEJ and w" = {w;b}jeJ

be given. Let the investigated consistent and conservative numerical method
produce new sequences of data v"*! and w™*! from the given data v™ and
w™, respectively. Then the numerical method is monotone iff the implication

o > = > gt (16)
holds in the sense of the comparison of components.

It is useful to define H and H; using d = {1, ..., d} via

n+1 __ n+1 n+1 n+1 n
u; —H(led w5y Uj ,uj+5l,uj)

d
At
=l - Z = {gz ( n+1 “?1511) —a ( uth un+1)} + Atg!
- 2
d
7 1 Loyl 1
= DA (g ) + At (a7

Il
_

Theorem 1 (Monotonicity of implicit methods) Let a, b and ¢ be arbitrarily
chosen but fixed real numbers. A consistent and conservative implicit method
of type (15) is monotone iff for all spatial dimensionsl € {1, ..., d} holds

lfIl(a—l—Aa,b,c) > I:Il(a,b,c) VAa >0, (18)
H(a,b,c+ Ac) > Hi(a,bc) YAc>0. (19)
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Note that we have omitted the condition

+1 +1 +1 +1 +1 +1
H (l €d, ul Ty, uit ul s, s+ As) > H (l €d, uily, uit, uils, 3)

for all j € J and all As > 0, since this condition is redundant. This is due to
the form of the method (15). Additionally, note that the monotonicity property
does not depend on the exact nature of the source terms, i.e. both Scenario 1
and Scenario 2 are included within the range of applicability of Theorem 1.

Theorem 2 (L-Stability) Let an implicit method of the form (15) be given,
which is also conservative and monotone. Then the numerical solution is L, -
stable over any finite time interval [0, T].

The following definition is useful for proving convergence towards the entropy
solution.

Definition 2 (Consistency with the entropy condition) An implicit numerical
scheme of type (15) is consistent with the entropy condition of Kruzkov, if there
exist for all [ =1, ..., d numerical entropy fluxes G; which satisfy for all k € R
the following assertions:

1. Consistency with the entropy flux of Kruzkov
Gi(v,v; k) = Fy(vi k) Yo with Fy(vi k) = sgn(v — k) [fi(v) = (k)] . (20)
2. Validity of a discrete entropy inequality
U (w5 k) = U (uf's k)
At

n+1 n+1, n+1 n+1,
_ zd: Gy (uj ,uj+5l,k) — Gy (uj_5l,uj ; )
- Az

+sgn [ul T — k] ¢t (21)

where U(v; k) = |v — k| is chosen due to Kruzkov.
In the sequel, we define
aVb:=max(a,b) and aAb:=min(a,bd). (22)

The important connection between the numerical entropy fluxes G; and the
numerical flux functions ¢; is now established which is based on a variation of
a procedure employed by Crandall and Majda [7].

Lemma 1 Let a consistent and conservative numerical scheme of type (15)
be given with numerical flux functions g;, | = 1, ..., d. Then the numerical
entropy fluzes defined by

Gi(v,w; k) = ggloVk,wVk)—glAkwAk) (23)

are consistent with the entropy fluxes of Kruzkov.



Title Suppressed Due to Excessive Length 9

One can now prove the following result, partly by a variation of the procedure
given in [7]. We introduce the source term within the proof.

Theorem 3 Let an implicit scheme of the form (15) be given, which is also
consistent, conservative, and monotone. Then the scheme is also consistent
with the entropy condition of Kruzkov.

Under the same assumptions, we prove convergence of the corresponding nu-
merical approximation to the entropy solution. We want to do this later when
we concretely investigate numerical schemes.

3.2 Proofs

We first want to prove Theorem 1. The idea of the proof can be sketched as
follows. Let two sequences w™ and w™*! be given, where w™t! results from
an application of a considered method on w™. Then, a positive change in a
given value w? inspires a positive change in w;”rl. Secondly, a positive change

in w;‘H inspires positive changes in w?j[réll for all I, thus creating no oscil-
lations. Thirdly, concerning an arbitrary index 4, positive changes in wfi;l

result in positive changes in w?“. Since the index j used in the second ar-

gument is chosen arbitrarily, this is the same argument as the third one for
je{ixdl;l=1,...,d}. If and only if these conditions are fulfilled by a
considered method, the method is monotone.

In order to give the proof of Theorem 1 a convenient structure, we first
give the following Lemma.

Lemma 2 Let a consistent and conservative implicit method of the form (15)

be given, which satisfies the conditions (18) and (19). Furthermore, let two

sequences v = {’U?}].GJ and w" = {w?}jeJ be given. Then from
JieJ: v >wi' and VjieJ(j#Fi): vf =w)

follows v > w™t! in the sense of the comparison of components.

Proof (of Lemma 2)

By the assumption of the Lemma there exists an index ¢ € J so that v’ > w}'

holds. Without restriction of generality we choose ¢ = 0. The proof of the

assertion follows by induction over suitable subsets of J.

Let us introduce these subsets. Therefore, let .J,, denote a subset of J con-
taining m elements with

VYmg € Jp,, Ay EJm(mO;éml):
{mo}ﬁ{pEJm;p:mliél,lzl,...,d}} #0

for m > 2, thus the elements of J,, are indices of neighboring points.

Beginning of the induction: m =1
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As indicated, we choose without restriction of generality J; = {0}. The state-
ment is true because of the form of the method (15), so that

H(Led wf), wyth, wi™, s + As)

>H(led w' witt, witt,s) VYAs>0 holds.

Assumption:
The statement is true for arbitrary but fixed m > 1.

Induction step: m — m + 1
g 1hsets +1 +1
Let the statement be true for the subsets {v; ™"}, ~and {w]'"'} _  of the

sequences v" 1! and w™*!. In particular, it holds
vfhﬂ > wgfl for an index m € J,,

with [{z‘eJ;z‘:miaz,z:L...,d}n(J\Jm)] £ 0

which is otherwise chosen arbitrarily, i.e. we consider an index m corresponding
to a grid point with at least one neighbor having an index not in J,,.

Without restriction on generality, let us choose a particular index I,,, cor-
responding to the situation

medJy, and m+0l, ¢ J,.

Since by construction the sequences v"*! and w™*! are identical outside the
considered subsets, it holds

[ n+1 n+1 n+1 ] n+1 n+1 n+1
H,, (”m > Wi sl wm+251,,") > H, (wm s Wi st wm+2alm)

by (18). If the index m + 20, is already in J,,, we estimate

r n+1 n+1 n+1 [ n+1 n+1 n+1
H,, (”m » Wiy sl ”fn+251m) > H, (wm » Wiy sl wm+251m)

by also using (19). The case m € J,, and m — dl,, ¢ J,, can be handled
analogously.
By defining

Jmi1 = I U{m+0l,} or Jpy1:=Jn U{m—0d0l,}

corresponding to the situation under consideration, it follows vf“ > w?“ for
all ¢ € Jpp41. Since m and [,,, were chosen arbitrarily within the framework of
the construction, the procedure is well-defined and the proof is finished.

Proof (of Theorem 1)

Let again two sequences v™, w" be given, which are mapped on sequences v 1
and w"t! by application of the considered consistent and conservative numer-
ical method, respectively.

=7

Let the method be monotone in the sense of Definition 1. Let v™ > w™ hold in
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the sense of comparison of components. By the assumed monotonicity of the
scheme follows v”*! > w"*!, It remains to verify the validity of the conditions
(18) and (19).

To condition (18):

Let [ € {1, ..., d} be chosen arbitrarily but fixed. Accordingly, let an arbi-
trarily chosen but fixed index i and a corresponding set of values

{a,b,c} C w™ be given with (w?j;ll, w?“, wfjéll) = (a,b,c) .
Assume that for Aa > 0 it does not hold in general
Hy(a+ Aa,b,c) > H(a,b,c).
Then there exist two tuples (a1, b1, ¢) and (az, ba, ¢) with a; > as and
H (a1,b1,¢) < Hy (ag, by, c) . (24)

Since we investigate the general situation, we may well assume equality of the
remainder of the sequences under consideration, thus the only resulting change
by application of the method originates from (24). By (15) it follows that
b1 < by has in general to be valid. On the other hand there is (a1,b1) > (ag,bs)
in the sense of comparison of components by the assumed monotonicity of the
method, and so the assumption is wrong and the validity of (18) is verified.
To condition (19):

The proof can be done analogously.

V=T

Next, the validity of the monotonicity condition (16) under the assumptions
(18) and (19) is proven. Therefore, we define the set

JUi={ieJ; ol >wl, ol € o™, w € w"} .

There are only a few possibilities for the composition of J™: It may consist of
the empty set or a finite or infinite subset of the index set J containing the
indices of all spatial grid points. Since we have to take into account all these

cases, we define
Jr = {j" ; ﬁ(j”) :m} .

The proof of the assertion follows by induction over m > 1 concerning these
sets. Note that the case m = 0 is trivial.

Beginning of the induction: Jn = j{‘ .

Let ¢ be the index in the arbitrarily chosen but fixed index set Ji'. Then the
validity of the monotonicity condition follows by application of Lemma 2.

Assumption: The assertion holds for all subsets of Jr = Jgn

7+ for an arbitrarily
chosen but fixed number m > 1.

Induction step: m — m + 1
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Now we consider j},’lﬂ with jﬂn C j;,’lﬂ. We define two particular indices m;,
mo with

myeJ? and mgy e (j,’fﬁl\jﬁq) .

Thereby, the index m; is chosen arbitrarily but fixed. By the assumption of the
induction, the scheme is monotone with respect to positive changes in values
corresponding to the index set j;; This means in particular that a positive
change in vy, together with positive changes in other values corresponding to
j,’}L leads to non-negative changes in the sequence v"t1.

Now a simultaneous positive change in vy, and vy, is considered while
in the background there are arbitrary but fixed positive changes in the values
corresponding to J7% 1 \ {mi, ma}.

Let the data resulting from positive changes in v}, i € j{,@ \ {m1, ma}, be
denoted by "1, i.e. o"t! > w™t! holds by the assumption of the induction
step.

Moreover, let A; be a change in "D;LH induced by a positive change in
vy, - Thus A; is always non-negative by the assumption of the induction.
Analogously, let Af a change in 17;”“1 induced by a positive change in vy,,.
The change A? is also non-negative which follows analogously to the proof of
Lemma 2.

There are two possibilities to investigate for the mutual effects of such
changes in data corresponding to an arbitrary but fixed index ¢ and an ac-

cordingly arranged index [; € {1, ..., d}:

5 —n+1 1 —-n+1 -n+l 2
Hi, (Uzﬂszi tA a0 U Uy, T Ai+6l7~,)

a8,00) oo
=n =n =N
z li (Uiféli’ LA U§+6li)
and
ry —n+1 2 -n+1 -n+1 1
H, (Uifszi TA 5 U T T A€+5zi>
a8,09) _ o
> o™ o ol
=z Hi (vi—éli’ Vi Vel

Note the arbitrary choice of m; and ms by a simultaneous change in the
data corresponding to the index set jﬁl \ {m1, ma}. Since there are also no
limitations concerning the choices of .J” and I, the procedure is well defined
and the proof is finished.

Proof (of Theorem 2)
Let a sequence u’ € Lo, be given. We then identify the finite values

a := inf u? and b:=supu

0
JjeJ jeJ J
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Since the source terms are pointwise bounded over the time interval (0,7) —
see assumptions (6) and (12), respectively — they are in both scenarios of
interest especially bounded by a finite number M with

T
/ lglloo dt < M.
0

Consequently, by the assumed monotonicity follows that the numerical solution
obtained via given data ug is bounded for all n with nAt < T by a™ < u™ < b"
with

aj :=a—M(>—-oco0)VjeJ and b} :=b+ M (<oo)VjeJ.

Proof (of Lemma 1)
Because the numerical scheme is consistent and conservative, the statement

Gi(v,vik) = gi(v V kv VE) = gi(v ANk, v A k) =sgn(v —k)[fi(v) — fi(k)]
holds by (22) for alll =1, ..., d and all k € R.

Proof (of Theorem 3)

Since the method is assumed to be consistent and conservative, there exist
numerical flux functions g;, [ =1, ..., d, so that one can construct numerical
entropy fluxes GG; by applying Lemma 1. Thereby, the consistency with the
entropy fluxes due to Kruzkov is given. It is left to show the validity of a
discrete entropy inequality. Therefore, let k£ € R be chosen arbitrarily but
fixed. By using the definition of G;, we derive

-3 e (i) -6 (o) )

_ +1 +1 +1
—H(led WLV Rl vk,uy+5lvk,u;vk)

+1 141 +1
H (L dwlth A ™ Ak, wlfd Ak, A) = [ = k]

Now we estimate the terms involving H by using the monotonicity properties
of the method. It is necessary to employ a diversion of the cases u”?™* > k and

j
u;-”rl < k.

(a) Case u}”l > ke

+0l

@) vk ZA {an (ups wfdv k) = o (wpth v e, wtt) )

+Atqn+1

H (z cd uj+;l Vi, T R LV Rl v k)
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At
P G o (57 ) o (% ) o v

=1

v

a)
u?“ = 7”1 Vk.

(b) Case u?“ < k:

H (L€ dwl b v ke v byl fh v ks g v k)

® u;vk—Z%{ (k ults \/k) (u?jgl vk, k)} + Atgy !
d
Z v {gz (k, k) = g1 (k, k)} + Atg; ™!

=1

Y

b
_ k+Atqn+1 (:) n+1 \/k+Atqn+1

(c) Case u}”‘l > k:

H (z € d, w7l Ak, Wl AR WL AR, ul A k)

qi (k, “?—t&ll A k:) - (u?féll Nk, k)} + Atq"Jr1
a At n+1
<k-> Ay o1 (ks k) = g0 (k. R)} + At

c
= k+ Atq}”‘l © u?“ ANk + Atq;”rl .

(d) Case u;”rl < k:

j+6l

(d) n d At n+1 n+1 n+ n+1
:uj/\k—ZA—wl{gl(uj ]+5l/\k) (Jél/\ku )}
=1

+Atqn+1

A
Z Axl { ( n+17 U‘;Li_éll) —q (U’;’Lj—ﬁll; u;z—‘,—l)} + Atq?"l'l
d)

H (L€ dwlh A ™ Ak, wlifh Ak, AR

IN

=

1
d
— ;’L-‘rl ( n+1 N k’

By combining all these cases, we obtain from (25) the inequality

d

=SS LG (g wthiw) - 6 (e i)}
=1
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+sgn [u) T — k] Atgl !
> u?"'l Vk— u;.”'l Ak —sgn [’U,;H_l — k] Atq;“rl
+sgn [ul T — k] Atg! T — Juf — k|

J
P g -]

= |“j

By construction, the procedure is well defined. Division by At gives the desired
discrete entropy inequality.

In the case of Scenario 2, the validity of the corresponding discrete entropy
inequality can be proven in the same way, resulting essentially from the mono-
tonicity of the method. The difference between Scenario I and Scenario 2 is
made up by substituting

d
ngn [ul ! — K] [Q}H_l = fi.,Gin+ 1)} for sgn [uj ™ — k] ¢f "
=1

with  fi,, (j.n+1) = fi,, (j(j), (n+ 1)At,ug+1) .

4 Implicit numerical methods

This section contains the theoretical investigation of a few selected implicit
methods. These are: (1) An implicit upwind scheme, (2) an implicit version of
the Lax-Friedrichs scheme and (3) an implicit Godunov-type method.

4.1 An implicit upwind method

The implicit formulation of the upwind method reads

d
i £ An {fl (uj ™) = f (“jﬁl)} + Atgi T (26)

We now employ the developed implicit notion of monotonicity.
To condition (18):

-Hl (a + Aaa ba C) - -Hl (a> bv C)
At At
— |- S 1) - e+ A0)]| - |- 55 [3) - Ao

At
= An [fila + Aa) — fi(a)] .
The condition (18) is fulfilled if f; grows monotonically for all I =1, ..., d.

To condition (19):
H (a,b,c+ Ac) — Hy (a,b, c)

At At
= |- 2 1) - 5@ - |- 25 (60 - la)l] =0 2 0)
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Thus, the condition (19) is always fulfilled and the implicit upwind scheme is
monotone if all the fluxes f; grow monotonically. This is a nice property of the
developed notions, since also the implicit scheme respects the direction of the
flow. Note that the f; do not need to be Lipschitz continuous to ensure the
monotonicity of the scheme.

4.2 The implicit Lax-Friedrichs method

We investigate the implicit Lax-Friedrichs scheme

n+1
U

d
n 1 n+1 n+1 n+1 At n+1 n+1
=+ {2 [“j—az = 2uy" + Uj+5z} T %Az, [fl(uj-i-él) - fl(uj—él)} :
=1

To condition (18):

H(a + Aa,b,c¢) — Hy(a,b,c) = %Aa + % [fila+ Aa) — fi(a)] . (27)

This expression is not positive or equal to zero without additional require-
ments.
To condition (19):

A

Hi(a,b,c+ Ac) — Hy(a,b,¢) = %Ac — ﬂ; [filc+ Ac) — file)] . (28)

Again this expression is not automatically positive or equal to zero. The re-
quirements (27) and (28) can be combined to

[filx + Az) — filz)| _ Az

< == l=1,...,dand VAz > 0.
yvs = v , ,dand VAz >0

Therefore, the implicit Lax-Friedrichs scheme is monotone only for Lipschitz-
continuous flux functions with Lipschitz constants L; < (Ax;/At). Note that
this can also be read as a condition on the time step size which does not
depend on the dimension, since each single one of the 2! conditions (18) and
(19) has to be satisfied and no coupling is involved. This is quite surprising (a)
because it is normally suggested that the numerical characteristics include the
whole domain in the case of implicit methods, and (b) since no dimensional
influence on the monotonicity property is obtained. In order to illuminate point
(a), we briefly review the discussion of the situation for the case of the linear
advection equation without sources in one dimension which is done in [5] in
much more detail. With respect to point (b), we demonstrate numerically a
similar behavior in two dimensions in order to illustrate the noted missing
dimensional dependence of the implicit monotonicity criterion.
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In the case of a linear flux f(u) = vu, the nonlinear system defined by the
implicit Lax-Friedrichs scheme degenerates to a linear system with A = At/Ax
given through

[—; — v;] u?fll + Qu?+1 + [—; + v;\] u;fll =uj. (29)
We investigate the structure of the tridiagonal matrix A = (a,;) defined by
(29). Therefore, let v be positive with v > (1/A) so that the formal mono-
tonicity property of the scheme is lost. Then the entries in the lower diagonal
ai+1,; always take on negative values while the entries in the upper diagonal
aii+1 are always positive.

We at first eliminate the entries in the lower diagonal a;1,;. The diagonal
entries of the matrix have to be modified accordingly, i.e. the diagonal entry
in the i-th row is modified via

new __ _old Qi i—1
i = G — i1 -
Aj—1,5—1

Thereby, note that we always have the situation
aii—1 <0, a;-1,-1>0, and a;_1,; >0,

so that al®¥ > a%? is always satisfied. Since the right hand side (b;) of the
investigated system incorporating the given data is modified via

R

bi:ui

bi—1,

Aj—1,5—1
data sets with uf > 0 Vk imply only positive possible changes in the values b;.
In particular, the values in the upper diagonal a; ;41 remain unchanged and
positive.

We now investigate what happens at a jump in given data uy from values 0
to 1 when backward elimination is applied in order to solve the system. There-
fore, we fix u} := 0Vj <4 and u} := 1Vj > 4. By the described procedure, it
is clear that the corresponding entries on the right hand side also show a jump
from 0 to 1 after the modification due to elimination of the lower diagonal
since b;_; = u]* ; = 0, so that no positive update in b; takes place. Backward
elimination results in

1
n+1
uit = (Wl g W) <0,
A 11 S~
—— =0 >0 =1
>0

so that the monotonicity is violated, as expected. The violation of the mono-
tonicity property can also be observed at jumps from high to lower values
within given data.

Concerning the two-dimensional situation, we consider the linear advection
equation

0 0 0
au(xayvt) + % ('U’LL(.’E,y,t)) + 87y (UU(.’E,yﬂf)) =0
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with grid parameters Ax = Ay = 0.1 and the initial condition

1 for (z,y) €[0,1] % [0,1] ,
0 else.

ute0) = {

The monotonicity condition yields that the chosen time step size At = 0.1 is
the largest one allowed for v = 1.0 in order to preserve the monotonicity of
the scheme, the same as would be in the one-dimensional case. See Fig. 1 for
a visualization of the monotone and monotonicity-violating property of the
method. Figure 2 gives a more detailed picture of the latter case.

Fig. 1 Numerical solutions of the linear two-dimensional problem after one time step with
v = 1 (left) satisfying the monotonicity condition and with v = 1.5 (right), resulting in a
monotonicity violation as in the one-dimensional case. The same behavior also occurs for
velocities 1 < v < 1.5, resulting in much less amplitudes of the violations.

Fig. 2 Plots showing in detail the monotonicity violation in the case At = Az = Ay = 0.1
and v = 1.5, obtained after one time step with the implicit Lax-Friedrichs scheme: The
maximum of 1.0 and the numerical solution (left) and the minimum of 0.0 and the numerical
solution (right).



Title Suppressed Due to Excessive Length 19

4.3 An implicit Godunov-type method

In the scalar case, a closed form of the exact solution of a Riemann-problem
was described by Osher [20]. Using this, a numerical scheme can be defined
via the d numerical flux functions

G minv<u<w fl(u) v S w,
v, W) = =U=
gr'( ) {maxw<u<1, filu) v >w.

Since the relative values of the test variables have to be compared within the
scheme, diversions by cases have to be employed.

To condition (18):

Generally, for Il =1, ..., d,

. - A
Hl(a + ACL,b,C) - Hl(a’aba C) - 7t

A(El [glG(a + Aa’a b) - glG(a7 b)}

holds. Since only the values b, @ and a + Aa are of importance, it is necessary
to investigate three cases for each [ € d.

1. Case: b<a<a+ Aa

At - o G At [

R _ = e— - >

gy 90 @+ A0l =g (@ b)] = 0| max | filu) - max filw) | 20
2. Case:a<b<a+ Aa

JAV . G AT , 1

Txl[gz (a+Aa,b)— g (a,b)] = An _bggi}imﬁ(u) - agligbfl(u)_ >0
3. Case:a<a+Aa<b

At g c A . |

Tm[gl (a+Aa,b)—g;(a,b)] = Arl _a+AH;.1§nu§bfl(u) —argnilglbfz(U)_ >0

Thus, the validity of the condition (18) is guaranteed without any additional
condition on the flux function. This can be verified analogously for condition
(19), so that the investigated Godunov-type scheme is monotone for general
continuous flux functions.

4.4 Convergence

Within this section, we prove convergence of the mentioned schemes under
the assumption that the conditions for monotonicity are fulfilled. We do this
in some detail for the implicit upwind method, since this is demonstrated
in the easiest fashion, and we refer to the differences concerning the proofs of
convergence with respect to the other methods afterwards. The same holds true
with respect to the type of sources employed in Scenario 2. Since part of the
convergence proof is technically identical to the proofs in the one-dimensional
case without sources described in [5], we refer to that work for more details.
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The basic idea of the convergence proofs is the following. Corresponding to
sequences Amf J 0 for k — oo, [ € d, we construct a monotonically growing se-
quence of discrete initial data. Then by the monotonicity of the method we get
a monotonically growing sequence of numerical solutions. Since we multiply
the initial function ug with an arbitrarily chosen but fixed test function with
compact support, we only have to consider ug over a finite domain. Because of
the assumption uy € Lo and since we have L-Stability, the corresponding
function sequence is integrable and bounded from above. Then we can use the
well-known theorem of monotone convergence of Beppo Levi to show conver-
gence (almost everywhere) to a limit function. More formally, we state the
following

Theorem 4 Let ug(x) be in Lo (Rd; R). Consider a sequence of nested grids
indexed by k = 1,2,..., with mesh parameters Aty | 0 and A:J:fC $ 0,1 =
1,...,d, as k = oo, and let ui(x,t) denote the step function obtained via the
numerical approximation by a consistent, conservative and monotone scheme
in the form of the discussed methods. Then ug(x,t) converges to the unique
entropy solution of the given conservation law as k — 0o.

Proof At first, the convergence to a weak solution of the conservation law
is established, followed by the verification that this weak solution is the en-
tropy solution. For brevity of the notation, we omit the arguments (x,¢) when
appropriate.

We employ sequences Aty | 0 and Azf | 0, assuming that the resulting
grids are nested in order to compare data sets of values, i.e. refined grids always
inherit cell borders.

The most important technical detail is the special discretization of the
initial condition ug € LX° (R? R). After a suitable modification on a set of
Lebesgue measure zero, the initial condition is discretized on cell j € J, i.e.
for

x € ((j1 — 1Ay, j1429] x ... x ((jg — 1) Az, jaAzy]

by
uf = inf  wup(x). (30)
x in cell j
Corresponding to the initial data we also define a piecewise continuous function
ug(x,0) == u?7 x in cell j. (31)

It is a simple matter of classical analysis to verify that the discretization
(30) together with (31) gives on any compact spatial domain a monotonically
growing function sequence with

klim up(x,0) = up(x) almost everywhere (32)
— 00

by application of the theorem of monotone convergence. In the classical fashion
using point values, we extract discrete test elements (b? out of a given test
function ¢ € C§° (Rd‘H; R). Additionally, we define for n > 1 the step function

ug(z,t) = uj, x in cell j, Tt <t <t
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In the following, let the test function ¢ be chosen arbitrarily but fixed.
Multiplication of the implicit upwind scheme (26) with At* Hle Azl as

well as with the discrete test element (/5}”’1, summation over the spatial indices

j € J and the temporal indices n > 0, and finally summation by parts yields

n+1 ¢n+1

k ¢n+l — (bn n+1 ¢j+5l J
At HAxl >3 +Zfl At

je€J n>0
=— H Azl Z u0¢>0 + At H Az Z q”Jrl ?H'l (33)
jeJ jeJ

By the definition of the introduced step functions, (33) is equivalent to

(x,t + AtF) — pr(x,t)
/R+ /]Rd |:Uk Atk
d

Ok (x + Axf t + Ath) — ¢p(x,t + AtF)

g L (ug(x, t 4 AtF)) Ak dx dt
/ (x,0)r(x,0)dx
+/ / 0k (5, 1+ AtF)pp(x, £+ AF) dx (34)
R, JRd

We now prove convergence of (34) to the form which implies that « is a weak
solution of the original problem, see (7). 3

We first investigate the right hand side of (34). Set A := max;eq Az) and
let

K::{(X,t)|3(y,t)€Supp(¢):t:O&yl—A§w1§y1+AVZEQ}.

By construction, K is compact and gives the largest possible spatial domain
where non-zero discrete initial data may occur. Adding zeroes, we now cast
the problem into a more suitable form, namely

/ uk(x,O)ék(x,O)dXZ/ uo(x)p(x,0) dx

Rd K
—|—/Kuk(x, 0) [pr(x,0) — ¢(x,0)] dx

+ / s (x,0) — o (x)] $(x, 0) dx. (35)
K

Because of ug € L>(R% R) and by our construction, we can estimate the
absolute value of the second right hand side term in (35) by the help of a
constant M, < oo:

‘ [ x.0)[91x,0) = 6(x,0)] dx

< My |K| sup |¢r(x,0) — ¢(x,0)[ . (36)
zeK
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Since ¢ is a smooth test function, it is a simple but technical exercise to show
llor(x,0) — p(x,0)||]c = 0 for k— oco. (37)

By (36) and (37), the investigated term tends to zero with k¥ — oco. Since ¢ is
continuous and since ug(x,0) approaches ug(x) from below by construction,
we can estimate the absolute of the third right hand side term in (35) with
the help of a constant My < oo by

’/K [ur (%, 0) — uo(x)] ¢(x, 0) dx

< M¢/Ku0(x) — up(x,0)dx.

The theorem of monotone convergence implies that

/ uo(x) — ug(x,0) dx
K

vanishes in the limit for & — oo, i.e. the corresponding term in (35) goes to
zero for k — oco. To condense these results, we obtain

lim ug(x,0)or(x,0)dx = / uo(x)o(x,0)dx.

k—oo Jpd Rd

It remains to show
/ / are(x,t + AtF) o (x,t + At*) dx dt ki’f/ / q(x,t)p(x,t) dx dt .
Ry JRd Ry JRd

This result can easily be achieved by analogously introducing a compact do-
main S C R? including the support of ¢ in space and time, setting for n > 1
(n = 0 is not relevant since ¢(-,0) = 0)

q(x,t)

q; = inf
(x,t) with x in cell j and ¢ in (tn—At0,¢7]
and using a similar manipulation as for the terms involving ug.

Concerning the left hand side of (35), adding zeroes and using the attributes
of test functions together with the L..-stability of uy yields that we finally have

to show

k—o0

lim /|u(x, t) — u(x,t)| |p(x, t)| dx dt 20 (38)
s

and also for all [ € d

k—oc0

lim /S|fl(u(x, t)) — filue(x,t + AtF))| ‘;‘mgb(x, t)‘ dxdt "= 0 (39)

in order to prove convergence to a weak solution. Since ¢; is continuous on
S, we can estimate |¢;| in (38) by a constant M; < co. Since ug(x,t) grows
monotonically with k& — oo in the sense of pointwise comparison, and since
it is positive and bounded from above because of ug € Loo(S) and the mono-
tonicity of the method, the function sequence (ux(x,t)),n converges almost
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everywhere to an integrable limit function on S by the theorem of monotone
convergence due to Levi. We set

u(x,t) = kli_}ngouk(x, t).

Introducing exactly this limit function as the function u(x,t) used up to now,
the corresponding term in (38) becomes zero in the limit:

lim /S lu(x, ) — u(x,8)] |ge(x, )] dxdt

k—o0

< Mt/ u(x,t) — lIm wug(x,t)dxdt =0.
S k—o0

Note that the pointwise convergence uy — u almost everywhere is now estab-
lished and can be used in the following proofs. For proving (39), we need some
further simple manipulations. We use again the continuity of the derivatives
of ¢ to introduce constants M! < oo to obtain

/!fz(u(x,t)) — filup(x,t + At%))] ‘aaqb(x,t)‘ dxdt <
S T
M i (x,0) ~ lute )] dxds
S
JFMi/SUl(Uk(X,tJrAtk)) — filug(x,t))| dxdt (40)

for all I € d. We now discuss the first right hand side term in (40). Since by
construction uy and u are in Lo (S), we can estimate every

| filun(x, ¢+ A%)) = filun(x,1)]

over S from above by a constant M } < oo because of the continuity of the f;
on the compact set of possible values. Then the functions

ML, (x,t) €S
! — fo )
My (x,1) : { 0 , otherwise ’

are in L1 (R? x Ry; R) and dominate |f;(ug(x,t)) — fi(u(x,t))| for all [ € d
and all k. Because of the established pointwise convergence uy — wu a.e., we
can apply the theorem of dominated convergence by Lebesgue to obtain for
all

lim M, [ |fi(ur(x,t)) — fi(u(x,t))| dxdt =0. (41)
k—o0 S
Now we discuss the second right hand side term in (40). Since by construction
uy is a step function with finite values on the compact domain S, uy is in

L1(S). Since the f; are continuous, also fjouy are in Lq(.S). By the continuity
in the mean of Li-functions, there exist §;(¢) for all € > 0 with

L’fl(uk(x7t+Atk)) Sl )] dxed < e,
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if AtF < §;(¢). Since AtF | 0 for k — oo, € can be chosen arbitrarily small, i.e.
Mz/ i (.t 4+ AY) — fuu(x, )] dxdt = 0 for k= o0 (42)
s

holds for all I € d. By (41) and (42) the assertion in (39) is proven. Since
the test element ¢ was chosen arbitrarily, convergence to a weak solution is
established.

We have now to show that exactly this weak solution is the unique entropy
solution in the sense of Kruzkov. Therefore, we derive in a similar fashion as
in the derivation of (33) the weak form of the discrete entropy condition (21)
connected with the implicit upwind scheme using Lemma 1 and Theorem 2.
It reads

— Atk H AzF Z|u - k:\gbo

jeJ
—AtF H AzF Z Z sgn "H ) q?“gzﬁ?“
jeJ n>0
¢”+1 -9
< 2t [Lan T3 g -5
jeJn>0

d ¢1}+1 _ ¢n+1
+sgn (uf ™t — k) Y { ™) = 1] = H - (43)
=1

Using the established convergence uy — u a.e. of the function sequence gene-
rated by the numerical method for At* | 0 and Amf 10 for all [ € d, we now
prove convergence of (43) towards the form of the entropy condition due to
Kruzkov (8). Therefore, we have to consider arbitrarily chosen but fixed test
elements composed of a test function ¢ with ¢ > 0, ¢ € C°(R¥*L; R), and a
test number k € R.

Using the same notation and applying a similar procedure as in the case
of the convergence proof to a weak solution, we first want to prove

lim M¢/ |[ur(x,0) — k| — |uo(x) — k|| dx = 0. (44)
k—o0

Since k is fixed and wug(x,0) and uy bounded, one can find a constant function
over the compact interval K which dominates the integrand for all k. Then
(44) follows by the use of the already established convergence ux(x,0) — ug(z)
a.e. and the theorem of dominated convergence by Lebesgue. We also have to
treat

lim / / sgn (ug(x,t+ Atk — k) qr(x,t + AtR)(x,t + At*) dx dt .
Ry JRE

k—oc0

Therefore, we expand the factor ¢(x,t + At*) by adding zeroes in the form
S(x, b+ At*) = g(x, t + At*) — p(x, 1) + d(x, 1) .
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Convergence of the integrals involving the factor ¢(x,t + AtF) — ¢(x,t) tend
to zero. This follows by estimating sgn, uj and g from above and using the
usual properties of test functions. In a similar fashion, we expand the fac-
tor sgn (ug(x,t + At*) — k), adding zero in the form —sgn (ux(x,t) — k) +
sgn (ug(x,t) — k). The proof that the integrals involving the expression of the
form sgn (uy(x,t + AtF) — k) — sgn (up(x, t) — k) vanish follows from the con-
tinuity in the mean of Li-functions. Again similarly, we expand in the form
Qe (Xt + AtF) = qu(x,t + AtF) — q(x,t + AtF) + q(x,t + AtF) and use the
concept of monotone convergence due to Beppo Levi to obtain convergence to
zero of the integrals involving g (x, t + At*) — q(x, t + At*). Lastly, the proof of
convergence of q(x,t + At¥) to ¢(x,t) under the integral follows from the con-
tinuity in the mean of L;-functions. The technical details only require to take
all expansions obtained by taking suitable zeroes into account and eliminating
all integrals which involve discrete notions. The other terms left to investigate
are

/|uk(x,t) — k| ¢¢(x,t)dxdt and
s

d
/Sngn [ur(x,t + AtF) — k] [fi(ue(x,t + AtF)) — fi(k)] aixlgb(x,t) dxdt.

=1

The procedure is the same in both cases. Since the occurring derivatives of ¢
are continuous, we can estimate these over the compact domain S by finite
constants. Since k is a fixed value (and so is fi(k) for all | € d), since uy(x,t)
is bounded and because the f; are continuous over the bounded interval of
possible values of u; (due to the established L.-stability), we can also give
constants which estimate all the expressions involving uy from above. Using
the product of these finite constants as dominating function over S as well as
up — u a.e., we employ the theorem of dominated convergence to receive the
desired result for the implicit upwind scheme.

In the case of the implicit Lax-Friedrichs method, we have to assume Lip-
schitz continuity with a Lipschitz constant L < 1/\ of the flux functions so
that the method is monotone. In comparison to the implicit upwind method,
the difference in the corresponding weak forms are made up from

At - At .
,T’“ ug(x,t + At*)$ dx dt and ka/ |uk(x,t+Atk)fk|¢dxdt,
s s

respectively. Thereby, ¢ converges in the Lo-Norm to 832 ¢(x,t) which is con-
l

tinuous since ¢ € C’(?O(Rd“; R). Thus, the corresponding term can be esti-
mated from above by a constant over the compact domain S. Since k is fixed
and ug(x,t) is bounded as usual, both expressions vanish with At* | 0.

With respect to the described implicit Godunov-type method, we use a
similar procedure as in the case of the implicit Lax-Friedrichs methods, namely
to write down the differences in the weak forms to the case of the implicit
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upwind method. These are made up from

{ (98 @IV By H v k) — g (T A R ul Tl AK)]

$iie — o7
—sgn (u) T — k) [fi(u) ) = fi(k)] }% (45)
¢n+1 _ ¢n+l1
and  [gf (uf  up ) = il ] S (46)
l

Since g¢ is continuous in the components and uy(x,t) € Li(S), the g& o uy
are also in L1(S). After introducing step functions as usual, the expressions
incorporating g from (45) give values fi(§) with

& € Jup(x,t + AtF), up(x + Azk t + AtF)
or & € |ugp(x + Azl t + AtF) ug(x,t + AtF)] |

respectively. The integrals over the terms corresponding to (45) then go to
zero with k& — oo because of the continuity in the mean of glG o up. The
idea for proving convergence to zero concerning the integral of the expressions
corresponding to (46) is the same.

Concerning Scenario 2, the described strategy is fully transferable by em-
ploying accordingly the notions developed in section 3.

5 Numerical tests

In order to show the applicability of the developed notions, we investigate
numerically a number of test cases which were employed within the literature
in various contexts. In contrast to the cited examples from [21,12] we do not
employ any further manipulations of the problem or on the numerical side, we
simply rely on the straightforward application of the implicit Godunov-type
method in all cases.

We remark that the notions we developed reduce in the one-dimensional
case without sources to the notions described within [4,5]. In that works,
especially the applicability of implicit schemes with respect to a conservation
law given in [15] was shown where the solution features a rarefaction wave
extending in an arbitrarily small time step to infinity. Thus, the applicability
of the described concept is already established in the case without sources,
where the flux is merely continuous and where a meaningful CFL-condition
does not exist. With the numerical tests documented in this section, we focus
on the theoretical extensions developed in this paper.

First, we employ a one-dimensional conservation law featuring as a partic-
ular problem a point source depending on space and time. This test case was
used in [21] to show experimentally convergence to the entropy solution. In
contrast to the scheme used in their work, for our scheme convergence to the
entropy solution is guaranteed.
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At second, we consider a couple of model problems featuring spatial de-
pendent sources having the form of the derivative of certain functions. These
model problems were used in [12] in order to show numerically convergence
to steady state solutions featuring various difficulties which is in contrast to
the first unsteady example. Moreover, since we use the described Godunov-
type scheme, we do not rely on a CFL-like condition as in [12] which greatly
restricts the time step size, an annoying aspect in steady state calculations.
Note also that we simply employ the described implicit method without any
further improvements as done with the explicit method employed in [12] for
which convergence was not guaranteed.

While the first two examples could be identified as belonging to Scenario
1, the third test case refers to Scenario 2. It consists of a one-dimensional
model problem featuring a parameter dependent source term depending also
in a nonlinear way on the solution. This model problem was used by LeVeque
and Yee [18] to illuminate numerical difficulties in the case of stiffness.

As fourth and last example, we show numerical results of a two-dimensional
problem used in [11] which exhibits all principal difficulties encountered when
dealing with hyperbolic equations. As in the second example, the implicitness
of our methods is advantageous in order to calculate the steady state solution.

In all examples, nonlinear systems of equations of the form F(x) = 0 with
F(z):R™ — R™ for some n,m > 1 arise which have been solved numerically
with an iterative solver. Precisely, we used the Matlab subroutine fsolve of the
optimization toolbox (www.mathworks.com/help/optim/ug/fsolve.html). By
default the Powell’s dogleg algorithm (a trust-region method) is used (see
www.mathworks.com /help/optim /ug/equation-solving-algorithms.html for a
detailed description of how this method are defined and how they work).

5.1 Example 1
The one-dimensional scalar conservation law under consideration is
0
Eu(w,t) + %u(x,t) = sin(7t)d(z — 0.1), =z € (0,1), t>0,
with  ug(z) = u(x,0) =0Vz € (0,1) and u(0,t)=0Vt>0.
The exact solution is given in [21] and reads

(2,1) = ug(x —t) cx<0lorxz>01+4t¢,
UEE = Vsin(m(01+t—a) +up(z —t) 1 01<a <01+t

By Fig. 3, we can compare the exact and numerical solutions obtained with
the implicit upwind method in the same situations as displayed in [21], using
also exactly the same grid parameters. They used Az = At = 1/20 and
Az = At =1/40 in the three moments t =1/4, ¢t =1/2, and t = 1.

Relating to the method used in [21], our scheme is overall much more
viscous. This is as expected since Santos and Oliveira especially sought a good
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025

1025

Fig. 3 The columns show the numerical solutions (dashed lines) in comparison with the
exact solution (continuous lines). The situations displayed in the right column are obtained

using a grid twice as fine as in the left column.

accuracy of their method. We also observe experimentally convergence to the
correct solution by our method, documented by the bottom pictures within
Fig. 4 showing results of analogous computations with a more refined grid.

5.2 Example 2

The conservation law generally under consideration is

0 (1
x

2

u(x,t)2) =¢q.(z), z€R,t>0,
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Fig. 4 The first and third state from Fig. 3 revisited, this time obtained via numerical
approximation using a grid ten times as fine as in the left column of Fig. 3.

which is used featuring different sources and initial conditions resulting in
various difficulties. The source terms in use are

0, r<—1, 0, r<-—1,
q(x) = { cos? (mx/2) , -1 <z <1, &q(x) =< —cos? (rx/2) , -1 <z <1,
0, 1<z, 0, 1<x.
The initial conditions in use are
0, xx<-1,
u(z,07) =0, —oo < <00, u(z,0")={1,-1<x<1, and
0, 1<z,
0, z<-1,
u(r,0M) =< -1, 1<z <1,
0, l<x.

The following four experiments are analogous to the ones in [12], using
exactly the same grid parameters as initially in [12] where later on spatial
regridding was used in order to obtain sharp shock profiles. We use the implicit
Lax-Friedrichs method with dx = 0.025 and ét = 0.0125.

In the Figs. 5 and 6, we show in all test cases from top to bottom the nu-
merical solutions obtained by using our method at times ¢ = 0.2, 0.5, 1.0 and
3.0 (line featuring small circles) together with the stationary solution (contin-
uous line). Thereby, different experiments correspond to different columns of
pictures.

Concerning the first experiment, the numerical solution is almost identical
to the exact one except at the point x = 0.0 where a grid point is located
exactly on the shock front. With respect to the other experiments, the numer-
ical solutions exhibit slightly smeared shocks while they are otherwise quite
accurate. Comparing with the numerical results shown in [12], not employing
a regridding procedure results in slightly smeared shocks. Further numerical
experiments have shown that we can employ much larger time steps — usually
of about 20-30 times the one used for the presented experiments — without
degrading our numerical solution.
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Fig. 5 Experiments one (left) and two (right).

5.3 Example 3

The conservation law under consideration is

%u(:ﬂ,t) + %u(m,t) = —pu(z,t) (u(x,t) - 1) <u(x,t) - ;)
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Fig. 6 Experiments three (left) and four (right).

which exhibits a nonlinear source term with an increasingly stiff behavior for
1 growing large.

Our numerical investigations are completely analogous to the ones in [18].
The experiments consist of the numerical solution of a Riemann problem whose
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exact solution features a shock front moving from x = 0.3 to x = 0.6 after
a couple of time steps, see Fig. 7. For small and medium pu, the numerical
solution shows the correct behavior incorporating numerical viscosity; note
the sharpening and slight translation of the shock approximation for p = 100,
an effect of the increasing stiffness of the source term. For p = 1000 the usual
problem is faced, see [18] for details. This experiment shows that although the
discussed methods are generally capable to deal with non-linear sources, they
are not recommended without modification for stiff problems even though they
are fully implicit. Of course, grid refinement results in the approximation of
the correct solution as expected.

Fig. 7 Numerical solutions of a conservation law exhibiting a nonlinear source term with
an increasingly stiff behavior for a large parameter p (dashed lines) compared with the
exact solution (continuous lines) with a step function as the initial condition. The pictures
correspond from left to right and top to bottom to the choices p = 1,10, 100, 1000.

The reason why we show the four graphs in Fig. 7 is to directly compare
them with [18, Figure 2]. We are able to obtain well-behaved solutions whereas
the method in [18] uses limiter to avoid oscillations close to the discontinuity
at x = 0.6.

6 Summary and conclusive remarks

In this paper, we have introduced a new concept for implicit methods for scalar
conservation laws in one or more spatial dimensions which may also include
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source terms of different type. We developed implicit notions that are centered
around a monotonicity criterion and show the relation between a numerical
scheme and a discrete entropy inequality. We investigate in detail three im-
plicit methods and give a convergence proof. Hence, we extend the rigorously
verified range of applicability of those three implicit numerical methods. By
numerical experiments we have shown the validity and usefulness of our the-
oretical results.
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