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Abstract This paper deals with the numerical approximation of one-dimensional hyper-
bolic systems of balance laws. We consider these systems as a particular case of hyperbolic
systems in nonconservative form, for which we use the theory introduced by Dal Maso,
LeFloch and Murat (J. Math. Pures Appl. 74:483, 1995) in order to define the concept of
weak solutions. This theory is based on the prescription of a family of paths in the phases
space. We also consider path-conservative schemes, that were introduced in Parés (SIAM
J. Numer. Anal. 44:300, 2006). The first goal is to prove a Lax-Wendroff type convergence
theorem. In Castro et al. (J. Comput. Phys. 227:8107, 2008) it was shown that, for general
nonconservative systems a rather strong convergence assumption is needed to prove such
a result. Here, we prove that the same hypotheses used in the classical Lax-Wendroff the-
orem are enough to ensure the convergence in the particular case of systems of balance
laws, as the numerical results shown in Castro et al. (J. Comput. Phys. 227:8107, 2008)
seemed to suggest. Next, we study the relationship between the well-balanced properties of
path-conservative schemes applied to systems of balance laws and the family of paths.

Keywords Hyperbolic systems of balance laws - Hyperbolic nonconservative systems -
Path-conservative schemes - Convergence - Well-balanced schemes
1 Introduction

This paper is concerned with the numerical approximation of Cauchy problems for one-
dimensional systems of conservation laws with source terms or balance laws

Ui+ F(U)x =SU)oy, (1.1)
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where U (x,t) € 2, being Q an open convex set of RV, o (x) is a known function from R
to R, F is a regular function from €2 to RY, and S is also a function from 2 to R".

It is well known that standard methods that solve correctly systems of conservation laws
can fail in solving (1.1), specially when approaching equilibria or near to equilibria solu-
tions. In the context of shallow water equations Bermiidez and Vazquez-Cendén introduced
in [6] the condition called C-property: a scheme is said to satisfy this condition if it solves
correctly the steady-state solutions corresponding to water at rest. This idea of constructing
numerical schemes that preserve some equilibria, which are called in general well-balanced
schemes, has been studied by many authors. The design of numerical schemes with good
properties for problems of the form (1.1) is a very active front of research, as PDE systems
of this nature arise in many flow models: see [8] for a review on this topic.

Here, the strategy to derive well-balanced stable numerical methods for (1.1) will consist
in writing first the system in the more general form

W+ AW)W, =0 xeR, t>0. 1.2)

The main advantages of this approach is that it allows one to discretize the system as a
whole, making thus easier to balance correctly the numerical flux and the source terms.

The major difficulty of solving general systems of the form (1.2) comes from the presence
of the nonconservative product A(W)W,, which makes difficult even the definition of the
weak solutions. After the theory developed by Dal Maso, LeFloch and Murat [12] a notion of
weak solution can be introduced for which the equality (1.2) is satisfied in the sense of Borel
measures. This notion is based on a family of paths in the phases space, whose selection is
important, as it determines the speed of propagation of the discontinuities. The choice of
an appropriate family of paths may be a difficult task. Although in physical applications it
should depend on the problem under consideration and it could be suggested by an argument
of regularization, it is natural from the mathematical point of view to impose this family to
satisfy some conditions (see [23]). It turns out that, in the particular case of systems of
balance laws, these conditions are enough to determine the family of paths, as least for close
enough states, as it will be seen is Sect. 2.

The introduction of a family of paths not only gives a way to properly define the con-
cept of weak solutions of nonconservative systems: a theoretical framework for the design
of finite difference methods for systems of the form (1.2) has been introduced in [25]. This
framework is based on the concept of path-conservative numerical scheme, which is a gen-
eralization of the usual concept of conservative method for conservation laws.

A basic requirement concerning the convergence of a numerical scheme is the following:
if the approximations produced by the scheme converge to some function as the mesh is
refined, then this function should be a weak solution of the system. In the particular case of
systems of conservation laws, the classical theorem of Lax-Wendroff [21] gives the answer
to this problem: conservative numerical methods have this property. Moreover, in [19] or
[13] some negative results have been shown concerning the failure of the convergence of
nonconservative schemes to weak solutions of conservative problems. These convergence
difficulties have also been discussed recently in [2]. In [26] a Lax-Wendroff type theorem has
been proved for a class of consistent numerical schemes for solving scalar conservation laws
with a source term. In [10] it has been proved that, for general nonconservative systems, if
the approximations produced by a path-conservative numerical scheme converges uniformly
in the sense of graphs, then the limit is a weak solution according to the same family of paths.
Unfortunately, this notion of convergence is too strong to expect the solutions produced by
a finite-difference type method to converge in this sense and, in practice, the limit of the
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approximations satisfies a perturbed problem in which an error source term supported on
the discontinuities appears.

The first goal of this paper is to prove that, for systems of balance laws (1.1) with
smooth enough o, a Lax-Wendroff type result can be proved for path-conservative numer-
ical schemes assuming the same hypotheses of convergence of the classical theorem for
conservative problems. Together with the hypothesis concerning the convergence of the ap-
proximations, some minimal assumptions both on the chosen family of paths and on the
numerical scheme are required, so that if o is constant the usual notion of weak solution and
a conservative numerical scheme are recovered.

In general, the assumptions on the family of paths required to prove the Lax-Wendroff
theorem are not enough to ensure the well-balanced property. The second goal of this article
is to present some general results showing that, in order to obtain well-balanced schemes,
some further assumptions have to be imposed to the family of paths, concerning the relation-
ship between the paths and the integral curves of the linearly degenerate field of the system
associated to the null eigenvalue.

The organization is as follows: in Sect. 2 we present the reformulation of (1.1) as a
system of the form (1.2) and discuss the definition of weak solutions and the choice of
paths. In Sect. 3 the notion of path-conservative numerical schemes is recalled and applied
to the particular case of a system of balance laws. Moreover, the schemes that reduce to a
conservative method when o is constant are characterized. Next, in Sect. 4 the Lax-Wendroff
type result is proved. Some general results concerning the well-balanced property of these
schemes are presented in Sect. 5. Finally, some examples of path-conservative schemes for
systems of balance laws are recalled in the last section.

2 Weak Solutions

We consider system (1.1). In order to write the system in form (1.2) we add the trivially
satisfied equation

0, =0,

as it has been done previously by several authors: see for instance [16, 18, 22]. The aug-
mented system is equivalent then to (1.2) with

U JWU) —-SWU
W:|: :|, A(W):|: @ ( )i|, (2.1
o 0 0

being J(U) € My (R) the Jacobian matrix of F(U),
JU) = or )
U
Notice that, once the problem has been written in this form, the actual value of o is given

by the initial conditions.
Let us suppose that matrix J(U) has N real distinct eigenvalues

MU) < <inU)
with associated eigenvectors

R (U),...,Ry(U).
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If we assume that these eigenvalues do not vanish, then system (1.2), (2.1) is strictly
hyperbolic, since A(W) has N + 1 real distinct eigenvalues

T W), oo Ty (W), Ky a (W)
given by
MW =nU), i=1,...,N;  Gyp(W)=0.
These eigenvalues have associated eigenvectors
Ri(W), ..., Ry(W), Ry11 (W)

given by

~ R;(U ~ JU)'sw

The (N + 1)th characteristic field is linearly degenerate and we will suppose, for the sake
of simplicity, that it is the only one.

The integral curves of the first N characteristic fields are given by the solution of the
o.d.e. systems

W_rwy., oo iz1...n 2.2)
ds - 1 b ds - 9 l - 9 9 .
and those of the (N + 1)th field by the solutions of

dUu

— =JW)'sW). (2.3)

do

These last integral curves are strongly related to the stationary solutions of the system: in
fact, stationary solutions are obtained by parametrizing in terms of x these curves. Indeed,
taking x as a parameter in (2.3), we obtain:

J(U)d—U —S(U)d—a
dx dx’

or equivalently
FU), =8U)oy,

which is the system satisfied by a stationary solution.

In the case in which some of the eigenvalues of J(U) vanishes, system (1.2), (2.1) be-
comes nonstrictly hyperbolic. For these resonant problems, the definition and the analysis
of weak solutions are much more difficult. In particular, Riemann problems may have more
than one entropy solution (see [4, 14]). In this work, we will only consider the strictly hy-
perbolic case.

Notice that, when o is discontinuous, the source term S(U)o, does not make sense in
the distributional framework. Even if here we are mainly interested in problems in which o
is continuous, it is interesting to consider the more general case for two reasons. On the one
hand, in the numerical schemes considered here, piecewise constant approximations of o
will be considered. Therefore, numerical schemes based on approximate or exact Riemann
solvers have to deal with the difficulty related to the lack of sense of the source term. On the
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other hand, as we shall see, the well-balanced property of the numerical schemes is strongly
related to their ability to handle with the contact discontinuities added to the system when o
is allowed to be discontinuous.

Let us thus consider the general case in which o is discontinuous. In order to define the
weak solutions of (1.2), (2.1) according to the theory developed in [12] a family of paths @
in 2 x R has to be chosen, i.e. a locally Lipschitz map

®:[0,1] x (2 x R) x (2 x R) = (2 x R)
satisfying some natural properties, as:
5(0; Wi, Wg) =W, 5(1; Wi, Wg) = Wk,

or

d(s; W, W)=W, Vsel0,1].

Ur Ur
W, = ., Wr=
oL OR

for the states W; and Wy and

‘We will use the notation

~ d(s; W, W
@(s;WL,WR)z[ (53 W, Wi }

Dyy1(s; Wi, Wg)
where
Dy (s; Wi, Wg)
D(s; Wi, Wg) = )
Dy (s; Wi, Wr)

for the paths connecting both states.

The family of paths @ allows one to give a sense to the nonconservative product A(W) W,
as a Borel measure for W € (L®°(R x RT) N BV (R x RT))N*!, denoted by [A(W)W,]o.
Given a time ¢, the Borel measure related to the nonconservative product is defined as fol-
lows:

ow ow
<[u4(W(-,t))—8 (-J)] ,</>>=/A(W(x,t))—(x,t)w(X)dx
X 3 R ax

| ~
~ o
+y ( / AB(s3 W, W)= (5 W, w,,t)ds)w(xm(t», Vg € Co(R).
m 0 S
2.4)
In the above equality, the expression W, appearing in the first integral represents the point-
wise derivative of W (-, t); x,, () are the locations of the discontinuities of W at time ¢; W,

and W,T are respectively the limits of W to the left and to the right at the mth discontinuity
at time ¢; and Cy(IR) is the set of continuous maps with compact support.
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A function W e (L®(R x R*) N BV (R x R*))¥*! is said to be a weak solution of (1.2),
(2.1) if it satisfies the equality

W aw
L [A(W)W] —o. @5)

(]

Across a discontinuity, a weak solution must satisfy the generalized Rankine-Hugoniot con-
dition:

. ~
/ (E1d — A(D(s; W™, Wﬂ)%(s; W=, Whyds =0, (2.6)
0

where & is the speed of propagation of the discontinuity, /d is the identity matrix, and W~
and W are the left and right limits of the solution at the discontinuity.

Notice that, in this particular case, by using the structure of matrix .4, it can be easily seen
that the (N + 1)th component of the right-hand side of (2.4) vanishes and, for differentiable
test functions, the first N components reduce to:

—/RF(U(x,t))gvx(X)dx —/H{S(U(X))Gx(x)w(X)dx—Zsa(WJ,WJ)w(xm(t)), 2.7

where
Sg: (2 xR) x (2 xR) - RY
is defined by:
! 0dy
Se(Wr, Wg) :/o S(P(s; Wi, Wg)) 3s (s Wi, Wg))ds. (2.8)

In the same way, the generalized Rankine-Hugoniot condition (2.6) reduces to:

!E(U+ —U)=FU")—-FU") - Ss(W~,WH),
(2.9)

E(ct—07)=0.

According to the second equality in (2.9), the discontinuities appearing in weak solutions
have to be either stationary (§ = 0) or develop in regions where o is continuous.

As it occurs in the conservative case, not any discontinuity is admissible. Therefore, a
notion of entropy solution has to be assumed. Let us suppose for instance that there exists
an entropy pair, i.e. a pair or smooth functions (n(U), G(U, ¢)) such that 5 is convex and

wGWU,0)=VnU) - JU), 8GU,0)==Vnl)-SU),

for every U and o. Then a weak solution is said to be an entropy solution if it satisfies the
inequality

anU) n aG(U, o) -

Jt ax -

0

in the distributions sense.
When an entropy pair is not available, the classical shock conditions of Lax can be con-
sidered to define the notion of entropy solution.
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Even if any arbitrary choice of the family of paths allows us to give a consistent mathe-
matical meaning to the weak solutions, it is natural to impose some requirements. Following
[23], we impose the family of paths ® to satisfy the following assumptions:

H1 If Wi and Wy are such that op = og =0, then

Dypi(s; W, We)=0 Vsel0,1]. (2.10)

H2 Given two states Wy, and Wy belonging to the same integral curve y of the linearly
degenerate field, the path ®(-; Wi, Wg) is a parametrization of the arc of y linking W and
Wkg.

H3 Let us denote by RP C (2 x R) x (2 x R) the set of pairs (W, Wgr) such that the
Riemann problem

W, + AW) W, =0,
Wr ifx <O, (2.11)

W 0) = {WR ifx >0,

has a unique self-similar weak solution composed by at most N + 1 simple waves (i.e. en-
tropy shocks, contact discontinuities or rarefaction waves). Let Wi g denote the limits to
the right and to the left of x = 0 of the solution of (2.11). Then, given (W, Wg) € RP, the
curve described by the path ®(-; Wy, Wg) is equal to the union of the paths linking the pairs
(WL, W )y (W o W), and (W] g, W).

Proposition 2.1 If we assume that the concept of weak solutions of (1.2), (2.1) is defined
on the basis of a family of paths satisfying hypotheses (H1)—(H3), then:

@ If
:[U]
o

is a weak solution of (1.2), (2.1) with o constant, o (x) = &, then U is a weak solution,
in the usual sense, of the conservative problem

U+ FU),=0. (2.12)

(ii) Given two states Wy and Wy belonging to the same integral curve of the linearly de-
generate field, the stationary contact discontinuity given by

Wiy = We ¥x<0 (2.13)
Wr ifx >0,

is a weak solution of (1 2), 2.1).
(i) If (W, Wg) belongs to RP, then:

. P
/ A(D(s; W, WR))—a (s; Wr, Wr)ds
0 S

(2.14)

~ [nU;R) — F(Up) + F(Ug) — F(UZR>]
= 0 ’

where U,f g Tepresent the first N components of Wf R
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Proof To prove (i) observe that (H1) implies
Seg(Wr,Wg)=0 ifo, =o0. (2.15)

Therefore, when o is constant, (2.7) reduces to:

—/ FU(x,0)@x(x)dx,
R

and the usual definition of weak solution is recovered.
Next, to prove (ii) notice that (H2) implies that, given two states W, and Wy belonging
to the same integral curve of the linearly degenerate field, one has:
~ B
A(D(s; Wy, WR))K(S; Wi, Wg)ds =0, (2.16)
and then (2.13) trivially satisfies (2.5).

Let us finally prove (iii). Notice first that (i), (ii) imply that the simple waves of the system
are: (1) contact discontinuities standing on a discontinuity of o and linking two states that
belong to the same integral curve of the (N + 1)th characteristic field; (2) rarefaction waves
associated to the first N characteristic fields; and (3) entropy shocks also associated to the
first N characteristic fields evolving in regions where o is continuous. Due to the hypothesis

of strict hyperbolicity of (1.2), (2.1) these shocks cannot be stationary and due to (2.15), they
satisfy the usual Rankine-Hugoniot conditions

EUY-U)Y=FUY)—-FU).

Therefore, given (W, Wg) € 7?75, the only possible discontinuity at x =0 for t > 0
would be a stationary contact discontinuity linking two states W, , = [U[ p,0r] and
WZ R= [UZ g Or] belonging to the same integral curve of the linearly degenerate field.
Taking into account (H3) we have:

o 3P
/ A(D(s; Wi, WR))a—(SQ Wi, Wr)ds
0 S
o 0D _
=), A(¢(S§WL7WL,R))¥(S; Wr, Wy p)ds
L E - + 29 - +
+ A A(D(s; WL’R, WL,R))K(S; WL’R, WL,R) ds

b b
+ A(D(s; WL,Ra WR))K(S; WL,R’ Wgr)ds. 2.17)
0 R

The second summand in the right-hand side of the (2.17) vanishes due to (2.16) and the first
and the third ones reduce respectively to:

|:F(ULR) - F(UL):| |:F(UR) - F(UZR)}
0 ’ 0 ’

due to (2.15). Then, (2.14) is obtained from (2.17) and (iii) is also proved. O
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It is worth noticing that, as a consequence of the previous proposition, the solutions
of the Riemann problems (2.11) are the same for every family of paths satisfying (H1)—
(H3), as the families of simple curves are independent of the family of paths. Moreover, the
meaning of the nonconservative products across a discontinuity linking two states belonging
to RP is also the same for every family of paths satisfying (H1)-(H3), as the weight of the
corresponding Dirac mass (2.14) is independent of the paths.

We stress the fact that assumptions (H1)—(H3) are not necessary to have a consistent
definition of the weak solutions. For instance, for the particular case of the shallow water
system with a bottom step, while the definition of weak solution given in [3] is equivalent to
the one associated to a family of paths satisfying these assumptions, this is not the case for
the definitions in [7] or [29]. In particular, the statement (ii) in the proposition above is not
valid for the definition of weak solutions in the two last references.

We will assume in the sequel that a family of paths satisfying (H1)—(H3) has been chosen
to define the weak solutions of (1.2), (2.1). In practice, such a family can be constructed
at least in the class RP as follows: given (W, Wg) in this class, first the corresponding
Riemann problem (2.11) is solved (observe that it is possible to solve this problem before
defining the family of paths, as the simple curves are already known). Then, the path linking
(Wr, Wg) € RPisa parametrization in [0, 1] of the curve composed by:

o the straight segment linking W, and W ;
o the arc of the integral curve of the linearly degenerate field linking W, and WZ R
e the straight segment linking Wz g and Wg.

To finish this section, let us remark that, when o is continuous, every family of paths
satisfying (H1) defines the same concept of weak solution: observe that (2.7) in this case
reduces to

- [ Foe e~ [ sweemewa. 218)

R R
independently of the chosen family, so that the weak solution of (1.1) with initial condition
U(x,0)=U"x) (2.19)

can be defined by means of the following variational formulation:

/‘90/90 U(x,t)(p,(x,t)dxdt—l—‘/‘oo/Oo F(U(x,1))@u(x,t)dxdt
0 J-oo 0 J-oo

o) 00 +o0
+/ / SU (x, 1)o (x)p(x,t)dx dt +f U'(x)e(x,0)dx =0, (2.20)
0 —00 _

oo

where ¢ is any Cj (R x [0, 00)) test function.

3 Numerical Schemes

‘We consider problem (1.1) with initial condition (2.19) or, equivalently, problem (1.2), (2.1)
with initial condition

W(x,0) = Wo(x), (3.1)
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where
F o0
wo = ) (3.2)
o
We will use the notation
_ ur
Wi = ,
O
where
1 Xi+1/2
o =— o(x)dx,
AX Xi—1/2

for the approximation of the cell averages of a solution of (1.2), (2.1) obtained by a numerical
scheme.

We consider here numerical schemes which are path-conservative in the sense introduced
in [25], i.e. numerical schemes that can be written as follows:

At~
“rn 1 “rn n, n,—
’ T Ax (D171/2+Dz+1/2) (3.3)
where

Dtrl+i1/2 - Ei(mriq’ b Wanrp)

with D~ and D* continuous functions satisfying
D*(W,...,W)=0 YWeQxR (3.4)
and
D~ (W_yy...., W)+ D" (W_y,..., W,)

| %
=/ A(D(s3 W, Wl)) (s Wo, W1 ds, (3.5)
0

forevery W, e Q xR, i=—q, ..., p. _
Due to the structure of W and A(W) in system (1.2), (2.1), it is natural to choose D*

such that:
+
pe-|”
0

n,+
5{1,:& _ Dt+l/2
it1/2 0

Dropping the last component in (3.3), the scheme is reduced to

and thus:

n n A n,
urtt=up - Ax — (D1 + D), (3.6)

@ Springer



284 J Sci Comput (2011) 48:274-295

where D;’:‘lr n= Di(Wi"_ ey W,.'ﬂrp), being D~ and D* two continuous functions. Condi-

tions (3.4) and (3.5) reduce then to

DEW,...,W)=0 YWeQxR 3.7
and

D (W_yg....,. W)+ DT (W_y, ..., W,)

= F(U,) — F(Uo) — Sg(Wo, W), (3.8)

forW, e Q xR, i=—q,...,p.
According to the previous section, the more appropriate choice for the family of paths

would be given by a family satisfying (H1)—(H3). The following proposition, whose proof

is trivial by (3.5) and (2.14), characterizes the numerical schemes that are path-conservative
for such a family of paths:

Proposition 3.1 Let dbea Sfamily of paths satisfying (H1)—(H3). A numerical scheme of the
fgf/m (3.6)—(3.8) is ®-conservative if and only if, given {(W_,, ..., Wy} such that (Wy, W) €
RP one has:

D= (W_g,....W,)+D*(W_y, ..., W,)

= F(U)) = F(U}},) + F(U; ) — F(Uy), (3.9)

U;, U

_ /2 1/2

W, = [ } and W, = [ }
oo o]

are, respectively, the left and right limits at x = 0 of the solution of the Riemann problem
associated to Wy and W;.

where

Unfortunately, the design of a numerical scheme which is path-conservative for a family
satisfying (H1)—(H3) can be difficult or very costly in practice since the construction of the

path ) linking two states involves the resolution of a Riemann problem. Consequently, we
will consider numerical schemes that are path-conservative for an arbitrary family of paths
T and we will analyze their properties.

In the sequel we will focus on numerical schemes with ¢ =0 and p =1, i.e.

~n,+ Nt n n
Di+l/2 = D=(W/, Wi+|)'

In order to be able to prove a Lax-Wendroff type theorem, the numerical schemes should
reduce to a conservative scheme when o is constant. Let us characterize these schemes:

Proposition 3.2 A W-conservative scheme reduces, when o is constant, to a conservative
scheme whose numerical flux is independent of o if and only if

+
do o o
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G

Proof Let us suppose that there exists a numerical flux G (Uy, U;) consistent with F' such
that:

U_ U, U, U
D+<[ 1}{ ODH)([ 0}[ 1D=G(Uo,ul>—c(ul,uo> (3.12)
o o o o

for every U_,, Uy, U;,and 0.
Choosing U_; = U we deduce:

Uy U,
D~ <|: :|,|: :|)=G(U07U1)—F(Uo),
o o

and choosing Uy = Uy :

U, U
D* ({ 00} , [ U' ]) = F(U)) — G(Up. Uy).

So, (3.10) holds. Adding the last two equalities we obtain

ALY (e o

which, compared to (3.8), gives (3.11).
Conversely, if (3.10) and (3.11) are satisfied, we can define a consistent numerical flux

either by
U, U
Gy, Up) =D~ <|:00i|,|:ali|>+F(U0), (3.14)

v, Tu
G(Uo, U)) = —D* ([ 0]{ 1}) +FUY). (3.15)
o (o2

Both definitions coincide and are independent of ¢ due to (3.13), (3.10), and (3.11). More-
over, (3.12) is trivially satisfied. O

and

hold for every Uy, Uy, and o .

or by

Remark 3.3 The reciprocal implication in the previous proposition is also valid for numeri-
cal schemes with arbitrary values of p and g.

Clearly, (3.11) is satisfied if the family of paths satisfies (H1). We will suppose in the
sequel that this hypothesis is fulfilled.
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Proposition 3.4 A U -conservative numerical scheme satisfying (3.10) can be written in the
form

n At n At N n,—
UMt =up - E(GHI/Z - G:Ll/z) + E(Hinj/z + Hi+l/2)’ (3.16)
where
Giiip=G(U]\ Ul),
being G a continuous function such that
GU,U)=F(@U), (3.17)
and
n,+ n n
Hlp= Hi(Wt ) Wi+1)’

being H~ and H™ two continuous functions such that

H*(W, W) =0, (3.18)

H™(Wo, Wi) 4+ H (Wo, Wy) = Sg(Wo. W) (3.19)

ALY e

Conversely, a numerical scheme (3.16)—(3.20) can be written as a U-conservative nu-
merical scheme satisfying (3.10).

and

Proof Let us define G(Uy, Uy) by (3.14) or (3.15). Next, we define

H™(Wo, Wi) = =D~ (Wy, W1) + G(Uo, Uy) — F(Up) (3.21)
and

H* (W, W) = =D* (Wo, Wy) = G(Up, Uy) + F(U)). (3.22)

We can easily check that conditions (3.17)—(3.19) are satisfied. Condition (3.20) is easily
deduced from the definition of G and from (3.10).
The proof of the reciprocal implication is straightforward.

O

Remark 3.5 The form (3.16) is that of an Upwind Interface Source method as presented
in [26]. In this reference, the functions H* are supposed to be of the form:

H*(Wy, Wg) = H*(UL, Ug, 0r — 01).
where H* are functions satisfying
H*(UL, Ug,0) =0,

for every U, Ug. Notice that, in this case, (3.18) and (3.20) are automatically satisfied.
Let us finally remark that (3.19) implies the consistency of the scheme in the sense defined
in [26].
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4 A Convergence Result

In this section we prove a Lax-Wendroff convergence theorem for the particular case of
systems of balance laws, provided that the path-numerical scheme used to solve it reduces
to a conservative scheme when o is constant.

Assume that the mesh ratio Ar/Ax is a fixed constant A as Ax, At tend to 0.

Set h = Ax and introduce the piecewise constant function defined a.e. in R x [0, c0) by

Up(x,t) =UL',  (x,1) € (xi_1/2, Xigp12) X [t", "),

For the discretization of the initial condition we choose the cell averages

0 1 Xi+1/2
Ul = ~ Up(x)dx. 4.1

‘We will also use the notation

Theorem 4.1 Let F € C2(Q)Y, S e C1 ()Y and o € WH(R). Let U be any family of paths

satisfying (H1). For h > 0, let Uy, be the numerical approximation obtained from a U-

conservative numerical scheme of the form (3.16)—(3.20) and U, (x, 0) given by (4.1).
Suppose that

I Unll oo @ x(0,00py = C (4.2)
and that there exists a function U € (L*(R x [0, 00)) N BV (R x [0, 00)))"N such that
Up— U in L (R x [0, 00))V. 4.3)
Then U is a weak solution of the problem (1.1) with initial condition (2.19).
Proof The proof is an adaptation of the classical Lax-Wendroff convergence theorem for
hyperbolic systems of conservation laws [21].
We want to prove that (2.20) is satisfied for every ¢ € C(') R x [0, 00)).

Letg € Cé (R x [0, 00)) be a test function and set

o = @(x;, t").

By multiplying (3.16) by Ax ¢ and summing over i and n we have:

o0 o0
sz Z (Uin+1 - n +Atz Z it — Gl 1/2)‘01{1

n=0i=—o00 n=0 i=—o00

_A’Z Z 1/2+ z+1/2) =0.

n=0i=—00

Notice that all these sums are finite since ¢ has a compact support.
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Applying summation by parts we obtain:

o0 o0 o0 o0
sz Z Uin(w;l _¢?71)+At2 Z G;‘1+1/2(¢;'+1 _%n)

n=li=—o0 n=0i=—o00
00
+AIZ Z z+1/2‘ﬂ,+1+H+1/2<pI)+Ax Z Up? =0.
n=0i=—o0 im0

Now set
@i =X, 1").
It is straightforward to verify that
Pi=¢lptO0Ax), j=ii+],
and then

o0 o0 o0 o0
AxY I UMgr =@l ) A A Y Gl (et — o)

n=1i=—o0 n=0i=—o0

o0
+At2 Z H )+ l+1/2)(g0i"+1/2+0(Ax))+Ax Z Ulgp! =0. (4.4)

n=0 i=—o0 =
If we consider the functions defined a.e. by

op(x, 1) = (/7?, (x,1) € (xi71/27xi+1/2) x [, tn+l),

V(D =@l (00 € (4 xipn) X 17,1,

Gu(x, 1) = G?+1/27 (x,1) € (x;, Xip1) X [", ")

and

! e n,+ 1 n n

Hy(x,t) = E(HM/2 +H ) = S\D(W W),

for (x, 1) € (x;, xix1) x [¢", t"*1), then (4.4) can be rewritten as

o[ p(x, 1) — Jt— At
/ [ Uh(x,t)%(x ) — on(x )d dt
At J—o0 At

+/m/-mGh(x’t)(/)h(X-f‘AX/z,t)—(ph(x_Ax/z,t)d J

Ax
/ / H,(x, t)(l//h(x 1)+ O(h))dxdt
f f U°(x)gp(x,0)dx = 4.5)

We want to prove that (2.20) can be obtained by passing to the limit as 4 tends to 0
in (4.5).
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It is not difficult to check that the first, the second and the last term in (4.5) converge to
the first, the second and the last term in (2.20), respectively. It remains to prove that the third
term in (4.5) converges to the third one in (2.20).

It suffices to study the convergence of

/00 /00 Hy(x, )Y, (x,t)dx dt.
0 —00

In order to do that, we use the decomposition

/ / (Hy(x, 1) Y (x, 1) = SU (x, 1))ox (x)p(x, 1)) dx dt
0 —00
=/ / Hy (x, 1) (Y (x, 1) — @(x, 1)) dx dt
0 —00

+/°° /Oo(Hh(x,t) —SWUx,t)o(x))e(x,t)dxdt. (4.6)
0 —00

The first summand in (4.6) trivially converges to zero because H), is bounded and
converges uniformly to ¢ as & tends to 0.

To prove the convergence to zero of the second summand we want to prove that Hj,
converges to S(U)a, in L} (R x [0, c0)).

For (x,1) € (x;, x;41) X [t", "T") we have:

1
Hy(x,1) = A—Sq,(Wh(x — Ax/2,1), Wy (x + Ax/2,1))
x
and we can use the decomposition

Hy(x,1) = S(U(x,1)ox(x)

Wy
as

1
= / S(\lf(s; Wip(x — Ax/2,t), Wy(x + Ax/2, 1))) (i 9 (s) — ax(x)> ds
0

1
+/ (S(W(s; Wh(x — Ax/2,1), Wy(x + Ax/2,1))) — S(U(x, 1)) 0 (x) ds.
0
4.7)

The second summand converges to zero because of the convergence of W;,(x — Ax/2,1)
and W, (x + Ax/2,t) to W(x,1t) in LIIOC(R x [0, 00)), the regularity of S and \i, and the
Lebesgue dominated convergence theorem.

To prove the convergence to zero of the first summand in (4.7) we just need to prove the

convergence to zero of

1
/ <$ aq;;lﬂ (S; Wi (x — Ax/2,1), W (x + Ax/2, t)) - GX(X)> as
0

_o(x+Ax/2) —o(x — Ax/2)
- Ax B

ox(x),

what is given by the hypothesis 0 € W (R).
The Lebesgue dominated convergence theorem assures the convergence of Hj, to S(U)o,
in L! (R x [0, 00)) and allows us to finish the proof of the theorem. ]

loc
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5 Well-Balancing

We have seen in the previous section that, in order to prove the convergence to the weak
solutions of the problem when o is smooth, only the property (H1) has to be imposed to the
family of paths. In this section we will see that further assumptions have to be imposed if
we want to obtain well-balanced path-conservative numerical schemes.

A numerical scheme (3.3) is said to be well-balanced for a stationary solution W (x) if
it solves exactly that solution, i.e. if, when the numerical scheme is applied to the initial
conditions

W=W(x) Vi,
then
W!=W? Vin.

It has been seen in Sect. 2 that every stationary solution of the problem may be understood
as a parametrization of an integral curve y of the linearly degenerate field, i.e. an integral
curve of the o.d.e. system (2.3). This fact motivates the following definition: a numerical
scheme (3.3) with ¢ =0 and p =1 is said to be well-balanced for an integral curve y of the
linearly degenerate field if

D*(Wo, W) =0 VYW,, W, €y. (5.1

Clearly, a numerical scheme which is well-balanced for y is well-balanced for any sta-
tionary solution constructed by parameterizing an arc of y with x. Moreover, remember
from Sect. 2 that the contact discontinuities of the problem also link two states belonging
to an integral curve of the linearly degenerate field. Therefore, a numerical scheme which
is exactly well-balanced for a curve y solves exactly any contact discontinuity linking two
states belonging to . And for a numerical scheme (3.3) with ¢ = 0 and p = 1, the reciprocal
implication is also true (see [25]), so that such a numerical scheme is exactly well-balanced
for an integral curve y if and only if it solves exactly every contact discontinuity linking two
states belonging to y.

For schemes of the form (3.6)—(3.8), equality (5.1) reduces to

DE(Wo, W) =0 YW, W,ey. 5.2)

In particular, a numerical scheme of the form (3.16) is well-balanced for an integral curve y
of the linearly degenerate field if and only if

H™(Wo, W1) = GUop, U)) — F(Up) YWy, Wi ey (5.3)

and
HY(Wo, W) = F(Uy) — G(Uoy, Uy) YWy, Wiey. 5.4

Let us consider now a numerical scheme (3.3) which is path-conservative for a family of
paths W. Then, the following result can be easily proved by using (3.5) and (5.1):

Proposition 5.1 A necessary condition for a U-conservative scheme to be well-balanced
fory el is that

b 9
/A(\Il(s; Wo, Wl))a—(s;Wo,Wl)ds:O, YWy, Wi €y. (5.5)
0 S
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In particular, if the family of paths satisfies the following property:

(P,) Forevery W; and Wy belonging to y, \Z(ﬁ Wy, Wg) is a parametrization of the arc of
y connecting W, and Wyg,

then condition (5.5) is fulfilled. Observe that, if the family of paths satisfies (H2), then (5.5)
holds for every integral curve y.

Condition (5.5) is not sufficient to obtain a well-balanced scheme. Indeed, consider the
numerical scheme defined by:

D~ (Wo, W) = F(Uy ;) — F(U) — KWy, Wy,
D*(Wo, W) = F(Uy) — F(U}y) + KWy, Wi,

where W[, and W1+/2 are, respectively, the left and right limits of the solution of the Riemann
problem that has W, and W; as initial condition, and K is any continuous function from
(2 x R) x (2 x R) into L such that

KW, W)=0 YWeQxR

and
KW, Wg) #0

for a pair of states W, and W belonging to the same integral curve of the linearly degenerate
field. This numerical scheme is path-conservative for a family of paths ) satisfying (H1)—
(H3) (see Proposition 3.1) and thus (5.5) is satisfied for every integral curve of the linearly
degenerate field. Nevertheless, it is not well-balanced. To see it, apply the numerical scheme
to the initial condition:

w, ifi <0,

w9 =
! Wgr ifi > 0.

Nevertheless, as it will be seen in next section, in most cases property (P, ) is enough to
ensure the well-balanced property of a numerical scheme.
6 Examples

We present in this section some families of path-conservative schemes that reduce to con-
servative methods when o is constant and we briefly discuss their well-balanced properties.

6.1 Godunov Method

The extension of the classical Godunov method [15] to systems of balance laws is given by

" n At n,— n,
U; = U — E(F(Ui+l/2) - F(Ui:lr/2 )’

Ui Uty
W.n’_ = i+1/ s W.m+ = i+1/ s
it1/2 |: o i+1/2 -

where:
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are the limits to the left and to the right of x = 0 of the solution of the Riemann prob-
lem with initial conditions W/' = [U}', 0;]" and W/, | = [U},, 0i41]". This scheme is path-
conservative for any family of paths satisfying (H1)—(H3) and is exactly well-balanced for
any integral curve y of the linearly degenerate field: see [23] for details.

6.2 Roe Methods

A Roe scheme which is path-conservative for a family of paths U can be written in the form
(3.16) with the choices:

n 1 n n 1 n n n
Gi+l/2 = E(F(Ui )+ F(U[+l)) ) !Ji+1/2| Wi, —Uh, 6.1)
Hﬁ}li/z = 73inj/z “Siy2(0ie — 00), (6.2)
where J, , is a Roe matrix for the homogeneous problem, i.e. a matrix satisfying

JipWUia = U = FUL) — FWUD,
S{’H/Z is a vector satisfying
St p(0ip1 —0i) = Sg(Wi', Wit ),
and
Prap= % (1d % |1 0] Gl 7)-
Here, Id represents the identity matrix and
i pl =K |L?+l/2| (Kin+1/2)7l’

where [L}, | ,| is the diagonal matrix whose coefficients are the absolute value of the eigen-
values of J7, , and K}',, , a N x N matrix whose columns are associated eigenvectors.

This scheme is obtained by applying to system (1.2), (2.1) a Roe scheme [27] based
on a generalized Roe linearization in the sense introduced in [30] (see [16, 24]). Several
extensions of Roe method for systems of balance laws have been used in the literature: see
for instance [6, 17, 28]. See also [1].

A Roe scheme is well-balanced for a curve y € I' if the family of paths satisfies the
property (P, ). In particular, if the family of paths satisfies (H2), the scheme is well-balanced
for every y.

If the family of straight segments is chosen, the numerical scheme is still exactly well-
balanced for the integral curves y which are straight lines in the phases space: this is the
case for water at rest solutions for both the shallow water and the two-layer shallow water
systems. Moreover, all the smooth stationary solutions are solved up to second order (see
[24] for details).

6.3 Lax-Friedrichs Scheme

A path-conservative extension of the classical Lax-Friedrichs scheme [20] based on a Roe
linearization is given by (3.16) with the choices:

n 1 n n Ax n n
i1 = \FUN+FUL) — UL, = U) ).
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1
H,rﬁ/z =3 <1d +— (J+1/2) ) 1+1/2(Ui+l —0i),

where Ji,,, and S7,, o are defined as above. This scheme is also well-balanced for an
integral curve y of the linearly degenerate field if (P, ) is satisfied. Nevertheless, when the
family of straight segments is chosen, the property of solving with second order accuracy
all the smooth stationary solutions is lost.

Notice that the numerical scheme is not well defined when the Roe matrix J/, , is sin-
gular. This difficulty has been discussed in [11]. In this reference, a family of well balanced
numerical schemes including this Lax-Friedrichs scheme as a particular case, as well as
path-conservative extensions of the Lax-Wendroff, FORCE, and GFORCE schemes have
also been introduced.

6.4 Generalized Hydrostatic Reconstruction

In [9] the Hydrostatic Reconstruction technique, introduced for the shallow water system in
[5], has been generalized to obtain a numerical scheme which is exactly well-balanced for
a set 'y of integral curves of the linearly degenerate field. The expression of the numerical
scheme is again (3.16) with:

Gl =G, ULt ),

nt ! nt 81’:?1/2,1\/“(5)
Hip = A S(Pi+1/2(s))TdS,

where G is any consistent numerical flux for the homogeneous problem, U/ /2 are two
chosen intermediate states, and

p?:;l/Z(s) ]
P (s) :

sel0, 1]+ Pl = [ e }— ' , (6.3)

Pii1an+1(8) P?ﬁ/z,zv(s)

-
L Piijan+1(8)

+ -
PT,i+1/2(S)

[0, 1] ,H/z(s)—{ Pl }— 5 : (6.4)

Pz+1/2 N1 (9) P;lfl/z,N(S)

n,+
L Piiian+1(8)
are two paths linking respectively the pairs of states (W', W, +1 12) and (W, +1 /2, Wi ), where
n,+
Wt — Uiiip
i+1/2 = ’
Oi+1/2

being o;1,> a chosen intermediary value of o. In order to be well-balanced for the curves
of the set 'y these paths have to be such that
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o If W/ belongs to acurve y € I'y then s € [0, 1] — 1’;;7@1_/2(5) is a parametrization of an arc
of y.

o If W, belongs to a curve y € I'y then s € [0, 1] —
arc of y.

° IfO',‘ =0j+1 =0 then Oit1/2=0.

o Ifo; = Tit+1/2 then W+1/2 W,

i /2 (s) is a parametrization of an

e If 0,11/ =0;4 then W+1/2 =W
e If both the states W;" and W}, | belong to a curve y € Iy, then W/}, = W’HJ/ 2

This numerical scheme is path-conservative with respect to the family of paths defined
as follows: the path 11nk1ng W;* and W} | is the union of the path (6.3), the straight segment
linking W/, | /> and wht 41720 and finally the path (6.4).

If it is p0s51ble to choose the functions P ol /2(s) in such a way that, for every pair of
states W' and W/ |, the paths (6.3) and (6.4) are parametrizations of the integral curves of

the linearly degenerate field passing by W;" and Wl.”“ , then the numerical scheme is exactly
well-balanced for every integral curve of the linearly degenerate field: see [9] for details. In
this reference, this technique was applied to obtain a first order numerical scheme for the
shallow water system which is exactly well-balanced for every smooth stationary solution.
It was also applied to obtain high-order numerical schemes which are exactly well-balanced
for water at rest solutions for both the one and the two layer shallow-water system.
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