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THE LINEARIZATION OF A BOUNDARY VALUE PROBLEM FOR
A SCALAR CONSERVATION LAW*
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Abstract. The aim of this paper is to study a boundary value problem for a linear scalar
equation with discontinuous coefficients. This kind of problem appears in the framework of the
analysis of the linearized stability of a fluid flow with respect to small perturbations of the boundary
data. The linear equation that we are interested in is obtained by linearizing the equations which
govern the flow, and involves discontinuous coefficients and nontrivial products. We present a direct
approach based on the one introduced by Godlewski and Raviart, which leads to measure solutions,
gives a sense of these nontrivial products, and yields simple numerical schemes that give good results.
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1. Introduction

The stability or instability of fluid flows with respect to perturbations of the
data is an important problem which is encountered in number of applications. In
general, these fluid flows are modeled by nonlinear systems of conservation laws and
the study of the nonlinear stability is a difficult problem. The first step to deal with
this difficulty consists of studying the linearized stability, i.e., the evolution in time of
the solution of the linear system obtained by linearizing the nonlinear system around
a given flow, called the basic solution. If the basic solution is discontinuous, the
linearized equation has discontinuous coefficients and does not possess in general a
solution in any functional space.

The classical approach for studying the problem of linearized stability was de-
veloped by Majda (cf. [10, 11]) and it consists of linearizing the nonlinear system in
the domains where the basic solution is smooth and linearizing the Rankine-Hugoniot
jump condition at the discontinuity points. However, this approach leads to a multidi-
mensional system and is not easy to deal with in the context of numerical simulations.
In [6] and [8], the authors proposed a “direct approach” for the linearized equation, in
the setting of the Cauchy problem, which leads to a solution in the class of measures.
Indeed, this solution consists of the sum of a function and a measure carried by the
curves of discontinuity of the basic solution. In [3] and [4], Bouchut and James proved,
in the framework of duality solutions, that this solution can be obtained as the deriva-
tive of the BV solution of the nonlinear equation written in non-conservative form.
Also in [2], Bardos and Pironneau presented a method to differentiate, with respect
to a parameter, equations in divergence form whose solutions present discontinuities.
In [12], Poupaud and Rascle used another approach, based on the notion of general-
ized Filippov characteristics, to study the Cauchy problem for the multi-dimensional
transport equation. Concerning the numerical approximation of the linearized equa-
tion, in [9] Gosse and James proved the convergence of a class of numerical schemes
towards the duality solution of the Cauchy problem for the linearized equation.
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652 LINEARIZATION OF A BVP FOR CONSERVATION LAWS

In this paper, we follow the direct approach introduced in [8] to analyze the
linearized boundary value problem. For the nonlinear boundary value problem for a
scalar conservation law, in [1] Bardos, Le Roux et Nédélec proved the existence of a
solution that satisfies an appropriate boundary condition, which cannot be used in a
classical sense, by using a vanishing viscosity method. We consider here the solution
given by [1], and we study the linear boundary value problem obtained by linearizing
the nonlinear equation at a given discontinuity solution, with respect to perturbations
of the boundary data.

The aim of the paper is to prove that, on the one hand, in the case of a boundary
value problem we still obtain a measure solution carried by the discontinuities of
the basic solution and, on the other hand, that when the non linear flux is a convex
function, the formulation of the boundary condition that we propose for the linearized
problem can be obtained by linearizing the boundary condition proposed by Bardos,
Le Roux and Nédélec. Furthermore, we adapt a Roe type numerical scheme, proposed
in [6], to the boundary value problem and present some numerical results.

The plan of the paper is as follows. In section 2 we recall the results of Bardos,
Le Roux and Nédélec concerning the nonlinear boundary value problem for scalar
conservation laws and introduce the formalism to deduce the linearized problem. In
section 3 we solve the linearized problem by a direct approach, when the basic solution
is discontinuous along a shock curve. Our main result gives an explicit solution for
the linearized boundary value problem when the boundary data is a Dirac mass at
a point that corresponds to the time when the discontinuity develops. This kind of
measure data appears when we perturb the initial “position” of the data discontinuity.
In section 4, we put ourselves in the setting of a convex flux function. We prove that,
when the boundary is not characteristic, the linearization of the boundary condition
given in [1] by Bardos, Le Roux and Nédélec, yields a boundary condition for the
linearized problem which is coherent with its linear structure. Finally, in section 5,
we adapt the linearized numerical scheme of Roe type proposed in [6] to the boundary
value problem. We present some tests concerning Burgers’ equation and give some
numerical results concerning the error committed by using this approach.

2. The linearized scalar conservation law with boundary condition
Consider the initial and boundary condition problem for a scalar conservation law
in the quarter of plane {(z,t):2>0, t>0}

ut—|—(f(u) ,=0, x>0,t>0,
u(z,0)=up(z), x>0, (2.1)
u(0,t) =a(t), t>0,

with given initial data ug € BV ([0,+00[), boundary data a € BV ([0,+occ[) and C* flux
function f. It is well known that boundary condition u(0,t) =a(t) can not in general
be imposed in a strong sense. In [1], Bardos, Le Roux and Nédélec reformulated this
condition by requiring u(0,t) to satisfy, for all ¢ >0,

t)—f(k
WSO, V k between wu(0,t) and a(t). (2.2)
The authors proved that problem (2.1) is well-posed and that the obtained solution
belongs to BV ([0,+00[x[0,T]), VI >0, with the boundary condition characterized by
(2.2).
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An equivalent way to formulate the boundary value problem for a scalar equation
consists of introducing, for ¢ >0, the set

O(a(t)) = {w(OJr;a(t),ur) Uy € R},
where w(%;uy,u,) is the solution of the Riemann problem
ug+ (f(u))mzo, zeR, t>0,

uy, <0,
U(JI,O):UO(m):{u >0

Then, an equivalent condition to (2.2) consists of requiring u(0,t) to satisfy u(0,t¢) €
O(a(t)), for all t >0 (see [5]).

Let u=u(x,t) be a solution of problem (2.1), which we will refer to as the basic
solution. We put ourselves in the context of analyzing the linearized stability of v with
respect to perturbations of the boundary data a. Let us introduce a. =a+¢eb. 4 o(¢),
a small perturbation of the boundary data a. Assume that the perturbed solution
ue depends smoothly on the parameter £ and that it can be developed around u
as ue =u-+ev.+o(e) (we do not justify here this expansion). Then we obtain, at
least formally, that the first order perturbation v =1lim._.o “=* satisfies the linearized

€

problem
vt+(f’uv)$:0, x>0, t>0,
o(@,0)=vo(@), >0, (2.3)
v(0,t) =b(t), t>0,

where b=lim. .o %%, which is obtained by linearizing problem (2.1) around the

basic solution u (we have in fact vo=0, but we consider here in a general setting an
appropriate initial data vp).

The aim of this paper is to directly solve problem (2.3) when the basic solution
u presents a discontinuity through a shock curve. The linearized equation

v+ (f’(u)v)x:0, (2.4)

although linear, has discontinuous coefficients in this case and does not possess in
general a solution in any functional space, this one must be found in a measure space.

3. The solution of the linearized problem when the basic solution is a
shock

We will focus our attention on the case of a basic solution « which is discontinuous
through a shock curve ¥ given by

¥ ={(=,t) €[0,+00[x[tg,+oo[: z=(1) },

where ¢ is a positive C' function defined on some interval [tg,-+00[C [0,+oo[. We
suppose that u is smooth outside ¥ and we make the following assumption:

H1. ¢ is a strictly increasing function which satisfies ¢(ty)=0.

This hypothesis means that the discontinuity leaves the boundary at time ¢y and for
t >ty does not cross it again. Let us denote by

D~ ={(=,t) €[0,400[x[to,+oo[: & < P(t) }
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and by
Dt ={(=,t) €[0,400[x[to,+o0[: &> B(t) } U[0,+00[x[0,t0]

the left and the right sides of X, respectively. Since u is smooth outside ¥ and of
bounded variation over [0,+00[x[0,+0c[, we can define for u| _ and for w  their
traces on Y. In addition, u satisfies the Rankine-Hugoniot jump condition across 3.
Given a bounded variation function w on R X [0,400[, which is smooth outside
the curve ¥, we will denote by
wh (¢(t),t)= lim w(z,t) and by w (¢(t),t)= lim w(x,t)

z—¢(t) z— (1)
z>¢(t) z<p(t)

the limits on the right and on the left sides of 3, and by

[w](t) =w" (e(t),t) —w™ (¢(t),t)

the jump over ¥. With this notation, the Rankine-Hugoniot jump condition reads as

[f(u)](t) = ¢ (£)[u] (2).
In a general framework, we consider a boundary data b in the space of bounded
measures M ([0,+00]) of the form

b="b(t)+bdy,, (3.1)

where b is a bounded variation function over [0,+oc[, b€ R and dy, is the Dirac measure
at tg. This kind of data for the linearized problem makes sense if, for instance, the
boundary data a(t) for the nonlinear problem is discontinuous at to and the position
of this discontinuity is also perturbed. Let us give the following example: consider
boundary data a and its perturbation a. given by

at, t>to, at+ebt, t>tgte,
a= =
a”, t<tp, a”+eb™, t<tp+te.

We then obtain that

bt, t>to,
b=, t<tp.

1 as_a_ + -
b—;% . =(a"—a )5,50—1—{

Let us recall the definition of the Dirac measure carried by X, dyx;, which we will
use in the following calculations. The measure Jy; is defined in the space of locally
bounded measures ./\/lloc([O,—i—oo[x [O,+oo[) by

<52,¢>=/¢dg, ¥ o € Co([0, 400 x[0,4-00]).
b}

The main result of this paper establishes that problem (2.3), with boundary data
b given by (3.1) and, as basic solution u as described above, possesses a measure
solution of the form

/L:1~)+Oz<t)(5g, (32)

where v, the “function part of the measure v”, is a bounded variation function, and
where «(t) is a smooth function that we will make precise below.
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Let us parameterize ¥ by ¢ € [to,+oo[— (¢(t),t), so that we have

“+o0
<5z,<p>=/ o((t),t)/1+¢2(t)dt.

to

A solution of equation (2.4) as (3.2) makes sense provided that we define the product
of the measure dx by f’(u), which is a discontinuous function through X. To do so,
we will use the notion of Volpert product, which was introduced in [13], and which we
recall here. Let a:R — R be a locally summable function. The Volpert superposition
is defined by

a

<mmy:{““@% r€C),
fol a(u™(z)+s(ut—u")(z))ds, x€S(u),

where, for the BV function u, C'(u) is the continuity set of v and S(u) is the jump

points set of u, in such a way that R\ (C(u)US(u)) has zero-measure. Let u € BV (R).

Then, if a(u) is summable with respect to the measure %, the Volpert product be-

tween a(u) and 2% is defined by

duv . . du
a(u)% ::a(u)%

(see [13)]).

Now, since we have

+oo
<&@>:/ < sy 0N/ B2(0) > dt,
to

we define in a natural way the product f’(u)ds in such a way that we have in the
sense of measures

o~

“+oo
<f’(u)5z,so>:/ < () (5, 0) ), (1) 1+ ¢2(t) > dt,

to

where f'(u)(z,t) = f'(u)(x,t), if z#¢(t), and

f’(u)(q{)(t)i):/o f’(u_ ((;S(t),t)+s(u+—u_)(qb(t),t))ds. (3.3)

Since we have

+oo
/ < Fru) (- )Bogey 0 )T H 2(0) > dt

0—"_OO R
:[ o (0(1),1) F'(w) (6(),1) /15 92 (D) dt,

we define

F1(u)ds = f/(u) ((t),t) . (3.4)

It is easy to see that, due to the Rankine-Hugoniot condition through %, (3.3) becomes
f'(w)(6(t),t) =¢'(t). We can then conclude that f'(u)(¢(t),t)ds =¢'(t)0s and (3.4)
implies that f’(u)dy is defined in such a way that we have, in M, ([0,+00[x[0,+00]),
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—+00

< fl(u)ds, o >:=<¢'(t)ds,p >= &' (t)p(o(t),6)\/ 1+ ¢2(t)dt. (3.5)

to

We begin with a lemma, which states the existence of a classical solution of (2.3)
in D~ and in DT. In these sets the linearized equation is a classical linear transport
equation, and the classical theory of hyperbolic equations is then applied.

LEMMA 3.1.  Let b(t)=b(t) € BV([0,4+00]) and wvo(z)€ BV ([0,4+00]) be given.
Then the initial and boundary value problem (2.3) has a classical solution ¥ in
[0,+00[x[0,400[\E =D~ UDT, such that #(z,0) =vo(z) and 5(0,t)=b(t) for allt such
that f’(u(O,t)) >0. We have in addition that ¥ satisfies, in each set D* = D* . the weak
formulation

+00 .
/*(ﬁwt—kf'(u)ﬁgom)dxdt—k/o I (u(0,8))b(t)(0,t) dt
“+oo
[ w00 (36)

for all test functions ¢ € C'([0,+00[x[0,400]) with compact support in D*\X such
that p(0,t)=0 if f'(u(0,t)) <0.

Proof. We let D*=D% or D*=D~ and for simplicity we will use the notation
a(z,t)= f’(u(x,t)). Since (2.3) is a linear transport problem, we can apply the method
of characteristics. The characteristic curves (z(t),t) satisfy % = a(z(t),t), with z(0) =
xg or z(t) =0. Since they are the same as for the scalar conservation law u; + (f(u))z =
0 and since Lax entropy conditions f’(u™(¢(t),t)) <¢'(t) < f'(u™(¢(t),t)) are satisfied
through ¥, we conclude that characteristics are coming out of the boundary part of
D* that corresponds to X. So, we do not have to prescribe any condition in this part
of the boundary of D*. We can then conclude that there exists a solution ¢ of (2.3)
over D* which satisfies

- . Oa
%v(:c(t),t) =—0(x(t),t) o (z(t).t).

This solution can then be implicitly defined over the characteristic ‘fi—‘f =a(x,t), z(0)=
Zo, by

- L da
(x,t) =vg(zg) — / v(:c(s),s) . (a:(s),s) ds,
O :L.
and over the characteristic % =a(z,t), z(£)=0, by

o(x,t) =b(t) _/Z o(z(s),s) % (z(s),s)ds,

where t is such that f’ (u((),f)) >0. We easily deduce the weak equality (3.6) by inte-
grating by parts the equation v, + ( I (u)@)l =0 against a test function ¢ as defined
in the lemma. ]

We can now state the main result of this work.
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THEOREM 3.2. Let u€ C1([0,+00[x[0,+00[\X) be the entropy solution of the bound-
ary and initial value problem (2.1)—(2.2) and let © be the solution of equation (2.3) in
[0,400[x[0,+00[\X given by Lemma 3.1. We assume that hypothesis HI is satisfied.
Then the linearized problem (2.3)-(3.1) has a solution p€ Mio.([0,+00[x[0,4+00[) N
C([0,T[; Mioc(R)), for all T >0, given by (3.2), with

- [ (1@ -0 1) ds

o) = T o7 (0

In addition, p satisfies

<p+(f W)z, 0>

+oo +oo ~ _
_ / vo(@)p(z,0)dz + / £ (w(0,0)B(E)(0,0)dt+ <501y, 0(0,) > (3.7)

for all ¢ € CL([0,+00[x[0,+00[) such that p(0,t)=0 if f'(u(0,t))<O0.

Proof. Denote respectively by

: (- 1.9/()) = —np-

"= e OO = e

the unit outward normals to D~ and to DT at (¢(t),t) €X for t>ty. Let p€
C3([0,4+00[x[0,400]). We have

+oo  p+to0
<Ot (f'(u)D),.0 >= —/0 /O (e + 1 (u)bpy ) dadt
= _/ - (0pr + ' (u) 0y ) dadt — /D+ (0pr + f' (u) Dy ) dadt.

We integrate the above equation by parts on D~ and on D¥. Since ¢ satisfies ¥; +
(f(u)v) =0 in each of D=, we obtain

<O+ (f' (W), >
B P

+/O+Oof/(u(O,t))@(O,t)ap(O,t)dt—i—/OJFOO@(QC’())SD(%O)M
:/t:” ((f’(m)w_f’(u*)a*) _¢'(t)(1~,+_@7)) S(6(0).1) dt
+/O+OOf/(u(O,t))@(O,t)go(O,t)dt+/()Jroovo(x)(p(;g,())dx
= /t ;oo ([f’(u)ﬁ](t) —¢'(1)[2] (t)) e(p(t),t)dt

+o0 too
+/0 f’(u(O,t))ﬁ(O,t)ap(O,t)dt—i—/O vo(x)p(x,0)d.
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We obtain then, in Mo, (]0,400[x]0,400]),

1

bt (/o) = ([F i - OEI) (VIFPD) o5 (38)

Let us define
B(t) = a(t) 1+ 672(0) =b— / (17 @3l(s) — &/ () 5](s) ) ds.
We calculate (a(t)éz)t + (f’(u)oz(t)éz)z in the sense of measures, where according to
(3.5), we have f/(u)a(t)ds = ¢’ (t)a(t)ds. We obtain, for all ¢ € C3([0,+00[x[0,+00[),
< (a(t)ds),+ (¢'(W)a(t)ds) o>
=— <ds,a(t)pr > — <0s,¢'(t)a(t)ps >
+oo
= [ o6 (609.9) + 0 (ol (60).9)] VTP ds
+oo

= [ )L (e (0ls).5) ) ds

to
+oo

-/ L (o) (0(s).5) ) ds+ B e)e(0(s).5)ds
+00

=B(to)p(0,t0) + B'(s)p(o(s),s)ds.

to

We have then, in M, ([0,+00[x[0,+00]),

(alh)ds), + (F (wa()ds), = B)e(0.40) + 80 (VITFD) ds.  (39)

Now, since we have
8=~ (I el - ¢ Ol

and B(tg)=b, (3.8) and (3.9) imply that the measure p=7+a(t)dy satisfies p;+
(f’(u)u)m =0 in M;sc(]0,+00[x]0,400[) and that the weak formulation (3.7) is veri-
fied. Finally, since we have

+oo
<altise>= [ p(@Oalty/ TR0

to

+oo
[ <aVIFT Do o) >
to
if we consider m=«(t)dx and m(t) = a(t)\/1+¢%(t) 0, by identifying
“+o0
<m, >=/ <m(t),p(-,t) > dt,
to

© € Cy([0,400[x[0,400[), we obtain that «(t)ds belongs to C([0,T[; M;sc(R)), and so
does =0+ «(t)dsx. This finishes the proof. O
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REMARK 3.3. Since [f'(u)0] —¢'(t)[0] is in general nonzero, we have that, in general,
¥ is not a weak solution of vy + (f/(u)v), =0 on ]0,+00[x]0,+00].

REMARK 3.4. Since we have assumed ¢ to be invertible, we can prove in the same
way that the measure solution given by Theorem 3.2 belongs to C([0,4o00[; M([0,T]))
for all T'> 0.

REMARK 3.5. In [12], Poupaud and Rascle introduced, in the framework of a multi-
dimensional transport equation with discontinuous coefficients a(¢,z), a definition of
measure solution by using the notion of Filippov generalized characteristics, which
are the solutions, in a generalized sense, of %X =a(t,X) (see [12]). Their definition
requires the uniqueness of these characteristics, which is true if, for instance, the
coefficients satisfy a one sided Lipschitz condition, and does not require defining a
priori the distributional product between v and the non regular function a(¢,x). Nev-
ertheless, they could define this product a posteriori, by using the properties of the
Filippov characteristics. Here, we followed an approach in the opposite sense, since
we used the notion of Volpert product to define the distributional product between a
discontinuous function and a measure, which allowed us to make sense of a solution
of the transport equation.

4. The linearization of the entropy condition (2.2) and the boundary
condition for the linearized problem in the case of a convex flux f

We suppose in this section that the flux function f satisfies f” > ¢ for some ¢> 0.
Such a convex function f has an absolute minimum f(u*) and, for all a <u* (respec-
tively @ >wu*), there exists a unique @ > u* (respectively a <w*) such that f(a)= f(a).
In addition we can easily see that in this case, condition (2.2) becomes

(4.1)

{u(O,t)e] — o0, u*], if a(t) <u*,
u(0,t) € | —o0,a(t)|U{a(®)}, if a(t)>u".

We want to prove that in these conditions, the linearization of the Bardos-Le
Roux-Nédélec condition (2.2) leads to a boundary condition for the linearized problem
which is consistent with the classical formulation of the boundary condition for a linear
transport equation. We suppose from now on that the basic solution u satisfies the
two conditions below:

C1. f'(u(0,t)) #0.

C2. f'(u(0,t)) #af(t), if a(t) > 0.
These conditions mean that we do not allow the boundary to be characteristic.
Consider then a perturbation a. =a+¢b. of the boundary data a with (b:). uni-
formly bounded in L°°. Suppose that the solution of the perturbed problem can be
written as u. =u-+v.. Suppose also that for almost all t, at least for small ¢, (’UE(O,t))E
is uniformly bounded in L°°, and that we have v.(0,t) — vo(t), b-(0,t) = b(t) a.e. t>0
as € — 0. Our purpose is to prove that if u satisfies the Bardos-Le Roux-Nédélec con-
dition (2.2) (or, which is equivalent, condition (4.1)) and if u.(0,t) =u(0,t)+¢eb(0,?)
satisfies the same condition with respect to a.(t), then v Zii_li% v. satisfies the bound-

ary condition v(0,t) =b(t) in the classical sense of linear transport equations. We will
then prove the following theorem.

THEOREM 4.1. Suppose that there exists ¢>0 such that f"” >c and that conditions
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C1 and C2 hold. Then we have that, for t >0, the condition

<0, for all & between u(0,t) and a(t),

<0, forall k between u.(0,t) and a.(t),

implies that v(0,t) =b(t) if f' (u(O,t)) >0 and does not impose any conditions on v(0,t)
if f(u(0,t)) <O0.

Proof. Suppose first that u(0,t) is such that f’(u(0,t)) >0. In this case, since f is
convex, (2.2) implies u(0,t) = a(t). Since we have f(uz(0,t)) = f'(u(0,t) +eve(0,t)) >0
for small &, we obtain u.(0,t) =a.(t) and therefore v.(0,t) =b(t), because we have
u(0,t) =a(t). We then obtain v(0,t) =b(t).

Consider now that f (u(O,t)) < 0. We can have three different cases:

1. a(t) <u*. In this case, we have a(t)+eb.(t) <u* and f’(u(0,t)+cv.(0,t)) <0,
for small e, independently of v.(0,t). We conclude that v(0,t) is arbitrary. Indeed,
condition (4.1) is satisfied independently of v, (0,).

2. a(t)>wu*. Since we assume condition C2, we must have u(0,t) <a(t) and
therefore u(0,t) +ev:(0,t) < a(t)+eb:(t) for small e, due to the continuity of the map
a+—a, and once again independently of the value of v.(0,t). We obtain once again
that (4.1) is satisfied independently of the value of v.(0,t), and thus v(0,t) is then
arbitrary.

3. a(t)=u*. Since we suppose C1 and C2, we have u(0,t) <w*. This condition
implies the existence of ¢<u* such that u(0,t) <c<a(t)+ebe(t), for small ¢ (note
that a(t)+€b5(t)—0> (t)=u*). We can then conclude that u(0,t)+ev.(0,t) <c<
a(t)+eb:(t), for small €, independently of the value of v.(0,t). Once again we have
that (4.1) is satisfied independently of the value of v.(0,t), and thus v(0,t) is arbitrary.
0

5. The numerical approximation

In this section we focus our attention on the numerical approximation of the
linearized problem (2.3). We will present a numerical method to approximate the
linearized problem, based in a Roe-type scheme which was introduced by Godlewski,
Olazabal and Raviart in [6], which we adapt here to the boundary value problem. We
will present some numerical tests that illustrate the results of the above sections and
at the same time, some numerical results concerning the order of convergence of the
numerical scheme. We mention here that in [9] the authors proved the convergence
of a class of numerical schemes towards the duality solution of a linear transport
equation, in the framework of the Cauchy problem. Although the same analysis is
not done here, the numerical results of this section may indicate that we can expect
to have a similar result for the initial and boundary value problem (2.3).

We begin by introducing a uniform grid over [0,4+00[x[0,+00[, with time-step
At and mesh-spacing Az. The cells are given by [x;,z;11[x[t",t"T!], where we set
zj=jAz,jE€Z, j >0, and t" =nAt, n € N. We also set /\:% andxﬁ% = (j—&—%)Am.

We consider now a Roe scheme to approximate the nonlinear boundary and initial
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value problem (2.1)—(2.2). Let A(u,v) be defined by

A(u,v)zw, if v#£u,

A(u,u) = f'(u).

We set, for j>1, n>0,

AP =A(ul_yul L), A+j:1(Aﬂ+|A;?|), A*;‘:%(AT‘—|A’?|),

J Jjt+3 o\ J J
Au?:u;zr%—u?i%
and
n 1 n
Ap=a(anuy), Ao = (Az+|ag]), ag=5(ap-|ag]),

We consider then a Roe scheme, which can be written as
= AL (g=n Aun,, + A A, 520 5.1
Ui 1 = U =7\ A Rt AT Ay ), g 20, (5.1)

O | and a™ taken, respectively, to be an ap-

with initial and boundary conditions Uj 1
2

proximation of

1 2541 1 gt
s ug(z)dx, Kt/ a(t)dt.
T tm

Notice that (5.1) can also be written in its viscous form

nl_yn gf(“ﬁg)—f(“?_%)+Q;?+1Aug+1—Q;lAuy

U . =U. -
ity ity Ag 2 2 ’

(5.2)
with numerical viscosity coefficient given by Q' = % |A§" It is well known that this
scheme admits non-entropy solutions which violate stationary shocks. We consider
then instead of (5.1) its entropy modification, which is given by (5.2) with

AT i A7 =47,

At
1%

,if |A7] <67,
where 07 is given by

sup maX{O, A(uyul? ) = Aul_1,ul, 1),
uelum um ] Itz J=3’ JT3
o1o% o
i—5 Jt3

To approximate the linearized problem we will consider the linearized Roe type scheme
proposed by Godlewski, Olazabal and Raviart in [6] and [7]. We then set

. N "
oy - (AT A AT A (AL - AT ), (6.9)

v
tz Az
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with initial and boundary conditions given to be an approximation of

tn+1

! /W (x)dz,  — / b(#)dt
Az VORBEE A S ’

Tj

Notice then this scheme corresponds to an upwind discretization of equation (2.4).
We will suppose from now on the following CFL condition:

A
A—;max{ig%ﬁ'(uo(x))|,igg|f’(a(t))|}§1. (5.4)

In the following, we present some results obtained for Burgers’ equation (f(u)=
“72), in the setting of a Riemann type problem, i.e., with constant data ug, vy, a, and
b. We recall that, in this case, in [5] Dubois and LeFloch proved that the solution
of problem (2.1) is the restriction to [0,400[x[0,+0o0o[ of the solution of the Riemann
problem for the scalar equation with initial data

a, x<0,

b, x>0.
In the particular case of Burgers’ equation, the solution of this Riemann problem
is either a shock wave connecting the states a and ug, which propagates with speed
atlo if g >y, or a rarefaction wave if a < ug.
First, we will focus our attention in the case where the basic solution is a shock
propagating with positive speed, which corresponds to the case studied in the previous
sections. Secondly, we will analyze the cases of a stationary shock and a rarefaction
wave. In this last case, the solution of the linearized problem can be obtained directly,
and we consider it here to illustrate the numerical results of convergence that we

obtained. The spatial domain that we consider for the numerical tests is the interval
[0,1], and the time ¢ is such that the wave has not yet reached the boundary z=1.

o=

5.1. The case of a shock propagating with positive speed. The basic
solution wu is the shock wave

) <ot
u(x,t){a r<ot,

ug, xT>ot,
which propagates with speed o= “OQJ >0. Let the boundary condition b and the
initial condition vy for the linearized problem be given. Then, the solution of the

linearized problem given by Theorem 3.2 is 0+ a(t)d,—yt, With

Ug+a

b= {b’ z<dt, and  o(t)=[— (uovo—ab)+ (vo = b)]¢t.

vo, T >0t

We present in the following figures the numerical results obtained for the data ug=
—1, a=2, vg=10 and b=1, in such a way that the linearized solution is a Dirac
measure concentrated on x = %t. We considered here a CFL value of 0.5.

We can see that the numerical solution approaches a Dirac mass concentrated on
+=0.25 at time t=0.5. If we denote by va the numerical solution, the table below
proves that |0 —wval|p1 ~8.25, where ¥ is the classical solution given by Lemma 3.1
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700 T T T T T T T T 7000 T T T T T T T T
solutionv —e— solutionv —e—

600 | E 6000 E
500 | E 5000 E
400 E 4000 E
300 | E 3000 E
200 E 2000 E
100 E 1000 | E

0 . . 0 . : ; ; ; : ; : ;
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

FIGURE 5.1. Linearized solution at time t =0.5 with Az =0.01 (on the left) and Axz=0.001 (on
the right).

and «(0,5)=28.25, where 8.25 is exactly the value of the Dirac coefficient «(t) at
t=0.5.

Ax 0.01 | 0.0033 | 0.001 | 0.00033 | 0.0001 | 0.000033
[0 —vallrr || 8.1709 | 8.2236 | 8.2421 | 8.2474 | 8.2492 | 8.2497

The next figure presents an error curve, shown in logarithmic scale, between the exact
solution and the numerical solution. We propose to measure this error by calculating
Ea= |||UA — 0| — «(0.5) |

-0.5 T
error curve —&—

I
4 slope 1 7/
-1.5

2 /B’
-25

-3 /H/
-3.5

3/

-4

-4.5 -4 -35 -3 -2.5 -2

\

FIGURE 5.2. Error between exact and approzimated solution, as a function of mesh spacing,
shown in logarithmic scale. The x-coordinate is log(Az) and the y-coordinate is log(EA).

REMARK 5.1. We obtain the same values no matter we consider EaA or

lva =0l L1 (0.1 [0.25—32,0.25+3a2]) T | [va = 0ll ([0.25-3A2,0.25+344)) —@(0.5)| to mea-
sure the error between exact and approximated solution.

5.2. The case of a stationary shock. We consider now the case where
the basic solution is a stationary shock, more precisely that the discontinuity arises
at the boundary xz=0. Therefore, hypothesis H1 of section 3 is not satisfied. From
a numerical point of view, a Dirac mass appears at x =0. This result was expected,
even though we did not study this case earlier.
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1100 T T
1000 b solutionv —e— |

900 |r 1
800 1
700 1
600 1
500 1
400 1
300 1
200 1
100 f 1

0

0 0.2 0.4 0.6 0.8 1

FIGURE 5.3. Linearized solution at time t=0.5 when basic solution is a stationary shock.

5.3. The case of a rarefaction wave. = We consider in this paragraph that
the basic solution is the rarefaction wave

a
u(z,t) =1 ¢

In this case, we can directly solve the linearized problem. Indeed, let us look for a
self-similar solution of (2.3). Denote by v(%) such a solution. We have then that v
satisfies the advection equation v; +av, =0 for ¥ <a, and we get v(%) =bif ¥ <a.In
the same way we get v(%) =g if ¥ >wup. Now we have that in {(a:,t) ra<i <uo}, v
satisfies

T
Ve + (;v)w =0.

If we put { =%, the above equation reads

€, L& i
() + 7ot S0 () =0,
ie., %v =0. We obtain v(%) =0, for all (x,t) such that a < ¥ <wuo. The solution of the

linearized problem is therefore given by

b, $<a,
’U(l’,t)— 07 G/S%SUO,
vy, % =>Uo-

We present below the numerical results that we obtained with the following data:
a=1, up=2, b=4 and vy =10, taken in such a way that the left side of the rarefaction
u propagates with positive speed. Once again CFL is taken to be 0.5.

Figure 5.5 represents the error between the exact and the approximated solution
in the L' norm, as a function of mesh-spacing.

We finally analyze the case where the basic solution u is a sonic rarefaction. In
this case, the basic solution and the linearized solution are given by

Z 0<E<u 0 0<z<u
w(z,t)y=<*t’ == y(at) =4 =t ="0
xT
Vo, 3 = Up,
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solutionv —=—
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665

solutionv —=—

0O 01 02 03 04 05 06 0.7 0.8 0.9

1

FIGURE 5.4. Linearized solution at time t=0.25 with Az=0.0033 (on the left) and Ax=10"5

(on the right).

-0.6
-0.8

12
-1.4
16
18

-2.2
-2.4

-2.6
-5

T T
error curve —6—

SIW_ .

/@/

-4.5

-3.5

FIGURE 5.5. Error between exact and approzimated solution in L1.

respectively. We present the numerical results obtained with data ug, b, and vy taken

to be the same as in the above example and for a=—1 and a=0.

10

T r— T
solutionv —e—

FIGURE 5.6. a=—1: Linearized solution at time t=0.5.

01 02 03 04 05 06 0.7 08 09

1

We conjecture that the numerical solution given by the scheme described in this
section approaches the exact solution, which equals 0 if x <0.5 and 10 if > 0.5.

REMARK 5.2. If we consider u to be a shock or a rarefaction solution of Burgers’
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10 — T —_— 10 e —_—

9l solutionv —e— | 9 solutionv —e— |
8| g 8 - g
7t g 7+ g
6 e 6 | e
5 B 5F B
4| 4 4L R
3r B 3F B
2 r B 2 F B
1 g 14 g
OL " " | | | i Il 0 L L L L Il Il Il Il

0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1

FIGURE 5.7. a=0: Linearized solution at time t=0.5, for Az=0.0033 (on the left) and Az =
1073 (on the right).

equation, in [12] the authors proved that the measure solution of the equation v;+
(%v), =0 is u itself, as expected. If we replace u by % in the numerical scheme
(5.3), we can see that we recover a Roe discretization of Burgers’ equation. Hence,
numerically we also recover u as the solution of the above equation, as it was predicted
in [12].
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