FRONT TRACKING FOR A MODEL OF IMMISCIBLE GAS
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ABSTRACT. In this paper we study front tracking for a model of one dimen-
sional, immiscible flow of several isentropic gases, each governed by a gamma-
law. The model consists of the p-system with variable gamma representing the
different gases. The main result is the convergence of a front tracking algo-
rithm to a weak solution, thereby giving existence as well. This convergence
holds for general initial data with a total variation satisfying a specific bound.
The result is illustrated by numerical examples.

1. INTRODUCTION

We want to describe the one dimensional, immiscible flow for several isentropic
gases. The different gases are initially separated, and the pressure is for all gases
given by a ~-law, that is, p = p7, where p is the density and ~ is the adiabatic gas
constant for each gas. We assume v(x,t) > 1. In Lagrangian coordinates v only
depends on x because the different gases cannot mix. Thus, the flow of these gases
is described for € R and ¢ € (0,00) by the system

v — Uy =0,
(11) Ut +p(v77).L = 07
Tt = 07
where v = 1/p is the specific volume, u is the velocity, and p(v,v) = v~ is the
pressure function. This 3 x 3 system of hyperbolic conservation laws is strictly
hyperbolic for v < co.

We consider the Cauchy problem for this system, that is, system (1.1)) with
general initial data

(1.2) v(z,0) = vo(x), u(z,0) =ug(x), v(z,0) =v(z), z €R.

Glimm [I3] proved global existence of a weak solution of the Cauchy problem with
initial data of small total variation for strictly hyperbolic systems where each fam-
ily is either genuinely nonlinear or linearly degenerate, thus including the present
system. This solution is found as a limit of the Glimm scheme [I3] or of the front
tracking method [I5][]. In [I6] we extended the existence result to large initial data
for by using the Glimm scheme. In this paper we prove that a front track-
ing algorithm converges to a weak solution, thereby giving an alternative existence
argument.
System is an extension of the 2 x 2 system

VUVt — Uy = 07
U +p(v)iE = 07

which describes the flow of one isentropic gas. The parameter +y is constant, and the
pressure, still given by a v-law, is a function of v only. For the p-system with v = 1,

(1.3)
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Nishida [20] showed existence of a global weak solution for arbitrary bounded initial
data. For v > 1, Nishida and Smoller [21I] proved existence of a weak solution for
initial data where (v — 1) times the total variation of the initial data is sufficiently
small. The case with large initial data for 2 x 2 systems is also discussed in [5] [9].

The system does not have a coordinate system of Riemann invariants, only
a 2-Riemann coordinate. Therefore we do not have the advantage of changing
variables to Riemann invariants as for the p-system and other 2 x 2 systems. Liu
[17] proved existence of a solution for the full Euler system with large initial data,
another 3 x 3 system without a coordinate system of Riemann invariants. Liu’s
change of variables is inspired by the use of Riemann invariants, but a similar
approach does not simplify system because + is a function of z. The general
results by Temple [25] include both the results of [2I] and [I7]. In [25] one considers
the flux function as a smooth one-parameter family of functions where one has
existence of a solution for initial data in B.V. when € = 0. Then the system with
0 < e < 1 has a unique solution if € times the total variation of the initial data
is sufficiently small. Letting e = v — 1 for the p-system and the Euler equations,
one obtains similar results as in [2I] and [I7]. However, this approach cannot be
used for system since 7 is one of the variables. Wissman proved in [29] a large
data existence theorem for the 3 x 3 system of relativistic Euler equations in the
ultra-relativistic limit. Applying a change of coordinates the shock waves become
translation invariant and a Nishida-type of analysis is used.

For 3 x 3 systems with a 2-Riemann coordinate, Temple and Young [26] showed
existence of a solution for initial data with arbitrary large total variation, provided
that the oscillations are small. This result applies to as well, but we want
to avoid this restriction on the oscillations. Peng [23] 22] also considered certain
3 x 3 systems (Lagrangian gas dynamics for a perfect gas and a model originating
in multiphase flow modeling) with large initial data.

All these existence results are proved using the Glimm scheme. Asakura shows
the convergence of front tracking for the p-system [3] and for the Euler equations [2]
with large initial data. The conditions on the initial data are the same as obtained
in [21] and [17]. In [7,[8] front tracking is used to study systems of conservation laws
whose flux functions depend on a parameter vector, p, similar to those in [25]. An
approach for establishing L'-estimate pointwise in time between entropy solutions
for 4 # 0 and p = 0 is given. In particular, letting 4 = v — 1, the L!-estimate
between entropy solutions in the large for the isentropic Euler equations and the
isothermal Euler equations is established in [7] and between entropy solutions in
the large for the the Euler equations and the isothermal Euler equations in [§].

Amadori and Corli [I] extend the p-system with an extra equation, A; = 0, to
model multiphase flow, and use front tracking to prove existence of a weak solution
for large data. As for system (L.1]), the pressure function in [I] is a function of
both v and the new variable, A, making the two systems similar. However, since
the adiabatic gas constant, «y, is equal to one in [I], vacuum can never occur for
their system as it can for system . Furthermore, the wave curves in [I] are
monotone in A, resulting in a considerably simpler analysis of the wave interactions
compared with the analysis necessary for the model considered here. The system
treated in [1] is a simplified version of the model discussed by Fan in [I2]. Similar
models, but with a rather different pressure law, are also considered in [I1] and
[19] applying completely different methods. A model in the context of the Navier—
Stokes equation with finitely many independent pressure laws has been studied in

[6].
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System ([1.1)) can also be rewritten as a 2 x 2 system with discontinuous flux. We
get

vy — Uy =0,

Ut +P(Ua’)’($))x = Oa

where the adiabatic gas constant of the different gases is given by the discontinuous
function ~(z).

This rest of this paper is organized as follows: In Section [2] we discuss the
wave curves of the system. The variable v is constant along the rarefaction and
shock waves of the first and third family, therefore these curves are similar to the
wave curves of the p-system. However, these curves are not monotone in 7, which
considerably complicates the interactions of waves with different values of 7. The
second family is linearly degenerate and gives rise to a contact discontinuity along
which p and w are constant. Thus, by changing variables to p, v and 7y, the Riemann
problem is easy to describe. The invariant region for the Riemann problem includes
vacuum. This is a problem since the interaction estimates are not valid when p tends
to zero, see [18].

Section [3|is the main part of this paper where we first present the front-tracking
algorithm. The solution of any Riemann problem is made piecewise constant by
approximating rarefaction waves as step functions. In addition, a simplified Rie-
mann solver generating non-physical fronts is introduced in order to ensure that the
number of fronts remains finite. The simplified solver is only used for interactions
where one or more fronts of the same family collide with a contact discontinuity and
the sum of the strengths of the incoming fronts times the strength of the contact
discontinuity is less than some threshold parameter. This solver generates non-
physical fronts, traveling either to the left or the right, with absolute speed larger
than any other front. Moreover, when these non-physical fronts collide with other
fronts, they just pass through without changing strength. In Section we define
a Glimm functional and by considering all possible interactions we prove that it
is decreasing under the conditions given in Proposition We use this to show
that there is a finite number of interactions up to any given time, hence, and thus
the front-tracking algorithm is well-defined. Furthermore, we introduce a genera-
tion concept in order to bound the total amount of non-physical fronts present at
any time. The approximate solution found using front tracking has bounded total
variation and is bounded away from vacuum whenever the conditions on the initial
data given in Lemma [3.18] and Lemma [3.19] are satisfied. We end Section [3] by
proving that the sequence of approximate solutions converges to a weak solution of
the system. This proves the main theorem:

Theorem[3.20} Assume that (sup(7(-,0))—1)T.V.(p(-,0),u(-,0)) and T.V.((-,0))
are sufficiently small. The the front tracking algorithm is well-defined and gives a
sequence which converges to a weak solution of .

Observe that by reducing the total variation of v and reducing its supremum,
one can allow for arbitrary large total variation of p and u. Due to Wagner [27],
this result translates into existence for the system in Eulerian coordinates.

In the last section we study some examples numerically. In the first example we
have one gas confined to an interval, surrounded by another gas. The two gases
have distinct but constant gammas. The constants that limit the total variation of
the initial data are computed, and the initial data are chosen so that they satisfy
the conditions in the theorem. The Glimm functional is explicitly computed, and
we observe decay in accordance with the theorem. In the second example the initial
data are piecewise constant, while « is continuously varying in the third example.
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For these two examples, the total variation of the chosen initial data do not satisfy
the theorem, nevertheless we still observe that the Glimm functional is decaying.

2. THE SYSTEM

It is well-known that systems of hyperbolic conservation laws such as do not
in general have smooth solutions, even for smooth initial data. Thus, by a solution
of with the initial data we mean a weak solution in the distributional
sense with (v,u,v) € LL (R x [0,00)) so that

loc

// (v — ugpy) dedt + / vo(x)é(z,0)dz =0,
Rx[0,00)

R

R

J]L, . ozt [ o@o0 e o

for all test function ¢ € C§°(R x [0, 00)).

If the specific volume, v, becomes infinite, which corresponds to zero density and
zero pressure, we have vacuum. At vacuum, the properties of the system change
and the methods used here do not apply, therefore we only consider system
for v(x,t) < co. Furthermore, we assume ~(z,t) > 1.

We write U(z,t) = (v(z,t),u(z,t),v(x,t)). Often we will work with p instead of
v, and then also write U(z,t) = (p(x,t), u(z,t),v(z,t)).

For v < oo, or equivalently, p > 0, system is strictly hyperbolic with
eigenvalues

(21) //RX[O,DO)(U(/IH/ +p¢l)a:) dzdt + / uo(x)(b(x, 0) dz =0,

(2.2) AL ==, Ay =0, Az = A,
where X := \/=p, = \/yv~7~1, and corresponding eigenvectors
(2.3) r1 = (1, A,0), re = (—py,0,p0) , rg = (—1,A,0).

Note that the eigenvalues and eigenvectors do not depend on u. The first and the
third family are genuinely nonlinear, while the second family is linearly degenerate.
Moreover, the system does not possess a coordinate system of Riemann invariants,
but v is a Riemann coordinate for the second family.

Before we turn to solving system with general initial data, we need to
solve the Riemann problem for , that is, when the initial data consists of
two constant states separated by a jump, cf. . The solution of the Riemann
problem consists of up to three elementary waves, one from each family, and up to
two intermediate constant states separating these waves. Thus, we start by looking
at the wave curves.

2.1. Wave curves. For the genuinely nonlinear families there are two types of
waves; rarefaction waves which are continuous waves of the form U(z,t) = w(z/t)
satisfying

(2.4) ia/t) = ry(w(@/t), A(w(a/t) =/t, j=1,3
where A; is increasing along the wave, and shock waves which are solutions
Uy, if it
(2.5) Ula,t) =4 1 2=
U., ifz>ojt,

satisfying the Rankine-Hugoniot condition

(2'6) Uj(UT - Ul) = f(UT) - f(Ul)a Jj=13,
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for a shock velocity o;. The admissible shock waves are those satisfying the Lax
entropy conditions

(27) >\j—1(Ul) <o < /\j(Ul), /\J(U7) <o < /\j+1(U,-), Jj= 1,3.

For the linearly degenerate family j = 2 there is only one type of waves called
contact discontinuities. These waves are solutions of the form which satisfy
the Rankine-Hugoniot condition with 0 = Ao

Fix a left state U;. For each family the wave curve consists of all states U that
can be connected to the given left state by a wave of this family. The rarefaction
solution is of the form

Ui, if z < )\j(Ul)t,
(2.8) Ulet) = dw(a/t), i MO < < N0,
U, if x> A (U)t.

The rarefaction wave curve is the set of all right states U that can be connected to
the left state by a rarefaction wave. For system (1.1} these are

2 1— Rl
Rl(’U,Ul) = <U7ul—ﬁ<’l}2l—vl 2 )77[)7 v > vy,

n—1
2 1—~ 1-v

R3(v,U)) = <v,ul + \/’Wl (vzl - ? ) ,fyl) , v < .
M —

The shock curves of all right states which can be connected to U; by an admissible
shock wave are

S1(v,0) : = (v,uz —((w—v) (™" = 11[”))1/2 ,71) ; v < v,

S3(v,U;) : = (v,uz — ((vz —v)(v™" — 111“”))1/2 ,%) , v > v,

with the shock velocities

—yp PL—Dp
2.
(2.9) 1(U,U \/ v — p=tn — 1/7’

v — v p—Di
2.10 U,U) = o ,
( ) ( l ) Ul —v p;l/’w _p_l/"/l

respectively. Note that the shock velocities do not depend on w. The curve of all
right states that can be connected to U; by a contact discontinuity is

02(77 Ul) L= (,Ul’)’l/’Y Ula’Y) ) Y > 17

with the velocity oo = Ao = 0.

Note that v only changes along the contact discontinuities. Furthermore, both «
and p = v~" are constant along a contact discontinuity, and we therefore choose to
work with p, v and . A shock or a rarefaction curve through U lies in the plane
v = v and is equal to the corresponding wave curve for the p-system with
v = ;. We proceed by defining the wave curves using p, u, and ~, as depicted in

Figure [T}

(211) ®1(p7 Ul) — (pvul _T(papl77l)7fyl)a p <pi,
(p7ul_3(p7pla’yl)7ryl)7 p>pi,
(2.12) Q2(v,Ui) = (pryur,y), v > 1,

p,uw +7(p,pi,)M), P> D,
(2.13) By(p, 1) o= § P P70
(p,Ul - 5(p7pla’Yl)7’Yl)7 p < D,
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where

(2.14) r(p,pi, M) =

v —1 PP

2% ( w1 gg;)

(2.15) s(p, i) = ((pl_”ll p_"ll> (ppz))lm.

Recall that if p = 0, we have vacuum, therefore, the wave curves are only well-

25

FIGURE 1. The wave curves through two left states with different ~.

defined for p > 0 and p; > 0. All results are for waves contained in

(216) D = {(p? U’? ’Y) ‘p e [pminypmax]a |U" < OO)’Y E (1)7]}7

where pmin > 0, Pmax < 00 and 7 € (1, 00) are constants. For initial data given by
(1.2) we will later establish the upper and lower bound on p and show that

(2.17) y = sgp(%(x)),

for all waves. We moreover have an upper bound on the wave speed for all waves
(or fronts) contained in D, and we define

(218) Amax = Il}leal})({A“ Ui} = I(}lea%({Al}7

where the last equality is due to the Lax entropy condition (2.7).

Before we discuss some important properties of the wave curves, we mention
the backward wave curves. These are the curves of all left states U that can be
connected to a given right state U, by a wave of the given family. We denote these
wave curves by ®;. The backward 3-wave curve will be used several times and this
is given by

= DyUpr =T\ PrsDyVr )y Yr)s P < DPr,
(2.19) Ba(p.Uy) = (Br12,710), 2e)
(p,ur + $(pr, 2, V), %) P> Pr,

where r and s are given by (2.14]) and (2.15). We now turn to the properties of the

wave curves.

Lemma 2.1. The wave curves in D have the following properties:
(i) The function ®y is strictly decreasing and the function @3 is strictly increasing
when considered as functions of p.
(i1) Given two wave curves, ®;(p,Ur) and ®;(p, Us) where j € {1,3}, so that Uy
is not on ®;(p,Usz) and Uy is not on ®;(p,Ur). Then the two wave curves
never intersect.
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(i1i) Consider the projections onto the (p,u)-plane of the wave curves through Uy =

(i)

(v)

(vi)

(vii)

(pr,wi, 1) and Uy = (pr, wi,v2) where v < vo. If

9 o p ) < v (on,pio )
ap PP, ap P, PL,7Y2),

then the projected wave curves going to the right (with respect to p) will never
intersect, while the projected wave curves going to the left will intersect as p
decreases. If

9 prpim) > (o po )
ap PP, 8}7 Pi,P1,72),

then the projected wave curves going to the right will intersect, while the pro-
jected wave curves going to the left will not. If

27‘(p P )—gr(p P, 2)
8]) 1, P, 71 8]) 1, P1,72),

then none of the projected wave curves will intersect.
The slope of a rarefaction wave in the plane v = v, Or/0p, only depends on p
and 7, not on p;. Furthermore, there exist two constants i and 7).

T in only
depending on Pmin, Pmax and ¥ so that

X

/

8 !
Tmin < 67)7”(]9,191,%) < Phax-

The slope of a shock wave in the plane v = 7, 0s/0p, depends on p, v, and
pi. Furthermore, there exist two constants s, and Sy .. only depending on
Pmin;, Pmax and 7 so that

n X

90 oy
Smin = %S(p7pl77l) S Smax-

The wave curves have a continuous derivative at Uj,

lim gs( ) = gr( )
—pr ap b,pr,M) = ap P, P, )-

Furthermore,

0 S 0

aips(papla’yl) = %T(papl771)a
for all p;. Hence, a shock wave is always steeper than a rarefaction wave at a
given p # p; provided both waves lie in the plane v = ;.
Rarefaction waves are additive; if a rarefaction wave connects Uy to Us and
another rarefaction wave of the same family connects Us to Us, then the rar-
efaction wave connecting Uy to Us equals the concatenation of the other two
rarefaction waves.

(viii) Given two 1-shock waves starting at (p1,u,y) and (p2,u,y), respectively, and

(iz)

assume p1 < p2. Then the shock wave starting at py is steeper than the shock
wave starting at ps at any given point p, that is,

9 op2) < Ls(ppr)
6p D, D2, ap P,P1,7)s

for allp > pa2 > p1.

Given two 3-shock waves starting at (p1,u,v) and (p2,u,7), respectively, and
assume p1 < pa. Then the shock wave starting at ps is steeper than the shock
wave starting at p1 at any given point p, that is,

D pp17) < s(pipa.)
aps b, P1,7Y 8])8 p,pP2,7%),

for allp < p; < ps.
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Proof. All the properties follows from differentiating the wave curves. O

(a‘) Because C%T(pl,Ph’YI) > aipr(phpl?’)?)? (b) Because %T(Pl»ph’ﬂ) < %r(phpla’yQ)?
the projected wave curves going to the the projected wave curves going to the
right intersect. left intersect.

FIGURE 2. The wave curves through U; = (p;, u;,71) (dotted line)
and Us = (p1,uy,v2), where 71 < 72, projected onto the (p,u)-
plane.

The projection onto the (p,u)-plane of two wave curves with different +’s are
shown in Figure 2| Note that the projected wave curves intersect, cf. property ,
because the slopes of the projected wave curves depend on 7. The next lemma
gives an estimate on how different two waves with different +’s are.

Lemma 2.2. Let ¢; and eo be 1-waves of the same type such that €, connects
(po, w0, 71) to (p,ur,71) and ez connects (po,ug,v2) to (p,u2,72), or let m and ny
be 3-waves of the same type such that n; connects (p,u1,v1) to (po,uo,71) and ne
connects (p,ua,v2) to (po,uo,Y2). Assume that all waves are contained in D and
furthermore that u; < us. Then
(2.20) us —ur < c2lp—po||v2—ml,
where co only depends on Pmin, Pmax and 7.

Note that for 1-waves we compare two waves where the projected waves start at
the same point in the (p, u)-plane, while we for 3-waves compare two waves where

the projected waves end at the same point. The proof of this lemma is given in [16]
and is based on the techniques used in [2§].

2.2. The Riemann Problem. We have the following fundamental definition.

Definition 2.3. The Riemann problem for (|1.1)) is the Cauchy problem with initial
data

(2.21) U(z,0) = {Ul7 if x <0,

U, ifz>0,
where U = (v,u,v) and U}, U, € R are constants.

Lemma 2.4. The Riemann problem for (l.1) where U; and U, are contained in
D, cf. (2.16), has a unique solution without vacuum if

(2.22) up — w < 7(pr, 0,7%) — (0, pr, 11)-
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Proof. Note that if ; = =, then the Riemann problem for reduces to the
Riemann problem for the p-system . The solution of this problem is described
in detail in [24, Ch. 17, §A], and it is unique if is satisfied with v; = ;..

A 2-wave takes us from one plane, v = 71, to another plane, v = 72, while p and
u remain constant. Therefore, the Riemann problem has a unique solution if the
projections onto the (p,u)-plane of the 1-wave curve, ®1(p,U;), and the backward
3-wave curve, <i>3(p, U,), have a unique intersection point. From property of
Lemma [2.1] we have that the projection of ® is strictly decreasing in p and it
follows that the projection of Py is strictly increasing in p. Hence, the projected
curves intersect at most once. The only case where the two curves do not intersect
is if the projection of the backward 3-rarefaction wave from U, always lies above
the projection of the 1-rarefaction wave from U;. Thus, if

Ur — T(praoa%”) <u — T(Oapl771)7

then the projections of ®5(p, U,.) and ®,(p, U;) onto the (p, u)-plane have a unique
intersection point, and the Riemann problem has a unique solution. O

The solution of the Riemann problem (U;,U,.) is constructed as follows: Let
(p, @) be the unique intersection between the projections of @1 (p, U;) and ®3(p, U,.)
onto the (p,u)-plane. We connect U; = (py,us, ) to Uy = (p, @, ) by a l-curve,
then we go from Uy to Uy = (P, @,y,) along a contact discontinuity, and finally
connect Us to U, = (pr, ur,v) by a 3-wave.

2.3. Invariant region and vacuum. A region ) is invariant for the Riemann
problem if for any Riemann problem with initial data in 2, its solution is also
in Q. For the p-system we know from [I4] Ex. 3.5] that the convex region in the
(v, u)-plane between the integral curves of the eigenvectors is invariant. This region
bounds v from below, but not from above, thus vacuum is included in the invariant
region. In the (p, u)-plane this corresponds to the region bounded by p = 0 and the
two integral curves. Since 7y cannot take any other values than those of the initial
data, we find the invariant region for the p-system for each v and take the union of
these. This gives us an invariant region for (L.1)). Moreover, this gives us the upper
bound on p, pmax, which we need, but p is still not bounded away from vacuum.

3. THE CAUCHY PROBLEM

We now turn to the Cauchy problem and use front tracking to obtain a sequence
of approximate solutions. The goal of this section is to show that a subsequence
converges to a weak solution of . In order to do this, we find a suitable Glimm
functional and show that it decreases in time. This requires detailed analysis of all
possible interactions and most of this section is devoted to this. First of all we need
some notation. We let

€ define a 1-wave, a a 1-shock wave, 1 a l-rarefaction wave,
n a 3-wave, 0 a 3-shock wave, v a 3-rarefaction wave,
¢ a 2-wave, 0 a 1- or 3-wave,

Furthermore, we define the strength of a 1-wave or a 3-wave as the jump in p across
the wave and the strength of a 2-wave as the jump in ~ across the wave. The
strength of a wave or a front is denoted by |0 |. We are now ready to discuss front
tracking and to define fronts. Note that we will use the above notation for fronts as
well as waves. In addition, we will define non-physical fronts which will be denoted
by 6™P and the strength of a non-physical front will be defined as its jump in u.
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3.1. Front tracking. The first step of front tracking is to approximate the initial
data by a piecewise constant function U™ so that

im0~ Ugll =0,
where Uy = (po, ug,Y0) and din;t is the distance between the discontinuities. Fur-
thermore, the approximation has to satisfy at every discontinuity so that
all initial Riemann problems have a unique solution. Thus, no vacuum forms at
t = 0+.

We then solve the Riemann problem defined by the discontinuities in Ug it All
solutions of Riemann problems in front tracking have to be piecewise constant.
Since shock waves and contact discontinuities are already piecewise constants, we
use an approrimate Riemann solver where the continuous rarefaction waves are
approximated. We replace the rarefaction wave from the left state, U, to the right
state, U,., by a step function. Let k := [|p, — p; | /0|. Then we divide the rarefac-
tion wave into k jumps, each with strength & = |@|/k < 8. The discontinuities
move with the speed of their left state. Note that the jumps in the approximated
rarefaction wave do not satisfy the Rankine-Hugoniot condition. It is obvious that
this approximate solution of the Riemann problem converges to the exact solution
a.e. when ¢ tends to zero.

Solving all Riemann problems present initially by the approximate solver, gener-
ates an approximate solution of the Cauchy problem for small ¢ > 0. The solution
is piecewise constant and a front is one discontinuity in the solution. Hence, a
shock wave or a contact discontinuity is one front, while an approximated rarefac-
tion wave consists of k fronts where each front has strength less than or equal to
5. Note that the two parameters diniy and § are chosen so that e = O(5). We
denote the approximate solution U?.

We track all fronts in U until two or more fronts interact, that is, collide at a
collision point (z, 7). The colliding fronts are called incoming fronts. Then we solve
the Riemann problem defined by the states immediately to the left and right of the
incoming fronts, and the fronts in this approximate solution are called outgoing
fronts and are usually identifiable by a prime. We keep tracking all fronts and
solving Riemann problems each time fronts collide.

In order to ensure that front tracking is well-defined for all times, we follow the
approach of Bressan [4] and introduce non-physical fronts. Thus, an interaction
is either solved by the standard approximate solver as described above, or by a
simplified Riemann solver. Let p > 0 be a fixed threshold parameter. Interactions
of the form (43, €, or the symmetric form ), 7;4(, are solved using the simplified
Riemann solver if

(3.1) \CIZ\&HS/J, or ICIZIW\Sp,

respectively, otherwise the approximate Riemann solver is used. All other interac-
tions are always solved using the approximate solver. The simplified Riemann solver
introduces non-physical fronts which we denote 6™P. By construction, both p and ~
are constant across a non-physical front and its strength equals the jump in u. In
order to preserve the symmetry property of system , we introduce non-physical
fronts traveling both to the left and to the right. In either case they travel with
the absolute speed Anp > Amax, hence the name. Note that the Rankine-Hugoniot
condition is not satisfied for a non-physical front.

Let us first detail the solution of the interaction between one front and a contact
discontinuity using the simplified solver. The solution consists of two physical fronts
and a non-physical front:

CHe—e +C+0m.
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The outgoing front € has the same strength and type as ¢, and connects U; =
(p1,uz,v) to Uy = (py, @, 71), as depicted in Figure The contact discontinuity
is, as always, unchanged, connecting Uy to Uy = (pr, U, y,). The non-physical front
then connects Us to U, = (pr, ur,7yr). Moreover, the non-physical front has positive
speed traveling to the right. For the symmetric case,

N+ (= 0"+

the non-physical front has negative speed.

U1 UQ /// Ul
e C ///énp e
U U, U,
C|\€ ¢
U1

(a) Simplified solver for ( + €.  (b) Simplified solver for { + >, ;.

F1GURE 3. The simplified Riemann solver with non-physical fronts
(dashed lines).

The solution we get using the simplified solver when two or more fronts of the
same family interact with a contact discontinuity, consists of one physical front of
each family, in addition to a non-physical front;

C+ e+ ¢+ 0™,
K3
see Figure In order to determine the outgoing fronts, we introduce two auxil-
iary fronts, € and 77. These fronts are the solution of the Riemann problem (Uy, U,.),
thus, € connects U; to the intermediate state U = (p,, 7, ), and 7 connects U to
U.. Let €’ be the front that has the same strength and type as €, but with v = ~,,
that is, connecting U; to Uy = (P, @, y). The contact discontinuity is unchanged,
connecting Uy to Uy = (P, 1,7, ). Let 1’ be 7 shifted in the u-direction so that 7’
connects UQ to Ug = (pr, ur +U—7, ). Finally, the non-physical front connects Ug
to U,. The non-physical front has positive speed and changes only the value of wu,
as it is supposed to. This construction of the solution using the simplified Riemann
solver is inspired by the formal tool of splitting an interaction into steps that we will
introduce in the next section. More details on the process of finding the outgoing
fronts using the simplified solver are included in the proof of Lemma [3.11] where we
obtain estimates for these interactions. Note that ¢’ + ¢ + 7’ is the solution of the
Riemann problem (U, Ug), thus, the Rankine-Hugoniot condition is satisfied
for any shock or contact discontinuity. However, it is not satisfied for the non-
physical front or any approximated rarefaction wave. We resolve the symmetric
interaction in a similar manner, and get a non-physical front with negative speed;

S ni ¢ 0P
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7 - 1)
(a) in the (z,t)-plane. (b) Projected onto the (p,u)-plane.

FIGURE 4. The interaction ™ + 3+ (+a — o' +( + 3 + 6°P.

Whenever we have an interaction with an incoming non-physical front, as in
Figure [4 we first let the non-physical front pass through with its strength un-
changed. Then we solve the remaining interaction, which is slightly shifted along
the u-direction, using the approximate or simplified solver according to condition
(3.1). Note that all wave curves are invariant in the (p, u) plane under a translation
in u.

Before we turn to the discussion of all possible interactions, we look at the error
introduced using the simplified solver instead of the approximate solver. The lemma
is given for the interactions involving 1-fronts, but we have the same results for the
symmetric interactions involving 3-fronts.

Lemma 3.1. Consider the interaction ¢+ . €; forn > 1. Let
C+Y e —e+C+i,

be the solution, with intermediate states Ui, i =1,2, obtained using the approximate
solver, and let

- €+ ¢+ 0", ifn=1,
c+Y a0
- €+¢+n+0m, ifn>1,
be the solution obtained using the simplified solver, with intermediate states U,
1=1,2 and i = 1,2, 3, respectively. Then,
log —ou | =00) 0™, if € =,
Ao — A | =0, if € =4,
and, if i) is of the same type as ' forn > 1,
o5 =0 | = 0167, if ' = 7,
Ao — A | =0Q) 0™, if ' =0,

Moreover, ‘Ul - UZ‘ =0(1)]0m|,i=1,2, and ’Ur - U; ‘ = 0(1) 10" | where j =2
ifn=1and j=3 ifn>1.

Proof. First note that p and u are equal for U, and Us, and for U, and [72, and we
therefore omit the indices. Figure [f] shows the solutions of ¢ + € for both solvers,
and Figure [6] shows the solutions and the auxiliary fronts for an interaction of the
type ( + >, €. The rarefaction fronts p/ and i have the same left state, and
they therefore have the same speed. Likewise, the left state is the same for o
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(a) ¢+ p.

FIGURE 5. The interaction (dashed lines) solved by the approxi-
mate solver (dash-dotted lines) and by the simplified solver (solid
lines).

(a) When 7’ and 7 are of the same type (b) When 5’ and 7 are not of the same type.

FIGURE 6. The interaction ¢ + 23:1 «; (dashed lines), with the
auxiliary curves (dotted lines), solved by the approximate solver
(dash-dotted lines) and by the simplified solver (solid lines).

and &. However, the speed of a shock-front depends on the value of p at the right
state as well, where p = p for o/ and p = p for &. Since this difference in p is
less than a constant times the jump in u across the non-physical front, that is,
p—pl=0(1)[6"], we get

o6 — 0o | = lo1(p1,0) — o1(pi,p) | < |oh (o1, p™) [ 1D — B = O(1) |67,

where o7 is the derivative with respect to the second argument and p < p* < p.

If n > 1 and 7’ is of the same type as 7, as for the interaction depicted in
Figure then p = p, at the right state for both fronts. However, at the left
state we have p = p for ' and p = p for 7). This is the same difference in p as
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above, thus,

‘03 —og | = los(p.pr) — o3(B,pr) | < |os(p™. ) [ 16— B = O(1) 07|,
Ao = Aur | = [AB) — AD) | < [X5(p") [ 1P —p| = O) 0" |,
where o} is the derivative with respect to the first argument, \j the derivative with
respect to p, and p < p* < p.
Moreover, 7 is equal for the two solutions and |@ — 4| < |#"P |, thus, ‘Ui ~U;| =
O(1)]0"? |, i =1,2. Finally, let j =2 for n =1 and j = 3 for n > 1. Then, p; = p,
U.—Uj| =0(1) 0% |. O

and |@; — u, | = |#"P |, hence,

In front tracking an interaction is a collision of arbitrarily many fronts at one
point in space-time. However, in order to collide at the same point, their speeds
must decrease from left to right. This observation has the immediate consequence.

Lemma 3.2. All interactions between physical fronts in front tracking for system
(1.1) 4s of the general form

(3.2) S+ e
i=1 j=1

where n; is a 3-front, ( is a contact discontinuily, €; is a 1-front, and two adjacent
fronts cannot both be rarefaction-fronts. All interactions with incoming non-physical
fronts are of the same general form with a non-physical front as the leftmost and/or
the rightmost incoming front. Furthermore, all wave families do not need to be
present in an interaction.

This is a major difference between front tracking and the Glimm scheme where
at most four waves can interact. Furthermore, only the case with two interacting
fronts or waves is the same in front tracking and in the Glimm scheme. Still, the
following, simple symmetry property for system proved in [I6], is useful also
for the interactions in front tracking.

Lemma 3.3. [I6, Lemma 3.1] Under the transformation x — —z, a 1-wave con-
necting U; to U, becomes a 3-wave connecting U, to U;, and vice versa. A 2-wave
is unchanged under this transformation, and a non-physical front becomes a non-
physical front traveling in the opposite direction. Furthermore, the leftmost wave
with respect to x will become the rightmost wave with respect to —x, and so on.

One of our main goals is to show that the approximate solution can be con-
structed at any time in a finite number of steps. Therefore we look at which
interactions increase the number of fronts present. Firstly, recall that the solution
of a Riemann problem consists of up to three waves, one from each family. Hence,
the solution found by the approximate Riemann solver has four or more fronts if,
and only if, a rarefaction wave splits into several fronts. For an interaction between
three or more fronts solved by the approximate solver, the number of fronts can
therefore only increase due to splitting of rarefaction waves.

Furthermore, an outgoing contact discontinuity is only present if there is an
incoming contact discontinuity. Thus, the number of fronts for an interaction be-
tween two fronts, none of which are contact discontinuities, can only increase due
to splitting of rarefaction waves.

Whenever the simplified solver is used for an interaction between two incoming
fronts, we get two outgoing physical waves and one outgoing non-physical front. If
there are three or more incoming fronts, the simplified solver gives three outgoing
physical waves and one non-physical front. Hence, for an interaction solved by the
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simplified solver, the number of physical fronts can increase only due to splitting
of rarefaction waves.

Except for split rarefaction waves, the number of fronts increases only for the
interaction between a contact discontinuity and one other front solved by the ap-
proximate solver. These interactions have at least three outgoing fronts, and we
refer to them as -collisions.

Definition 3.4. A ~-collision is the interaction between a contact discontinuity
and a 1- or 3-front.

The four different ~-collisions, where symmetry reduces it to two distinct cases,
are discussed discussed in the proof of Lemma in Section (3.2

If the strength of an outgoing rarefaction wave is larger than ¢, it splits into sev-
eral fronts. The interactions where this might happen are either a new rarefaction-
collision or an increasing rarefaction-collision as defined below.

Definition 3.5. A new rarefaction-collision is an interaction where there is an
outgoing rarefaction wave of a family in which there are no incoming rarefaction-
fronts.

Definition 3.6. An increasing rarefaction-collision is an interaction where the
strength of an outgoing rarefaction wave is greater than the sum of the strengths
of the incoming rarefaction-fronts of the same family.

Note that a 7-collision can also be a new rarefaction-collision, an increasing
rarefaction-collision, or even both.

Summing up the front tracking construction, we have defined a piecewise con-
stant function U?, so that for all fixed ¢, U%(-,t) is a piecewise constant function.
Furthermore the construction gives a sequence of collision times 7y < 79 < ..., and
U°(-,t) is defined for all ¢ < lim,, .o, 7, We shall show that either {7,,} is a finite
sequence or lim,, 7, = 0o, i.e., that U%(-,t) can be constructed for any ¢ > 0.

3.2. The decreasing Glimm functional. Set ¢, = (7, +7p+1)/2, where we have
defined 79 = 0, and define the functional

(33) G(tn) = F(tn> + 301(7 — 1)Q1(tn) + 302Qz(tn),

where C is the constant appearing in the estimates given by (3.16)) for the inter-
action of Type cf. the proof of Lemma [3.8

C2
(3.4) Cy = ——— = keo,
min{r,;,, Syin b
where ¢y is the constant from Lemma and
1

B min{r’ . s’ .}’

min’ “min

(3.5)

Note that both C; and C5 are constants only depending on pmin, Pmax and 7. This
is the same functional as the Glimm functional defined in [I6], and the two first
terms are similar to the Glimm functional used in [21]. The linear functional F" and
the two quadratic functionals Q1 and Q- are defined by

(3.6)  F(ty):= Z{|9| | all shock-fronts 0 at ¢t = t,,},
(3.7)  Qi(ty) := Z{|a |18 ] all approaching 1- and 3-shock-fronts at t = t,, },
(3.8)  Qa(ty) := Z{|C| |6] | all approaching pairs of ¢ and 0 at ¢t = t,,},

where two fronts of different families are approaching if the front of the lowest
family is to the right of the other. Note that F' and ()1 only sum over shock-fronts,
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while Q2 also sums over rarefaction-fronts. Furthermore, none of the terms involve
the strength of non-physical fronts.

We call the lines t = t,, time lines. The only difference between the functionals
above and the functionals used for the Glimm scheme in [I6] is that the above ones
are defined on time lines, while the functionals in [16] are defined on mesh curves.

We need two more functionals, one summing over all shock- and rarefaction-
fronts at t = t,, and one summing over the contact discontinuities at ¢t = t,,. Note
that the sum of all contact discontinuities is constant for all time lines. We define

(3.9) L(tn) :=> {l0| |all 0 at t =t,},
(3.10) Fy = {l¢]|al ¢}

We will show that G is a decreasing functional in time. Let
(3.11) C =min{C, 1},

where the minimum is taken over all the constants C appearing in the estimates for
interactions of Type discussed in the proof of Lemma Note that 0 < C < 1
depends only on puin, Pmax and 7. The rest of this subsection will be devoted to
proving the following result:

Proposition 3.7. If

(3.12) 30, (7 — 1)L(t) <

w\Q

and 3C.F, < %

then G defined by is decreasing and F(t,) < 3L(to). In particular, G decreases
by at least %q across an increasing rarefaction-collision where the strength of the
rarefaction wave increases by q > 0, by at least %\9'| across a new rarefaction-
collision where 8’ denotes the new outgoing rarefaction wave, and by at least 3k |0™ |
for an interaction where a non-physical front is generated.

We prove this proposition through a series of lemmas where we start by consid-
ering interactions between two fronts, then gradually build up to interactions of the
general form given by , including incoming non-physical fronts. For all possible
interactions in front tracking we show that G is decreasing and, in particular, we
identify all new or increasing rarefaction-collisions and all interactions generating
a non-physical front.

Before we state and prove the different lemmas, we present the general idea
based on induction on successive time lines: First we show that G(¢1) — G(tg) < 0.
Then we assume G(t,) < G(tp—1) < -+ < G(tp). The induction step is to show
that AG := G(tp4+1) — G(tn) < 0. Note that if G is decreasing up to t = ¢, then
we have
F(t,) < G(tn) < --- < G(to) = F(to) +3C1(7 — 1)Q1(to) + 3C2Q2(to)

< F(to) + 301(7 )(F( )) +3C5L (to)FpY
< (143C1(F = DF(to) + 3C2F5) L(to)
< (1+3C1 (7 — 1)L(to) + 3C2Fy) L(to)
5

<(1+§+5) 2o < 520

We only give the estimates for AG here. Estimating G(¢1) — G(to) is very similar,
giving terms involving F'(¢y) where the estimate for AG has terms involving F'(t,).

For the more involved interactions we use a computational trick where we divide
the interaction into steps where only a part of the fronts interact at each step. It is
important to note that in the front tracking algorithm all fronts in an interaction
meet at the same point and that no speeds are altered. It is just in the estimation

(3.13) *
_|_
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of AG we do this step procedure as a formal trick to go from the incoming fronts
to a set of fronts which are comparable to the outgoing fronts. Note also that
the outgoing fronts are not altered in this process. This method corresponds to
the use of inner diamonds for the Glimm scheme in [I6]. DiPerna [10] constructs
the outgoing solution by resolving the interaction into a composition of binary
interactions. This method of decomposition is similar to our formal method of
dividing an interaction into steps.

Thus, we divide the interaction into [ steps where only some of the fronts interact
at each step, the rest is left unchanged. As long as the interaction at one step is
an interaction already analyzed, we know that G decreases across that step. We
continue this until we at some point directly can show that G is decreasing across
the last step, where the last step is going from some collection of fronts to the
outgoing fronts. Formally, the steps are obtained by shifting the speeds of the
incoming fronts slightly, so that only the intended fronts meet at a shifted collision
point. This is done for each step and we introduce intermediate time lines, ¢t = ¢},
so that the interaction at the ith step lies between ¢;_; and t] where t§ = ¢,, and
tf = tyy1. As long as we have AG; = G(tf) — G(t;_;) < O0fori=1,...,1, it
follows that AG < 0. Note again that this step procedure is only a computational
trick, and that the front-tracking algorithm as such involves no shifting of speeds.

t=1n11 t=1tn41
F
Pz
\ t=1t, 0 t=1,
(a) The original interaction. (b) The interaction divided into steps.

FIGURE 7. A typical interaction of the form -, m; + 3, ;.

Figure 7|shows how a typical interaction of the type >, m;+ ;€ s divided into
two additional steps. First we let all 3-fronts interact at one collision point whereas
all 1-fronts interact at a different point. Both interactions result in a 1-wave and a
3-wave. At the second step we let the approaching 3- and 1-wave interact. Thus,
at t = t5 we have a collection of four waves and we compare these to the outgoing
fronts. Note that we have not shifted or altered the outgoing fronts at any point in
this step procedure.

For some cases we use an additional trick to avoid getting too many steps.
Instead of letting some fronts interact at a shifted collision point, we replace the
fronts with new fronts connecting the same left and right state. Since this is not a
valid interaction, we need to show that AG; < 0 for this step, and we do that by
comparing the new fronts with the replaced fronts. Still this is just a formal trick
and the outgoing fronts are not altered.

In Lemma through Lemma we cover all possible interactions, and we
start by the cases with two interacting fronts. Recall that these are the same
interactions as for the Glimm scheme, cf. [16], and they are labeled in the same
manner as in [16].
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Lemma 3.8. For all interactions between two fronts we have AG < 0. In par-
ticular, AG < —%q for all increasing rarefaction-collisions where the strength of
the rarefaction wave has increased by ¢ > 0 and AG < —% |6" | for new rarefaction-
collisions where §' denotes the new rarefaction wave. Moreover, AG < —5C5[(|[0]
for all ~-collisions where 0 is the incoming front, and AG < —3k|0™ | for interac-
tions generating a mon-physical front.

Proof. The possible interactions between two fronts are the same as the interactions
of Type B considered when using the Glimm scheme, cf. [I6]. Therefore, we here
give the estimates without proofs. All the estimates for interactions without a
contact discontinuity are obtained from the estimates by Nishida and Smoller in
[21], while the estimates for interactions with a contact discontinuity are found using
Lemma[2.2] The estimates for the interactions between a contact discontinuity and
another front solved by the simplified solver are also obtained using Lemma [2.2]

Type Ba: Two waves of the same family.

(i) a1 +ag — o' + 1/, symmetric to 31 + 82 — p/ + B3': This is a new rarefaction-

collision and we have

2
o' | = o] = laz| = =]V'| = AG < —Z]/].
U
]
\
\
\
AN
\\al
AN
AN
\\
Ul \
\.
\\\
6;'\\\\\
\\\\\(LQ
oo
Y

F1GURE 8. The interaction oy + ag — o’ + V',

(ii) « + u, symmetric to v 4+ (. There are two possible outcomes:
e a+p— u + 3 For this case we have

W <l 18|~ la| < —-CIB'| = AG<O.
o a+p— o + 3 We have
lo/ |+ 16| —|a| < -C|8'| = AG<O.

(iii) p + «, symmetric to 8 + v: There are two possible outcomes:
e i+ a— u + 3 For this case

W < uls 18| =la] < =C|8'| = AG<O0.
e i+ a— o + F. In this case, the interaction is replaced by a new one,
(3.14) pt+a2L a9 015,
for which we have the estimate

@|+|B]—la| < -C|3] = AGi <.
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FI1GURE 10. The interaction p + o.

Furthermore, we have AGs < 0 by estimate for f + a below,
cf. Type Hence, AG < 0.

Type Bb: Different families, no contact discontinuity.

(i) v+ p — v + /. None of the rarefaction-fronts increase, and we have

(3.15) W<l W<y = AG: <.

(ii) B4+ a — o + 3. We have
(3.16) o' [ = la| < (F=1)Cilal|B], |6 [B] < (T-1)Cila]|B],
thus
AG < —5(7- 101 Jall].
(iii) v + @ — o + v/, symmetric to 8+ p — p' + . This is an increasing
rarefaction-collision where we for ¢ > 0 have

2
o' | —laf=—q, V| =v]=q = AG < -Zq.
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F1GURE 11. The interactions of Type Bp]

Type Bc: With a contact discontinuity: These are the four possible ~y-collisions.

(i) ¢+ p, symmetric to v+¢: There are two possible outcomes for this y-collision,
and, in addition, we have the case where the simplified Riemann solver is used,
introducing a non-physical front.
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FicURrE 12. The interaction ¢ + pu.

e (+pu— p' + ¢+ This interaction is a new rarefaction-collision and
an increasing rarefaction-collision with ¢ = [/ |. We have

W = lul =11 < CalpllC],
from which we find
8 2 2
AG <L —-C <—=|V|-zq
< —5Calnll¢] < —5 11~ 5a
o (+u— p' + ¢+ [ The rarefaction-front does not increase and
10
W =1pl <0, 16" < C2lulIC] = AG < =CalulIC].

e (+pu — u' + ¢+ 60"°: By construction, |¢'| = |u]|. Using Lemma
we find
(3.17) 077 < ealplIC],
from which we get
AG < =3Cy |u|[C] < =3k (0",
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where k given by (3.5) depends only on pumin, Pmax and 7.

(@) C+p—p' +C+0OP. (b) (+a—a' +(+06mP.

F1cURE 13. The interaction ¢ + € solved using the simplified solver.

(ii) ¢ 4+ a, symmetric to 8 4+ ¢. This 7-collision has two possible outcomes, in
addition to the case with a non-physical front.

U

() (+a—ao +¢+v. by (+a—ao' +C+ 3.
F1GURE 14. The interaction ¢ + a.

e (+a— o + (+v': For this new rarefaction-collision we have
@ | = la| <0, ['| < Colal[C],
thus,
2 2,
AG < -20lallcl s 5.
e (+a— o +(+ " For this case we have
1
o[ =lal =15 < Colall(] = AG < —-5C2IC1B].

e (+a—a’ +(+6": By construction, |a’ | = || and by Lemma [2.2]
(3.18) 6°P | < calp ]
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Thus,
AG < =3Ca |a[C] < =3k 0™,

where k only depends on puin, Pmax and 7.
O

With the basic interactions between two fronts covered, we are able to consider
more involved interactions. First interactions between arbitrary many fronts of the
same family are studied. Two interactions of this kind are given in Figure see
also Example [3:10|below. Note that no interaction of this form can be an increasing
rarefaction-collision.
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(a) Yoi_ji — o +v. d) pr+ a2 +pus+as—p +46.

FIGURE 15. Some interactions of the form (3.19).

Lemma 3.9. For all interactions between arbitrary many fronts of the same family
where two adjacent fronts cannot both be rarefaction-fronts, we have AG < 0, and
in particular, AG < —20'| for new rarefaction-collisions where §' denotes the
new rarefaction wave. Furthermore, there are three possible outcomes for these
interactions;

n w+0B, n o+,
(3.19) € — <o +v,  symmetric to Zm -y + 3,
=1 o' +ﬁ” =1 o +ﬂ/

Proof. We prove the lemma for interactions between three or more 1-fronts, the
interactions with n = 2 are already covered by Lemma[3.8] None of the interactions
can have two rarefaction waves as outgoing waves due to property (i) of Lemma
Recall also that p increases along a 1-shock wave and decreases along a 1-rarefaction
wave.

Consider first the case o’ +1v/. Then the interaction is a new rarefaction-collision
where U, is to the right of U; and above the 1-shock wave starting at U;. Since
only the a;-fronts among the incoming fronts bring us to the right, we have

n
2
|a'|—Z|ai|§—|u’| = AGS—g\V’|.
i=1

For the case p' + 3, U, is to the left of U;. The only incoming fronts bringing
us to the left are the p;-fronts, thus

W <> il
i=1
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Hence, no interaction between fronts of the same family is an increasing rarefaction-
collision.

Therefore we consider the last two cases together, that is, ¢ + 3 where € is
either a shock or a rarefaction wave. We divide the interaction into several steps
where two fronts interact at each step, hence, AG; < 0 by Lemma Recall
that two adjacent fronts in the interaction cannot both be rarefaction-fronts. The
strategy is as follows: Start with the rightmost front and search for the first place
where two adjacent fronts are of different types, i.e., a; + pt41 or p; + o;41. Let
these fronts interact with outcome €, + Bk Whenever there is a 1-shock to the
right of ﬁk, we proceed by letting them interact; ﬁk +a — gy + ﬁk+17 and we
repeat this as long as there is a 1-shock to the right of the 3-shock. Thus, we end
up with a collection of -waves as the rightmost waves. Furthermore, whenever
this process results in two adjacent rarefaction waves, we recall from property
of Lemma [2.1] that rarefaction waves (and fronts) are additive and we add them up
to a new rarefaction wave. We continue this process until all 1-fronts of different
types have interacted, and we are left with either i+ > B or Sap+ > Bk. For
the first case we have

n

(3.20) Zq—e;ﬁZﬁk W+,

i=1
where we already know that AG; < 0. By property of Lemma it follows
that >, ‘Bk > |3’ ], thus, there is a ¢ > 0 so that

W= 1il=a, 181 =Y || = —a = AG: <0,
k
For the latter case we have

Z 24, Z%+Zﬂk—‘ﬂa + 4,
i—1

where we already know that AG; < 0. Furthermore, it follows from the properties

and of Lemmathat
o= lal <0, 18- Y || <0 = ac <o,
k k

This proves the lemma for the interaction ), ¢;, and the results for ), n; follows
by symmetry. However, we include another estimate for the last case discussed
above, which will prove useful later. The number of ag-fronts is less than or equal
to the number of incoming «;-fronts. Going carefully through each steps, we find
that each @ has a corresponding incoming «; so that

- _ 4
(3.21) jar | <JJA+Ci(T= 1) lej ) |ovi | < 3 lail,
J#i
because
_ 3 _
[[a+aG-Digh<1+53 aE- 1]
JFi J
3
S1+5G0 - DE(t-1)

3
< 1+§Cl(7*1)



24 HOLDEN, RISEBRO, AND SANDE

Here we have used that

H(1+xi)<exp<2$i><l+32xi, for Zngé
U

Before we continue to the more complicated interactions, we give an example to
illustrate how we divide an interaction of the form (3.19) into smaller steps.

Example 3.10. Consider the interaction pq + ag + 3 + ay — o' + ' as depicted
in Figure[16(a)l Dividing this interaction according to the strategy we discussed in

the previous proof, see Figure [16(b)], we get

1 + o 4 [13 4 o) L4, (1 + ao] + & + 5 &5424'[324-541} + 5
28 Gyt g+ fs+ B 2SS o 4
where AG; < 0,7 =1,2,3, by Lemma [3.8] By the properties of shock waves, we
have
o = [az| ~ las| <0, 8]~ |B| - |&| <0, = AGi<0.

Note that /H—a as above is the second case of the interaction of Type discussed
in Lemma where we introduced an extra step to solve it. This is given in
where ‘ﬂ’ < |p| and [@| < |a|. Using this, and the estimates given by 1_' for
5+ @, we find
laz | < (1

—1C1[By @ | < (1 + (7T = 1)Crlpa ]) |az],

+(-1)C
G < (1+ (7= 1)C1 |2 ) |an |
<SA+@F-1)CA+F-DC1|a]) B )1+ F-1)C1 |6, ]) |a: |
<(+0- 1)01 Iul DA+ G =1DCilaz )1+ F = 1)Cr|us]) loa ],
showing that estimate ) holds for as and as.
Using Lemma we are now able to divide the more involved interactions into

smaller steps and through this show that G decreases. We start by adding a contact
discontinuity to the interactions.

Lemma 3.11. The functional G decreases for all interactions of the form

n n
(3.22) ¢+ Z €; and the symmetric form Zm +C.

i=1 i=1
Furthermore, AG < —2 510" | for new rarefaction-collisions where 0" is the new wave,
AG < —fq fori mcreasmg rarefaction-collisions where the strength of the rarefaction
wave increases by ¢ > 0, and AG < =3k |0™ | for interactions generating a non-
physical front.

Proof. Let us first consider when |(|)", [e| > p, so that the approximate solver is
used. We then divide interaction ¢ + Y., € into two steps where we let Y ' | ¢;
interact at the first step. By Lemma we know that G is decreasing for this
interaction and that there are three possible cases. We write this

n pw+ B
C+>Y et v lary 2By,
= a+pf

where AG; < 0. At the second step there are three possible interactions of the form
(+e+n— e+ (+n'. The outgoing 1-wave is of the same type as the incoming
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(b) Divided into smaller steps

FIGURE 16. The interaction p1 + as + pz + oy — o' + 3’ of Example

1-wave for all of these interactions, while the type of the 3-wave depends on the
different ~y-values, giving two possible cases for each interaction.

Consider first the case where the incoming and outgoing 3-waves are of the same
type. If the intersection between € and 7 is below the intersection between € and
7 when viewed in the (p,u)-plane, we have

2
W' [ —lul=q, |81 18]=—q éAGzéfglu’l,
2
o [ = o= =g, V|- v|=q = AG < =2/,

la’ | —la| <0, |8 = 8] <0 = AG, <0,

for the three interactions, respectively. The two first are increasing rarefaction-
collisions, however, the overall interactions are not increasing rarefaction-collisions
because property (i) of Lemma yields that |¢’| is less than the sum of the
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strengths of the incoming 1-fronts of the same type. If the intersection in the
(p, u)-plane between €’ and 7’ is above the intersection between ¢ and 7, we apply
Lemma 2.2 to € and €’ and find that

0< B[ =18 < [ul = W' | < Colp' |IC] < Calu|I¢] = AG2 <0,
o | = Ja| < Colal[C], ['|=[v|<0 = AGy <0,
B =18 =] —|a| < Calal|¢] = AG2 <0,

for the three interactions, respectively.

Consider now the case where the 3-waves are of different types. The interactions
with n = 1/ are new rarefaction-collisions, and the interaction with ¢ = p’ is
also an increasing rarefaction-collision with [/ | < |u/| — |¢| = g. We obtain the
following estimates;

2 2
VI<a=lw|-nl < Calull¢] = AG < =2 V| - 2a,

16" = 18] =o' | = a| < Cala|¢] = AG2 <0,

2
@[ =lal==p =Bl < =] = AGy < =2 V'],

where we used Lemma 2.2 on € and € for the two first interactions.

Next, we consider the case where the simplified solver is used to solve ¢ +Z;-L:1 €;
with n > 2. The construction of the solution, as described in Section [3.1] can be
viewed as dividing the interaction into three steps. First we let ) . ¢; interact,
resulting in € + 7, then we solve the interaction between ( + € using the simplified
solver. Finally, the non-physical front interact with 7. Since the non-physical
front just passes through without changing its strength, 7’ is just 77 shifted in the
u-direction. We write this

" [+ 7+ 5 =% 4 (o [0 4 B S5 4 G B 6,
AG
C+Y 6 =5 +al+7 2% o 4+ 07 7] 25 o 4 C+V +6m,
= C+al+B8 2 o/ + ¢+ [0 + ] 2% o + 4§+ 07
Figure [6] shows the intermediate fronts for the second interaction, in addition to

the solution using the approximate solver. For the first step we have AG; < 0 by
Lemma, and, from the proof of the lemma, we have

ES SIMNCIES SIANGED SUAES SNk
i i k 4

respectively, where the last inequality follows from estimate (3.21)). For the second
step, we have from the proof of Lemma [3.§ and the above estimate that

4
(323) 0P < erlellC] < selC) Y lal, and AG, < ~3k (0"

Finally, since |77| = ||, it follows that AG3 = 0. Hence, AG < AG; + AGy +
AGs < —=3k|0"P |, and we have covered the case where non-physical fronts are
generated.

Thus, G decreases for all interactions of the form ( + Z?:I €; where the case
n = 1is covered by Lemma The result for Z?Zl 1; +( follows by symmetry. O

Next, we consider interactions between arbitrary many fronts of the first and
third family.
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Lemma 3.12. The functional G is decreasing for all interactions of the form
(3.24) St e,
i=1 j=1

Furthermore, AG < f%q for increasing rarefaction-collisions where ¢ > 0 is
the increase in the strength of the rarefaction wave, and AG < —216| for new
rarefaction-collisions where 0’ is the new rarefaction wave.

Proof. If n > 1 and m > 1, we divide these interactions into steps as follows;

n m AC w1+ By Ho + B2 Ae
Z’h*zej—“ artvr Hartry e+,
=1 i=t oy + By g + B2

where AG; < 0 by Lemma [3.9] There are nine possible interactions at the third
step, but three of these are symmetric to one of the other, leaving us with six
interactions to consider. If n = 1 and m > 1 (symmetric to n > 1 and m = 1), the
interactions are divided as follows;

= aG, | B pa 32 AG

n+ ) ej—1>{ Vot last i ST+,
N 12
j=1 ! ag + B2

where AG; < 0 by Lemma [3.9] This gives us six interactions to consider for the
second step. The interactions with n = m = 1 are already covered by Lemma [3.8

We consider first the interactions with only one combination of outgoing waves,
that is,

a1+ B +as+P— o + 5 and p1 + f1+pe + B — ' + 3,
where the last one is symmetric to ay + 17 + ag + 15 — o + /. We divide these
into one extra step;
AG - = AG
a+bitelt+h —a+e+8+0 —>€+7,

where all e-fronts are of the same type. From Lemma [3.8] we have the necessary
estimate on AGs. For the interactions at the last step, the latter one being an
increasing rarefaction-collision, we obtain from the properties of the shock waves
that

o/ [ —Jar [ = [@| <0, 8] = [B2| - |B]| <0 = AG5 <0,

_ _ 2
W=l | =7l = a5, 18| = 1821 = [B] = —as = AGs < =243,

for a g3 > 0. This also applies to the interactions (1 + as + B2, 61 + po + P2 and
V1 + as + 9 which all have only one combination of outgoing waves and where the
last two are increasing rarefaction-collisions.

We now turn to the interactions

a1 + 0+ as + v, which is symmetric to p+ 81 + a + Ga,
a1 +v+ay+ 3, which is symmetric to a+ 01 + p + Fa.
These have two combination of outgoing waves, o’ + v’ and o + ', and are divided

into smaller steps;

AG o
ar +[m + s+ 1m0 — ay + @+ [, + )

2% tatati s a o,
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where 77 and 77; are of the same type, whereas 7 is not, and where 77 and 7’ are of
the same type. From Lemma [3.8] we have the needed estimates on AGy and AGs.
Due to property of Lemma we find for ¢4 > 0 that

~ _ - 2
a|—|la|—|jo|— o | =—q4, [V |—|V|Sq 4> =544,
o | = || = @] = o | Vi-1Pl<a = AG<-3

o |=lal—[al=las| <0, |8'|-|F]<0 = AGi<o.

This also covers the special cases 31 +ag+ 1o and vy +as + 2. Note that if 9 = 4,
then || < |v| by construction, so these interactions are actually not increasing
rarefaction-collisions.

Then we are left with two interactions, each having four subcases,

p+pB+a+v, and a+p+v+p.

In the case with ' + v we divide the first interaction into smaller steps

at+[v+pl+ 8= e+ i+ v+ B S5 )
where AG5 < 0 by Lemma [3.8 and
W<l <|ul, WI<PI<l] = AG3<0,

follows from the properties of wave curves and estimate (3.15)). For the second
interaction it follows by construction that

W=l <0, [V |-|v|<0, = AG<O.

In the case with o’ + 1/, it follows by construction that the first interaction is an
increasing rarefaction-collision where

2
o' —la|=—q¢, V| =v]<q = AG < —Zq.

For the second interaction we have [/ | < |v|. We divide the interaction into smaller
steps,

A - A ~ ~
pAB+al+v 2 yal+8+v 2 a4+ (G4 5+
29 Gt a2 o+,

where we have the necessary estimates on AG5 and AG3 from Lemma [3.8] and for
AG,4 by Lemma By property of Lemma we find for a ¢ > 0 that

o | —la| = |&|=—q, V|- [|=q¢ = AG; <0.

The last two cases can be considered together. Note that for either interaction we
obtain || < |v| so that none of them are increasing rarefaction-collisions. We
divide the interactions as follows;

A _ _ A _ ~ >
atlm+el+m 2L vetMtm 25 o +e+al+ 5

2O ek BB RS 41,

where € is of the same type as €3, 77 of same type as 77, and € of the same type as
€. From Lemma and Lemma, we have estimates on AG>, AG3 and AGy,

and by properties and of Lemma we find
Wl=lil=q, 18- |8| ]3| =—a = ac <0,

o' —la| <0, 18~ [3| - |3| <0 = ac <.
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The interaction 11 + ag + B2 has also four cases, and for all but one case, the above
analysis apply. In the case o/ + v/, 82 must cross v, and therefore there exist a v
and a 3 so that U + 3 connects U; to U, and

(3.25) <l |3 <181
Then the interaction can be divided into the following steps,
i+ e+ Bo 2 [+ ] 2% ol 40

where AGo < 0 follows from and AG3 < 0 from Lemma Note that
|/ | < |v| by construction, so this is not an increasing rarefaction-collision.

This completes the discussion of all possible interactions at the second step, and
thereby completes the proof. O

Lemma 3.13. The functional G decreases for all interactions of the form

(3.26) Do+ e
=1 =1

Furthermore, AG < —%q for all increasing rarefaction-collisions where the strength
of the outgoing rarefaction wave increases by q > 0, and AG < —% |6"| for new
rarefaction-collisions where 0’ denotes the new outgoing rarefaction wave.

Proof. This is the general form for interactions possible in front tracking. All inter-
actions without ¢ are already covered by Lemma Furthermore, Lemma [3.11
covers the interaction where m =0 (or n = 0).

If n > 1 and m > 1, then we divide the interactions into smaller steps as follows

n m Ae p1+ B 2 + B2 AG
(3.27) Zm+<+Z€j—l> ar+v F(+Jartr, S+ (+7,
=1 J=1 ap + 3 ag + B2

where three of the nine possible combinations at the last step are symmetric to
one of the other, thus, we have six different interactions to consider. If n = 1 and
m > 1 (symmetric to n > 1 and m = 1), we get

- AG M2+62 AG
(3.28) M+C+Y 6 —om+C+artm = +(+7,
i=t ag + B2

with six different interactions at the second step. In addition, we have the four
interactions where m =n =1,

(3.29) mtCte 280 ey,

where one is symmetric to one of the others.

An interaction that is symmetric to itself is referred to as a self-symmetric in-
teraction. Three of the interactions given by are self-symmetric. The other
interactions have a symmetric interaction, and we choose to discuss the interac-
tions starting with a; + 11 over the ones starting with €; + (1, and the interaction
starting with a; + 31 over the one starting with p; + (1. None of the interactions
given by are symmetric to itself or to one of the other interactions. For the
two interactions of the form e + ¢ 4 ps + B2, we will throughout this proof consider
their symmetric interactions, o +v1 +(+ 173 instead. There are two self-symmetric
interactions given by . The remaining two interactions are symmetric, and
we choose to discuss the one with 7, = 1.
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We write the six interactions given by (3.27) of the general form

(3.30) Mt C+etn 28 1+,

If €, is of the same type as €5 and 7 is of the same type as 72, then the interaction
has only three possible combinations of outgoing fronts. Thus, two of the interac-
tions given by have three possible combination of outgoing fronts, while the
remaining four interactions have four possible combination of outgoing waves

First, we consider the case where the outgoing fronts are p’ + ¢ + /. This is not
a case for the interaction where all incoming fronts are shock-fronts. For the two
interactions where €; + 77 is not equal to a; + v1, one of the following estimates
holds;

W' =p| <0, [V ]=[v|<0 = AG<O,

2
(3.31) W=l <I8l=q W'[-v|<0 = AG<-Zq,

2
W l=lpl <0, -<lal=q¢ = AG<-—2q

For the three interactions where €1 +711 = a1 +v1, we need to divide the interactions
into smaller steps;

5.32) e+ 2 et ([T e]+ i SES e [ E+ D]+

AGs _ . . AGs
e R A/ R T G 7

where € and € are of the same type as €. If €5 is a shock-front, then € is a rarefaction-
front, otherwise, € can be of either type. From Lemma [3.8 and Lemma [3.9] we have
estimates for AG; for i = 2,3, 4. Furthermore, we have

W =lml=lal<0, P [-[7]<0 = AGs<0,

where |fz] is only included if € is a rarefaction-front, and |7 | only if € is a rarefaction-
front.

Next, we consider interactions given by and . If all incoming fronts
are shock-fronts, then u’ 4+ ¢ + v/ is not a possible combination of outgoing fronts.
All interactions with 77 = v; can be divided into smaller steps similar to ,
giving us the the same estimates for the last step. For the interactions with 7; = (y,
one of the estimates given by (3.31) holds. Hence, the case u’ + ¢ + v/ is covered
for all interactions given by nd .

Let us now consider the case where the outgoing waves are ' + ¢ + 3. This
combination is not possible for the interaction where the incoming 1-fronts are
shock-fronts and the 3-fronts are rarefaction-fronts. The other three interactions
where the incoming 1-fronts are shock-fronts, have at least one incoming 3-shock
and we have

(3.33) 8= Il < —W'| = AG<q,
n=p

where we sum over the strength of the incoming 3-shocks. Thus, we are left with
the interactions o +v 4+ (+ p+ (8 and p+ B+ ¢ + a+ v. First, note that if neither
a nor y' intersects u for the first interaction, or if v or 3 does intersect 3 for the
second, we have for a ¢ > 0 that

2
W' —lnl <q, 1B |-18l=—q¢ = AG < —2q.

If « intersects p for the first interaction, we can replace the interaction with a new
one, still connecting the left state to the right state, as follows;

atv+CHut B A+ C+a+ B S G+ E+C+B
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N NS RN AT ENEY:)
From Lemma we have estimates for AG3 and AG4. Moreover, we have for a
g5 > 0 that

la| —la| <0, [g]—|u| <0 = AG2 <0,

- = = 2
Wl=13 < g, 18- [3]-Fl=-as = AGs<-Zas

If 1/ intersects u, we use a similar approach and replace the interaction with a new

one,

Qv+ B2 4 [C+ iz + ]
SO A A CHB S W (4
where we have estimate for AG5 due to Lemma [3.9] Moreover,
o |+ 2] = p[ <0 = AGy <0,
W=zl =1 =0, 168-]8|=0 = AG;<0.

If no fronts intersect for the second interaction, we cannot apply a clever replace-
ment. Thus, we divide the interaction into several smaller steps,

Lt B+ +atv 2 ntcrBral+v S nt¢+at fl+v
2O Et G+ [C+B+r] B m+a+T+(+B
B0 i+ C+ BB (4 4

where we have estimates for AG,;, i = 2,...,6, from Lemma [3.8] and Lemma [3.9
Furthermore, we have for a g7 > 0 that

3 2 2

Similarly, p' 4+ ¢’ + 3’ is not a case for interactions given by (3.28]) and ([3.29)) where
the incoming 1-fronts are shock-fronts and the incoming 3-fronts are rarefaction-

fronts. Moreover, all interactions where €5 = a3 have estimate given by . The
remaining two interactions are special cases of oy + v1 + ( 4+ o + P2 where either
«q or f35 is missing, and they are covered by the above discussion.

Observe that for the self-symmetric interactions the case where the outgoing
waves are i’ +(+ /3’ is symmetric to the case where the outgoing waves are o/ +(+1/.
Thus, only one case is left for these three interactions, the case where we have
o’ + ¢ + . Some configurations of fronts gives us

lo'[—]a| <0, || =8| <0 = AG<O,

directly. Otherwise, we have to divide the interactions into smaller steps as follows
atm At 2% b+ T2 e+ T

AG . . AGs = = . —

=S laterdFa+n =S a+[(+7+9+7]

AGs = . 5 AG

At EH(+HB 2 +(+ 0,
where € and € are of the same type as €3, and 7 is of the same type as 7. If 1 is a
rarefaction-front, then 7 is a shock-front, € can be of either type, and 77 will be of the
opposite type of €. If 11 is a shock-front, then 7j can be of either type, é = &, and 7 is
of the opposite type as €;. Moreover, if 7j and 7 are both rarefaction-fronts, we add
them together to one 3-rarefaction wave according to property of Lemma
If all 3-fronts at step six are shock-fronts, then € = ji and does not take part in the
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estimate below, otherwise ¢ = &. We have estimates for AG;, i = 2,...,6, due to
Lemma [3.8 and [3.9] Moreover,

o | = [@]|—lal <o, 8| -]8| <0 = AG;<0.

None of the interactions given by are self-symmetric. For interactions given
by , one of the self-symmetric interactions involve only rarefaction-fronts and
o’ + ¢ + (3 is therefore not a possible case. The other self-symmetric interaction,
8+ ¢ + «, can be divided into smaller steps as above and is thus covered by the
estimates just given. Here, step four is redundant.

Finally, we consider the last two cases, when the outgoing waves are o’ +(+v’ or
o/ +(+ 3, for the three interactions that are not self-symmetric. These interactions
all have two incoming shock-fronts of the first family, and we observe that

V| —v|<gq :>AG§—%q,

if |o'| —|oq | —|oe| = —¢ <0, then
| =ler| =~ laz| = —g < {|ﬁ’||ﬂ|§0 - AG<0.

If this condition of the 1-shocks does not hold, we divide the interactions into
smaller steps as follows;

AG - _ AG ~ ~ _

art+m+C+aat+m —Sa+mt+al+(+n —>a+[@+7+¢+7
LGl e+ +T 2SS T [T+ 4T
2O T ra+ 4+ 25 o ¢+,

where 7 and 7} are of the same type as 11, and 7 is of the same type as 7’. Fur-
thermore, if 1; and 7, are rarefaction-fronts and 7’ is a shock-front, then 7 is also
a shock-front. If 7o and 1’ are of the same type, while 7; is not, then 7 is of the
same type as 72. Otherwise, 77 can be of either type. Likewise, ¢ can be of either
type, and we therefore have to include step five, where 7 is not of the same type
as €. Moreover, if at some point, two adjacent 3-fronts are both rarefaction-fronts,
then we add them together to one 3-rarefaction wave according to property of
Lemma Finally, if all 3-fronts at step six, that is, 7, 7 and 7, are all of the
same type as 7', then we skip step six and replace the strength of 77 in the estimates
below by the sum of the strength of these 3-fronts. From Lemma and we
have estimates for AG;, i = 2,...,6. Finally, we have

a 2
|a/|_‘a|_|d|ZQ77 ‘1/|—|ﬁ‘§q7 = AG7§_§q7’
o | —[@]—lal <0, |8 -]8]| <0 = AGr<0,

for the two cases, respectively.

The interactions given by and can be divided into smaller steps in
the same way. For interactions with no €1, we in general only need six steps because
step four is not needed. However, if € = [i, we may have to interchange step four
and five, so that we still have seven steps. Moreover, if

lo/ | —Ja| < —|v'], then AG <0,

without dividing the interaction into smaller steps.
All cases for all interactions are now considered, thus, we have proved the lemma.
O

This concludes the discussion of all interactions between physical fronts. For
interactions generating non-physical fronts and interactions where one of the in-
coming fronts is non-physical, we have:
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Lemma 3.14. For an interaction where a non-physical front is generated, we have
4
(3.34) AG < =3k 0™, and |0™P| < 3020

where the positive constants k and co depend only on Pmin, Pmax, and y. Moreover,
AG < 0 for all interactions with incoming non-physical fronts, and the strength of
a non-physical front does not change in interactions.

Proof. The simplified Riemann solver is used for interactions of the type ( +
Z?Zl €;, and the symmetric interactions, where condition holds, that is, where
IC|>"; lei| < p. Since non-physical fronts cannot be generated in any other inter-
actions, it follows from Lemma and Lemma that AG < —3k|6"P|. By
estimates , , and ([3.23)) established in the proofs of these lemmas, we
have

n 4 4
|9p|§§c2|C\Z|€i|S§CQp.

Whenever a non-physical front is involved in an interaction, we let the non-
physical front pass through the interaction without changing its strength. Then we
solve the remaining interaction. The non-physical front only introduces a shift in
the u-variable, and since all wave curves are invariant under a transformation in wu,
the interaction and all its estimates are the same as if it was not shifted. Hence,
by Lemma [3.8 through Lemma [3.13] and the fact that the non-physical front plays
no role in G, we have AG < 0 for all interactions with an incoming non-physical
front. This also applies to interactions having two incoming non-physical fronts,
one with negative and one with positive speed. In particular we have AG = 0 when
a non-physical front collides with one other front, physical or non-physical; they
just pass through each other, continuing with the same strength. O

We have now established that AG < 0 for all possible interactions and can finally
prove that G is decreasing in time.

Proof of Proposition[3.7 By Lemma through Lemma it follows that G
decreases for all possible interactions, and, in particular, that AG < —%q for all
increasing rarefaction-collisions where the strength of the rarefaction wave increases
by q, AG < —% |0"| for all new rarefaction-collisions where 6’ denotes the new
rarefaction wave, and AG < —3k |6°P | for all interactions generating a non-physical
front. Finally, since G' decreases, it follows from that F(t,) < 5L(to). O

3.3. Finite number of interactions. The next step is to show that the front-
tracking algorithm generates an approximate solution in a finite number of steps.
We do this by proving that there is a finite number of physical and non-physical
fronts, and, hence, a finite number of interactions.

As discussed in Subsection [3.I] the number of fronts increases when we have
a y-collision solved by the approximate solver, or when a rarefaction wave splits.
Moreover, splitting of rarefaction waves can only be caused by new rarefaction-
collisions or increasing rarefaction-collisions, and we now show that the number of
such interactions is finite.

Lemma 3.15. For a fized §, there is only a finite number of new rarefaction-
collisions where the new rarefaction wave splits into two or more fronts.

Proof. From Propositionwe have AG < —2 6| for all new rarefaction-collisions,
where 6 is the new outgoing rarefaction wave. This was proved in Subsection [3:2]
where all interactions of this type were identified. The new rarefaction wave splits
into two or more fronts only if its strength, |6 |, is larger than §. Hence, AG < —%5
across a new rarefaction-collision where the new rarefaction wave splits. Since
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G is a decreasing, non-negative functional, there can only be a finite number of
interactions where G decreases by at least %6 . This proves the lemma. O

We next consider the increasing rarefaction-collisions and look at the change
in G from a split rarefaction-front appears until it has gained enough strength to
split again. That is, consider an increasing rarefaction-collision at ¢ = 7 where
the outgoing rarefaction wave splits into several fronts. Let 7, be the collision
time when the first of the split rarefaction-fronts splits again after gaining strength
through increasing rarefaction-collisions. Fix two time lines, ¢; and ¢;, so that
t; <11 < T, < tj. Assume that the only rarefaction-front crossing ¢t = ¢; that
results in a split rarefaction wave (through increasing rarefaction-collisions) before
t =t;, is the rarefaction-front colliding at ¢t = 7. Define AGgpii := G(¢;) — G(t;).

Lemma 3.16. Lett; <1 <7, <t; and AGspi¢ be as defined above. Then, for a
fized §,

1
(3.35) AGupis < —35.

Furthermore, there is only a finite number of increasing rarefaction-collisions where
the increasing rarefaction wave splits into two or more fronts.

Proof. From Proposition we have AG < f%q for all increasing rarefaction-
collisions where ¢ > 0 bounds the increase of the strength of the rarefaction wave,
that is, the strength of the outgoing rarefaction wave is less than or equal to ¢ plus
(the sum of) the strength(s) of the incoming rarefaction-front(s) of the same family.

Let 6’ be the outgoing rarefaction wave of the increasing rarefaction collision at
t = 7, thus, 6’ splits, and let furthermore 6y be the incoming rarefaction-front of
the same family. By the assumptions, |0y | = ad for 0 < a < 1, and

§<10"| <16o|+qi.

Furthermore, AG; < fgql across this interaction. Let m be the number of fronts
0’ splits into and let furthermore 6; denote the first of these split fronts that gain
enough strength to split again. Thus,

‘01|:i|0/|< |90|+q1 :a5+CI1
m - m '

m
We follow this rarefaction-front until it splits again after an interaction at t = 7,,,

FIGURE 17. An illustration of several increasing rarefaction-
collision where a rarefaction wave splits at t = 7 and t = 7,,.

and in Figure[17] where m = 2, this front is drawn by dashed lines. The only way for
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the rarefaction-front to gain strength is through increasing rarefaction-collisions, all
other interactions only weaken the rarefaction-front. We can therefore assume that
the rarefaction-front we follow is only involved in increasing rarefaction-collisions
up to t = t;. For each interaction the strength of the rarefaction-front increases by
at most ¢;, thus,

n n n
ad +q a
(3.36) 00| <|On—1]+qn <1601 ]+ E k. < - L E ar < Eé—i— E k.
2 2 1

and AGy < f%qk for k =1,...,n. By definition, 7, is the first collision time after
71 where a rarefaction wave splits, thus,

All 1ntcract10ns taklng placo between t; and t; have AG < 0 by Proposition @

Combining ([3.36) and ( we get

AC;split = Z AG(Tk) + Z AG(T) S Z AG(Tk)

Tk TH#TE

<;—§qk<—§(1—§1)6<—;6,

where we have used that 0 < a <1 and m > 2. This proves .

Furthermore, GG is non-negative and decreases by at least %(5 from the time when a
rarefaction wave splits due to an increasing rarefaction-collision until the time when
the first of the split fronts has gained enough strength to split again. Hence, this
can only happen a finite number of times, and therefore, there can only be a finite
number of increasing rarefaction-collisions where the rarefaction wave splits. O

Thus, by Lemma and Lemma there is a finite number of interactions
resulting in split rarefaction waves. That is, there is only a finite number of inter-
actions with more than one outgoing front of each family.

The only other interactions with more outgoing physical fronts than incoming
fronts, are ~-collisions solved by the approximate solver. These interaction are
solved by the approximate solver if |0]|C| > p, where @ is the incoming 1- or 3-
front. By Proposition [3.7, G decreases and, and in particular, AG < 0 for all
interactions. Therefore,

0<G(ta) <Glto) + Y AG(T) < Glto) + Y AG(r),

T<tn Ty <tn

where 7 is any collision time and 7, is the collision time of a ~y-collision solved by
the approximate solver. Furthermore, Lemma states that AG < —310][¢] for
all ~-collisions, thus,

D l6l1CI< =9 Y AG(r) < 9G(to).

Ty <tn Ty <tn

This estimate is true for all ¢, < oo, hence, there is at most 9G(to)/p number of -
collisions where |0 | |(| > p, that is, where a ~y-collision is solved by the approximate
solver. These are the only interactions creating more physical fronts in addition to
the finite number of split rarefaction waves. Thus, the number of physical fronts
remains finite for all times. Moreover, non-physical fronts are only generated when
physical fronts interact with a contact discontinuity. Each physical front can only
interact once with a given contact discontinuity, and there is a finite number of
contact discontinuities, hence, there is a finite number of interactions generating
non-physical fronts.
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In other words, there is a finite number of physical and non-physical fronts for
any given time, and these fronts can only interact a finite number of times. Thus,
front tracking gives us an approximate solution in a finite number of steps for any

€ (0, 00).

3.4. The total amount of non-physical fronts. In order to prove that the se-
quence of approximate solutions converges to a weak solution, we need to estimate
the total amount of non-physical fronts introduced. First of all, we assign a gener-
ation to all fronts except the contact discontinuities.

All initial 1- and 3-fronts are of generation one. The outgoing front of an inter-
action has the lowest generation of the incoming fronts of the same family. If there
is no incoming front of the same family, the outgoing front has a generation one
higher than the highest generation of the incoming fronts. If there is a non-physical
front generated in an interaction, its generation is also one higher than the highest
generation of the incoming fronts. If an interaction has an incoming non-physical
front, the outgoing non-physical front has the same generation as the incoming,
thus, the generation of a non-physical front never changes once it is created. Fur-
thermore, all fronts part of a split rarefaction wave have the same generation as the
rarefaction wave.

From the results in Proposition 37 we have

0< Gty + Y AG(T) <Gto)+ Y AG(Tup),
T<tn Tup <tn

where 7, is a collision time when a non-physical front is generated. Moreover, by
Lemma[3.14 we have AG < —3k |6 | for all interactions where a non-physical front
is generated. Let 6" denote a non-physical front of generation i. Since neither the
strength of a non-physical front, nor its generation, changes due to interactions, we
get

(3.38) Z Z 67P | = Z |97P | < _i Z AG(Tnp) < G3;;o).

i t=tn Tnpgtn Tnpgtn

Thus, there exists a j so that
(3.39) DD 1 1= O1) G-
i>j t=tn
Let N; be the number of fronts of generation less than or equal to j. From the
previous section we know that N; is finite. and according to [4, Ch. 7.3],

Nj < Pj(No,67),
where P; is a polynomial function of § ! and the number of initial fronts, Ny. Using
this, we can now prove the following:
Lemma 3.17. For any given Sinit > 0 there exists a p > 0 so that
D10 | = O (B
t=ty,

Proof. Fix a j = jo so that (3.39) holds. The number of non-physical fronts of
generation less than or equal to jo is less than NN , which again is bounded by
Pj,(No,071). We therefore get

S A RSB
t=t,

i<jo t=tn i>jo t=tn
4
< 302PPjy(No,071) + O(1)dinit = O (Ginie)

by choosing p so that CQpP (No, 671) = O(8init )t O
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Recall that diniy = O(0), so that dipit — 0 when 6 — 0.

3.5. Bounded total variation. We have established that if condition (3.12]) is
satisfied, then G is decreasing and U? can be defined up to any time. The next
step is to bound the total variation of U?°.

From Section we recall that C is the constant appearing in estimate (3.16)),
Cs is given by (3.4), k& by (3.5)), and C by (3.11]). Define the constant
10
Kt —1—&-j(?»smaxk—i—l)7
where s/ .. is the upper bound of ds/dp, cf. property of Lemma Given
these constants, that only depend on puin, Pmax and 7, we can state the following
result.

Lemma 3.18. If the initial data satisfy

C C
4 7 —1)T.V. < T.
(3.40) (7 = 1)T.V.(po, uo) < OkC, and T.V.(y) < 9,

and the approzimate solution U’ (x,t) = (p°(z,t),u’(x,t),~(x,t)) obtained using
front tracking is bounded away from vacuum, then

(3.41) TV.(0°(-,1),u’ (-, 1)) < 2kkT.V.(po, up),

(3.42) TV.(Y°(+,t) < T.V.(y0).

Proof. First, (3.42) is obvious since 7 only changes along contact discontinuities,
thus,
TV.(7 () = Fy = T.V.(4°(,0) < T.V.(30),

for any time line t = t,,. Furthermore,
L(to) < T'V'(pé( : 70)) + kTV(ué( T 0)) < kTV(pé( " 0)7 ué( : 70))a
for tg = 0+. Whenever (3.40) is satisfied, we therefore have

L(to) < kTV(p5( . ,0),u5( . 70)) < kTV(p(),UO) < gc,l(i’_l),

F, =T.V.(y°(-,0)) < T.V.(70) < 5+
9Cs

thus, by Proposition the Glimm functional is decreasing and F(t,) < %L(to).

We use this to bound T.V.(u’(-,t,)). If there were no non-physical fronts, we

would have
Z[[u Z +U( ) —u(—OO, ')7

shock
because u is increasmg along all rarefaction waves and decreasing along all shock
waves. Here [u] := |u, —u; | for a wave connecting U; to U,, and rf is short for

rarefaction wave. Let uy = ug(£o0) and define
(3.43) ¢ = |u(oo, - ) —u(—o0, - )| = luy —u_|,
since u(£00, + ) = ug(£o0). Including the non-physical fronts, we have

Dolul < Y [u] + ) [u] + o,
rf np

shock
where “np” is short for non-physical front. Thus,

TV.(u0 (- 1) = > [ul + > [u +Z [u] <2 [u +2Z[[u]]+c0

rf shock shock

<2 > s (B pew) | [p] + 3kG(t0) +co
shock
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10
— maxZﬂp—’_ LtO +CO—25 F( )+9kL(t0)+CO
shock
10

5 10
< Zsmang(to) + gka(to) +co < 3 ( maxk + 1) T.V. (po,’u,o) + ¢o
S HT.V.(po,UQ),

where we have used that co < T.V.(up) and 3 [u] = > 0" | < G(to)/3k,
cf. (3:38). For T.V.(p°(-,t,)) we find

TV () =D Il + > I <k (Z[[U]] + ) [M])

shock rf shock
<EkT.V. ( ( )) < kkT.V. (po,’u,o)

This proves (3.41]) because

TV (- t0),ul (1)) = TV.(P° (-, tn)) + T.V.(u° (-, 1))
< 2kkT.V.(po, uo)-

We also have to bound the approximate solution away from vacuum. From
sup(y) < [y(o0) | + [y(—o0) |+ T.V.(y),
and the fact that p’(+o0, -) = po(do0) := p4, it follows that
sup(p’ — py) < [p°(00) = py | + [p°(—00) = py) |+ T.V.(0°)

= lp+ —p-) [+ TV.(p%)
< 2T.V.(p°) < 2kkT.V.(po, uo).

Similarly, we obtain
sup(p® — p_) < 26kT.V.(po, uo),
sup(u® — uy) < 26T.V.(po, uo),
sup(u® —u_) < 25T.V.(po, uo).

Furthermore, 7°( -, t) always lies between 1 and 7. Thus, the approximate solution
obtained by front tracking will always be contained in the domain

o 4 {,u,7) [ma{lp —p_ |, Ip = py [} < 26K TV (po, uo),
3.44
mac{u— u_ |, Ju— ug [} < 26TV (po, u0), 7 € (1,71},

where py = po(£00) and ug = ug(£00). We are now able to bound U°® away from
vacuum.

Lemma 3.19. If the initial data satisfy

(3.45) 26kT.V.(po, o) < P — Pmin,
for a pmin >0 and p = max{p_,p4}, or the stronger condition
(3.46) (¥ — DT.V.(po,uo) < Cs,
where

=1/2 B 3 B 3
(3.47) Cy = = (p(v—l)/(%) _ pgi;n/(zw)) ’

max

then p > pmin for all U € U. Moreover, the approximate solution obtained using
front tracking is bounded and, in particular, satisfies 0 < pmin < p°(2,1) < Pmax-
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Proof. For a p < min(pg(x)) we have
max{[p — p(co, -) [, [p = p(=00, -) [} = max{p_,py} —p=p—p,
hence, p is in U if p — p < 26kT.V.(pg,ug). Thus, if
2kET.V.(po, u0) < P — Pmin,

for a given pmin so that 0 < ppin < min(pg), then p > pui, for all U € Y.

Since condition imposes a restriction on (F—1)T.V.(po, uo), we reformulate
condition to do the same. For a p, > p > pmin there is a constant u, so that
we can write

u(p) = us = 7(p, P, 7)-
From the mean value theorem we get that

m |’U,(]3) - u(pmin) | > T;ax (u(pmin) - u(ﬁ)),

for pmin < p < p. Furthermore,

1
i 7w (R 0 (TR
u(pmin) — u(p) = Ux — 7 (pni’yn — p*Q’Y ) — Ux + 7 (p 25 _p*z’Y )

ﬁ_pmin‘ -

—1 -1
272 A1 o}
W_l(p“ pmiL),
so that
_ A =S
P*pmian P~ P |-

Therefore, we have that p > py, > 0 for all p e U if

2kkT.V.(po, uo) il ( >
KET.V.(po,uo) < ————— P> — Prin | >
(’Y - l)rﬁlax

which proves the lemma. O

3.6. Convergence to a weak solution. The approximate solution, U?, is bounded
and, in particular, bounded away from vacuum. Furthermore, the total variation of
U? is bounded independent of 8, as shown in the previous section. Since v = p~/7,
we furthermore have that v° is bounded and have bounded total variation inde-
pendent of 0. Thus, the approximate solution given in the conservative variables,
U = (v?,u’,~°%), is bounded, and

(3.48) T.V.(U°(-,t)) < My,

for a constant M, independent of 4.

We first use Kolmogorov’s compactness theorem [15, Thm. A.5] to show that
there is a subsequence of {U/%}ss¢ that converges in L\ (R x [0,T]). To that end
we observe that

(3.49) / \UJ(I Fw,t) = Uz, ) ‘ da < WwT.V.(T(-, 1)) < Mow.
R
Thus, it remains to show that for any R > 0,
R
(3.50) / 0%, t) — 0%z, 5) [ do < Myt~ 5),
—R

where t > s > 0 and M; is independent of . See Theorem A.8 in [15] for a detailed
proof of why (3.48)-(3.50)) yield a convergent subsequence using Kolmogorov’s com-
pactness theorem. Here we proceed by showing that (3.50]) holds for our system.



40 HOLDEN, RISEBRO, AND SANDE

For ~t € (7, Tj41), where 7; and 7j41 are two consecutive collision times, we can
write U° as

N,.
J

U%(x,t) =Y (Ul_y — UD)H(z — z},(t) + Un-,,
k=1

where xi is the position of the kth front from the left, H is the Heaviside function,

N, is the number of fronts after the collision at 7;, and Uo(z,t) = U,g for z €

(Jri,xiﬂ). Assume now that ¢ € [7;,7;41] and s € [75,7j41] where j < i and s <.

Then
dz = /
R

/R‘U‘S(x,t) 0w, 7y)
S¥5>

Ti k=1

t Ny
< Anp/ >

J k=1
< up(t = 7)) TVAT (1)) < AupMo(t — 75),

t
/ 455 (@, )i

. ld .
01y~ U |k

’H’(z 10) \ didz

Ui, U ‘/ ‘H’(m ) ‘dxdi
R

where we have used that }%xi (f )| < Anp. By similar arguments we get

/ ‘U‘s(x,Tj) - U‘S(x,Tj+1) ‘dl’ S )\anO(Tj —Tj+1), lfj + 1< i,
R

/ ‘Ué(x,'rj+1) - U‘s(x,s) ‘dx < ApMo(Tj41 — 8).
R

Hence,
/‘U‘S(x,t)—f]‘s(m,s)‘dxg/‘U‘S(x,t)—lj‘s(m,rj)‘dx
R R

+/ ‘(76(33,7']') — [76(.'1;,7—]‘4'_1) ‘dm —|—/ ‘06(.’17,7—]‘4'_1) — U‘S(JU,S) ‘dm
R R
S Aano(t — 5),

where the middle integral is only included if j + 1 < . Since A,p My is a constant
independent of §, we have now established . Hence, there exists a function
U(z,t) and a subsequence {8;} C {6} so that U% — U in L{, (Rx[0,T]) as j — oo.

We still have to show that the limit is a weak solution. Recall from equation

that U = (v, u,~) is a weak solution on a strip [¢, s] if
(3.51) T3 (U) ;:/ /U¢t+f(U)quda:dt
t Jr
- [ V@868 + [ U6 tds =
R

R
for all test functions ¢. Fix two successive collision times, 7; and 7,41, and let Us
be the approximate solution found using front tracking. The approximate solution
U? is not a weak solution because we have introduced non-physical fronts and
approximate rarefaction waves. Therefore, we need to estimate how far U? is from
the weak solution.
Let s; = 7; and let V;(x, s) be the weak solution of

(3.52) Vi f(V)e=0, V(z,s)=U,s).



FRONT TRACKING FOR A MIXTURE OF GASES 41

We find V; fot t close to s; by solving exactly the Riemann problems at the jumps
of ﬁé(f, s1). This solution is defined up to the time so > s; when the first waves
interact. If no waves in V; collide before 741, we have s = 7;41. Otherwise,
we let V5 be the solution for s > so of with 7 = 2 and (75(1',52) as initial
data. In this way we fill [7;,7;41) with small strips [s;, s;+1) on which we have
defined V;. Let V denote the function that equals V; at each interval [s;, s;11),
thus, V(z,s;) = U%(z,s;) for each i. Figure shows this construction when a
non-physical front is present in U?, while Figure shows the first steps in the
construction when a rarefaction front interacts with a front of the same family at

Tj+1-

Titl

(a) When U? contains a non-physical front (b) The first steps when a rarefaction front inter-
acts with a front of the same family at 7;11.

FIGURE 18. The approximate solution U° (solid lines) and the
exact solution V; (dashed line) at each interval [s;, s;41).

Let furthermore V9 be the approximation of V found by solving using
front tracking without non-physical fronts. That is, we solve all Riemann problems
using the approximate solver and never use the simplified solver. No front in V¢ will
interact in one strip, thus, V° only differs from V for rarefaction waves. From the
approximation of rarefaction waves by fronts, we have that |V;(z,t) — V°(x,t) | =
O(9) for (z,t) in a rarefaction fan. Thus, for ¢ € [s;, s;11] the integral

/ V() — VO(2,1) | da,
R

will be the sum of the integrals across the rarefaction fans of V. Let V; and V.. be
the left and right state of such a fan. The integral over this fan will be the sum of
the integrals across each step in V', and there are |p, — p; | /O(8) steps, each with
the width (¢t —s;) AN = (t—s;)O(0), where A is the difference in the characteristic
speed across a rarefaction-front in V°. We sum over j, that is, over all rarefaction
fans in V', and find that

pﬁi—p?‘

(3.53) /]R |V (z,t) - VO(x,t) |da = Z W@(é)(t —5;)0(9)
< (t —s)T.V.(p2)O©0) < (t — 5:)O(6),
since >, pl—p] ‘ < T.V.(p%) < M.

Next, we compare V° to U°. Since U°(x, s;) is used as initial data solving (3.52)
for each strip, the two solutions only differs where U? have Riemann problems
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solved by the simplified solver. Thus, in order to estimate the integral
(3.54) / U (2,1) — VO(a, ) | da,
R

for a t € [s;,8;11), we need to take a closer look at the approximation done using
the simplified Riemann solver defined in Section [3:I}] Consider the interaction
¢+ > €; and note that the arguments are similar for the symmetric case. As in

Lcmma. we let é+(+7 with intermediate states U;, i = 1,2, be the solution using
the approximate solver, and € + ¢ + 6°P and ¢ +{ + 7' + 0np with intermediate
states U;, i = 1,2 and i = 1,2,3, be the solution using the simplified solver for
n =1 and n > 1, respectively. If € is a shock-front, then o/ and & have slightly
different speeds giving rise to a jump in |U° — V° | of the width |05 — 0o/ | (t—s5;) =
O(1) |0"° | (t — s;), cf. Lemma If € is a rarefaction-front, the speeds are equal.
If n > 1 and 7 is of the same type as 7', we also get a jump in |U‘5 -V ‘ due to
different speeds. The width of this jump is |oj; — oy | (£ — 5;) = O(1) |0"P | (¢t — s,),
where we let o denote the speed for both shock- and rarefaction-fronts. If 7 and
7’ are of different types, the height of the jump due to different speeds is less than

U, —Us ‘ The remaining jumps in |[U° — V| over this interaction are ’Ul -0,
’ﬁg — ﬁz ‘, and ‘Ur — Tjj ‘ where j =2ifn=1,and j = 3ifn > 1. FromLemma
we have that the heights of these jumps are all bounded by O(1)|6"P |. Thus,
(3.55) /\U%t — V() [da < SO 07| (£ — 55) = OG)(t — 51,

np
using that > |0™P | < O(1)dinit = O(9) according to Lemma
Combining (3.53)) and (3.55)), we finally get
/ U9 (2,8) — V{2, 1) | da < / U9 (2, 8) — VO(, 1) | +/ V() — VO(z,1)|
R R R
= 0O(0)(t — s;).
Our goal is to show that |Z{'(U) | = 0 where U(x, t) is the limit of U% (x,t). We
start by estimating |Zs: "' (U°) ‘ Recall that V;(z,s;) = U’(x, s) and that V; is a
weak solution on each strip, thus, Z;gj“ (Vi) = 0. We start with v°

25007 | = [E50%) - 20
‘/IH/ v’ — )y + (— u6+ui)¢xdmdt

— [ @) = o) 1)
R

§M2</ Hl/ |U6*vif+|u67ui|dxdt
Sq R
+/ |’U6(x,3i+1) — Ui(m78i+1) ‘ d$>
R

< O@0) ((si41 — 50)% + (541 — 51))

where M, bounds |¢, | and |¢; |. For u’ we get

o () | = | T3 (u) = T3t (wi) |

= ‘/'.Si‘f’l /]R(ui; _ Uz)@ + (pé 7pi)¢xdf£dt
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—/(u6($a8i+1)—Ui($a81+1))¢($,3i+1)d$

R
§M2< Sl+1/|u5—ui|+\p‘5—pi\dxdt
Si R

+/ |u5(as,si+1) —ui(z, Si+1) | dz>
R

< O) ((sig1— 8)° + (41 — 51))
where we have used that

/R Ipi(z, 1) — (. £) | dz < (¢ — 5,)O(6),

by the same arguments as above. Since 7 only changes along contact discontinuities
and these are solved exactly both by the approximate and the simplified solver, we
actually have 7;(z,t) = 4% (x,t), thus

|Z5 () [ = T3 () [ =0

Let 7; and 7,4, still be two successive collision times and recall that 7,11 — 7; =
o2 (i1 — s;). Thus,

< O(6) (41 —75)* + (Tj11 — 75)) -

Since U? is bounded and U% (z,t) — U(z,t) in L\, where U = (v,u,7), p’ will

converge to p = v~'/7 in L. . Thus, for any time T < oo,

75 @) | = lim |78 (0%) | = 1im

Z (0]

=lm 32 00) (7341 = ) + (341 = 7))

< lim O(8)(T + T?) =0,

—0

which proves that U° converges to a weak solution of (T.1]) as § — 0.
Thus, we have finally proved the main theorem:

Theorem 3.20. Consider the Cauchy problem for system (1.1 with initial data
(1.2) where inf(po(z)) >0 and 1 < () <7. Assume that the initial data (uo, po)
and y(x) satisfy

(3.56) (7 — DT V.(po,up) < min {9}?01, Cg} ,
C
(3.57) T.V.(v(z)) < T

Then the front tracking algorithm produces a sequence of approzimate solutions
which converges to a global weak solution of the system (1.1)).

Note that all constants only depend on pmin, Pmax and 7. Thus, by reducing 7,
we may allow arbitrary large total variation for py and wuyg.
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By the results of Wagner [27], there is a one-to-one correspondence between a
weak solution of (1.1]) and a weak solution of the system given in Eulerian coordi-
nates,

pt + (pu). = 0,
(3.58) (pu)s + (pu* + p(p, 7))z = 0,
(p7)e + (puy)z =0,

where = € R is the physical space variable and ¢ € (0, 00) denotes time.

4. NUMERICAL EXAMPLES

We have implemented an approximate and a simplified Riemann solver as de-
scribed in Subsection [3:1] using MATLAB. These are used together with the front-
tracking code at the web page of [15]H The threshold parameter p, which determines
when to invoke the simplified Riemann solver, is set to 6 for all examples. Fur-
thermore, we let A, = 2[Amax|. The front-tracking code is slightly adjusted so
that G(t) is computed for all times.

We find pmax as described in Subsection Instead of using to find Pumin,
we choose a suitable candidate for py;, and then check that this candidate indeed
satisfies pmin < p°(x,t) for all 2 and t. For the two first examples

(4.1) Pmin = min(po(r)) — (Pmax — max(po(z))),
is used as our candidate.

Example 4.1. The initial data in this example are piecewise constant and sym-
metric. We have one gas with p = 1.26, v = 3.00 and v = 1.051 which initially is
trapped by another gas with p = 1.30, v = 2.99 and v = 1.010. This is the same
initial data as used in Example 1 in [I6] where we solved the problem using the
Glimm scheme. The constants calculated for this example are listed in Table

Pmax Pmin vy 4 Cy C k
1.3067 | 1.2534 | 1.051 | 15.9703 | 1.3309 | 1 | 1.3309

TABLE 1. The constants for Example

and (3.40)) is satisfied since
(4.2) T.V.(po, uo) = 0.1 < 0.1025 = C/(9kCy (7 — 1)),
(4.3) T.V.(70) = 0.082 < 0.0835 = C/(9Cs).

Figure shows U°(-,t) at some different times. In Figure the solution is
compared with the solution found using the Glimm scheme, cf. [I6]. The solution
obtained using the two methods are very similar, except that the contact disconti-
nuities move back and forth due to the randomness of the Glimm scheme whereas
they in front tracking always stay at =1. Note that no non-physical fronts has been
generated at this point.

The front-tracking solution in the (z,t)-plane is shown in Figure Here
0 = 0.0005, thus, the rarefaction fronts are very close and look like rarefaction
fans. Note furthermore that one front is one line regardless of its strength, thus, in
Figure [21] one does not distinguish between strong and weak shock-fronts. There-
fore, Figure picks up the interaction of small fronts which is very hard to do
using the Glimm scheme, cf. [I6]. In this example we see that after some time, one
non-physical front is generated, and from then on, there is no more interactions
with a contact discontinuity. Finally, Figure 22| shows G(¢) for this example.

1ht‘cp ://www.math.ntnu.no/“holden/FrontBook/matlabcode.html
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Example 4.2. The initial data in this example are also piecewise constant. For
—1 < x <1 we have p = 2.5 and u = 3.0, while we outside the unit interval have
p = 1.5 and u = 2.0. Furthermore, y = 1.5 forz < —1 and 0 < x < 1 while y = 2.0
for -1<zx<0and z > 1.

These initial data are far from satisfying condition (3.40)), and are therefore not
covered by Theorem However, as shown in Figu G(t) does decrease for
this example, which is enough to ensure convergence to a weak solution.

In Figure [23| we see U?(-,t) at some different times, while Figure [24| shows
the solution in the (x,t)-plane. The split rarefaction waves are more visible here,
because we have used § = 0.1. Initially we have three Riemann problems. The
solution of the one situated at x = —1 is a 1-shock wave, a contact discontinuity
and a 3-rarefaction wave, the one situated at x = 1 is almost symmetric with a
solution consisting of a 1-rarefaction wave, a contact discontinuity and a 3-shock
wave, while at * = 0 we have only a jump in v, hence, the solution is a single
contact discontinuity. We see that the first non-physical fronts are generated when
reflected fronts of a ~y-collision interacts with another contact discontinuity. The
reflected fronts become weaker for each ~y-collision, thus, after some time, all fronts
present between the contact discontinuities are non-physical fronts. These non-
physical fronts just pass through the contact discontinuities without generating
more reflected fronts. Recall that p and « are constant across non-physical fronts,
thus, comparing the plots for p and u in Figure we see that the non-physical
fronts are small compared to the physical fronts.

Example 4.3. In this example g is a continuous function where vy = 1.7406 for
xz < —0.4, v9 = 2.6994 for = > 0.6 and increases smoothly from 1.7406 to 2.6994
by a sine function in the region —0.4 < z < 0.6. In the same region we have a high
initial pressure, pg = 8, while py = 3 outside. The velocity is piecewise constant and
decaying; ug = 3 for x < —0.4, ug = 2 for —0.4 < x < 0.6 and ug = 1 for x > 0.6.
The initial data are made piecewise constant with diniy = Az = 0.2. Furthermore,
we have chosen § = 0.2.

These initial data are far from satisfying condition , but G is still decreasing
as shown in in Figure For this example we have that p°(x,t) > 3, and therefore
Pmin 18 set to 3.

In Figure [26| we see U°(-,t) at some different times, while Figure [27| shows the
solution in the (z,t)-plane. In Figure [27| we observe many fronts interacting, but
Figure[26|reveals that after a short time, all fronts except the leftmost and rightmost
shocks are very weak fronts, including the non-physical fronts. This is also in
accordance with Figure 28| where we after a short time have only very small changes
in G.
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