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INTRODUCTION

The system of partial differential equations studied in this thesis is a 3 x 3 system of
hyperbolic conservation laws that models the one dimensional, immiscible flow of several
isentropic gases. The main topic is showing existence of a weak solution of the Cauchy
problem when the initial data have large total variation.

THE MODEL

Some thermodynamics. This brief introduction to thermodynamics is included to intro-
duce the variables and motivate the equations studied in this thesis. An introduction to
compressible fluids and thermodynamics from a mathematical point of view can be found
in [9].

Each point in a fluid is in a definite state of thermodynamic equilibrium that is defined
by the pressure p, the temperature T, the specific volume® v = 1/p where p is the density,
the specific entropy S, and the specific internal energy e. For any given medium, only two
of the above parameters are independent, and they can therefore be viewed as functions of
two of the others. This gives rise to relations, usually called equations of state, between the
parameters.

We assume that all gases are ideal gases, that is, there are no intermolecular forces and
the molecules themselves have no volume. The equation of state for an ideal gas can be given
as

(1) pv = RT,

where the constant R is the universal gas constant divided by the effective molecular weight
of the particular gas.

The change in the internal energy for a medium during a change from one state to another,
is due to the heat contributed and the work done. For an infinitesimal, reversible change
from one state to the neighboring one in a compressible fluid, this can be written as

(2) de =TdS — pdv,
where T'dS, for a reversible process, is the heat acquired by conduction, and pdv is the
compressive work due to pressure forces. For an ideal gas, the internal energy is a function
of the temperature alone, as shown in [9, Ch. 1A44].

A polytropic gas is an ideal gas where the internal energy is proportional to the temper-
ature. Thus,

pv

v-1
where the specific heat capacity at constant volume, ¢y, is equal to R/(y — 1), where v > 1
is the adiabatic gas constant. In this case, the caloric equation of state can be written as

(4) p=p(v,5) = (y—1v Texp((y — 1)(S - So)/R),

where Sy is a constant.

(3) e=cyT =

1The specific volume is frequently denoted by 7, but v is chosen here since this is the notation used in
the papers.
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The model we discuss in this thesis concerns isentropic gases. An isentropic flow is in [9]
defined as a flow in which the entropy is everywhere and always the same. The flow is
reversible and adiabatic, that is, the entropy is unchanged and there is no heat transfer. The
internal energy is still given by (3), thus, equation (2) reduces to

(5) cydT = —pdo.

By eliminating p using the equation of state (1) and solving equation (5), we find that Tv?~!
is constant, or equivalent, that pvY equals a constant. From this we obtain the following
caloric equation of state for the isentropic flow

(6) p=pv) =k,

where k is a constant. Whenever the pressure is given by (6), we say that the pressure is
given by a v-law. Moreover, the constant k will be equal to one throughout this thesis.

With this short introduction to thermodynamics, we are ready to derive the equations for
our model.

The system. We want to describe the one dimensional, immiscible flow of several isentropic
gases. We assume that all gases are ideal gases, thus, the pressure is given by the caloric
equation of state (6) for each gas. The adiabatic gas constant, v, now varies with the different
gases, and therefore, the pressure is a function of v and ~,

(7) p=p,y)=v"",

where we, as previously stated, have set the constant & in (6) equal to one.

We furthermore assume that the different gases are separated initially and that they do not
mix at any later time. It is therefore natural to look for a model in Lagrangian coordinates
where the reference frame follows the particles. To do this, we attach a number, h, to each
plane section of particles normal to the z-axis, so that the changing position of the plane is
given by the function x(h,t). When this is done, the parameters such as v, u and p can be
expressed as functions of our Lagrangian variables h and ¢.

Thus, we first have to choose a way to identify h. This can be done in many different
ways, and the most natural one would be to associate h with the abscissa of the particle at
some initial time, ¢ = 0. However, in line with [9, Ch. 1A18], we choose to identify h based
on the fundamental law of mass conservation. We may think of the flow in a tube of unit
cross section along the z-axis, and we define a reference section, moving with the medium,
to be h = 0. Then we define h for a cross section as the amount of mass between that section
and the cross section h = 0. Thus, h is negative if the cross section identified by h is to the
left of the reference section on the z-axis, and positive if it is to the right. All cross sections
now have a uniquely defined h and, mathematically, h is given by the relation

x(h,t)
(8) h = / plz, t)dz,
z(0,t)

where p(x, t) is the density associated with the motion, that is, given in the Eulerian reference
frame.

We now have a reference frame given by h and ¢ that follows the particles. From this way
of identifying h, mass conservation follows naturally. First, differentiating (8) with respect
to h yields

(9) p(h,t)xy =1,
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where we use subscripts to indicate partial derivation. The quantity p(h, t)xy, is the reference
density, that is, the density associated with a particle. This quantity does not change in time,
thus,

(pzn)e = pren + prpe = 0.

From equation (9) we have x;, = 1/p = v, where v is the specific volume. Furthermore,
x; equals the velocity u, and p; = —wv;/v%. Thus, conservation of mass is in Lagrangian
coordinates given by

(10) Vg — Up = 0.

Furthermore, we neglect the external force of gravity and assume that no force other than
the pressure gradient is acting on the gases. According to Newton’s second law we then have

PTit = —Px-

Recall that p = 1/v, 4 = u, and p, = pp/xp = pp/v, thus, after rearranging, conservation
of momentum in Lagrangian coordinates reads

(11) Ut + Ph =0.

Equations (10)—(11) model the one-dimensional flow of one isentropic gas. In order to
include several gases, we need one additional equation. From the assumptions that the gases
are separated and not allowed to mix, the properties specific to one gas have to be conserved.
Since we have given the pressure as a function of the adiabatic gas constant for each gas,
it is natural to let v be our third variable. In the Lagrangian reference frame, v does not
change with time, and

(12) Tt = Oa

serves as our last equation, representing conservation of the gas specific properties.

Letting now x € R (replacing h by z) and ¢ € (0, 00) denote our Lagrangian coordinates,
the model of one dimensional, immiscible flow of several isentropic gases can be described
by the system

v —uy =0,
(13) ug + p(v,7)s =0,
Tt = 07
where v is the specific volume, u is the velocity, and p is the pressure function given by (7).
Note that if the specific volume, v, becomes infinite, which corresponds to zero density and
zero pressure, we have vacuum.

We discuss the properties of this 3 x 3 system of hyperbolic conservation laws later. For
now, we note that system (13) can be rewritten as a 2 x 2 system with discontinuous flux.
We get

Ve — Uy =0,
Ut +p(?},’}/($))x = 07

where the adiabatic gas constants for the different gases are given by the discontinuous
function ~(x).
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From Lagrangian to Eulerian coordinates. We have chosen to work with Lagrangian
coordinates throughout this thesis mainly due to the nice form system (13) then has. In
Eulerian coordinates with = € R as the physical space variable and ¢t € (0,00) as the time,
the system reads

pt+ (pu)e =0,
(14) (pu)e + (pu® +p(p,7))a = 0,
(Pt + (puy)e =0,
which can be obtained from system (13) by a transformation of reference frames. Let (z,t)
be the Eulerian coordinates and (h,t) the Lagrangian coordinates. Let furthermore the time

derivative in Lagrangian coordinates be denoted by a dot, like f . The transition between
the Lagrangian and the Eulerian reference frame is given by

(15) &= u(a:,t),

since x(h,t) is the physical changing position of the particle and u is the velocity. Thus, we
have

(16) f=fi+ifs

for any function f. Starting from mass conservation given by (10) in Lagrangian coordinates,
the above relation gives us

1

020—%=vt+iv$—xhuw=—%—u%—7um

P P P

where we have used that @ = u, x;, = v and p = 1/v. Multiplying the equation with —p?

and writing u, p + up, = (pu)., we obtain the first equation of system (14) given in Eulerian

coordinates.
For the conservation of momentum given in Lagrangian coordinates by (11), we get

()zu—i—ph:ut—i—:tux—l—whpa;:ut—i—uux—i—%.

To get this equation into the standard conservative form, we first multiply with p, and then
use that p; + (pu), = 0 by mass conservation;

0 = puy + putty + py = puy + puty + py + (pr + (pu)z)u = (pu); + (pu® + p)a,

and we have obtained the second equation of system (14).
Finally, we transform the last equation given in Lagrangian coordinates by (12), and
obtain

0=9=%+2% =7+ uye.

Once more, we first multiply by p, then exploit the equation of mass conservation to obtain
the last equation of system (14) in its conservative form;

0 = pye + puye = pye + puve + (pe + (pu)z)y = (p7): + (puy)e.

By the results of Wagner [27], there is a one-to-one correspondence between a weak so-
lution of a system given in Lagrangian coordinates and a weak solution of the same system
given in Eulerian coordinates. Thus, proving existence results for system (13) in Lagrangian
coordinates also gives existence results for system (14) in Eulerian coordinates.
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Some other models. System (13) is an extension of the 2 x 2 system modeling the flow of
one isentropic gas,

v — Uy = 0,

(7 up + () =0,

where ~ is constant and the pressure, p(v) = v~7, depends solely on v. This system is known
as the p-system, and is a classic textbook example of systems of hyperbolic conservation
laws, see, e.g., [10, 15, 24].

To the best of our knowledge, system (13) has not been discussed earlier. Several other
3 x 3 systems are extensions of the p-system (17), and we mention a few. In order to model
multiphase flow, Amadori and Corli [1] extend the p-system with an extra equation,

v — Uy =0,
(18) Ut +p(Ua A)z = 07
)\t - 0,

where A € [0, 1] is the mass density fraction of vapor in the fluid. The pressure function,
p(v,\) = a®(\)/v, is a function of both v and the new variable, \, as it is for system (13),
making the two systems similar. However, the adiabatic gas constant is equal to one for
system (18), and therefore the properties of the two systems are quite different. For in-
stance, vacuum can never form for the model in [1] as it can for system (13). Moreover,
the wave curves of system (18) are monotone in A, making the analysis of the interactions
less complicated than for system (13), where the wave curves are not monotone in v. The
model in [1] is a simplified version of the model discussed by Fan in [13]. Similar models, but
with a rather different pressure laws, are also considered in [12] 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].

We furthermore mention the Euler equations modeling polytropic gas flow which in La-
grangian variables reads

vy — Uy = 0,
(19) ut +py =0,
Et + (pu)x = 07

where the last equation is conservation of energy, ' = e + %UZ, and e is the internal energy.
The gas is assumed to be ideal and polytropic, thus, the pressure is given by the caloric equa-
tion of state (4), as discussed earlier. Note that there is only one gas present in this model,
hence, 7 is constant. System (19) is also frequently discussed in textbooks on conservation
laws, see, e.g., [24]

SYSTEMS OF HYPERBOLIC CONSERVATION LAWS

The theory of hyperbolic conservation laws dates back to the mid of the 19th century and
has developed in close relations with gas dynamics. The Riemann problem was, however,
already formulated by Riemann in the 18th century in connection with isentropic gas dy-
namics. Courant and Friedrichs [9] give a survey of this field up to 1948. The mathematical
formulation of the theory for systems of hyperbolic conservation laws in one space dimension
we use, was established in the paper by Lax [16]. Several books give an up-to-date overview
of the theory of hyperbolic conservation laws, see, e.g., [4, 10, 15, 24]. This introduction
briefly gives the theory and definitions needed to discuss the results proved in this thesis.
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An nxn system of hyperbolic conservation laws is n nonlinear partial differential equations
of the form

(20) Ui+ f(U)z =0,

where U = U(x,t) and f € C? are vectors in R”. We restrict our discussion to systems in
one space dimension, that is, x € R.

The Jacobian of the flux, df, for system (20) has n real eigenvalues, A1,...,\,, with
corresponding right eigenvectors r1,...,7,. If the n eigenvalues are distinct, then the system
is strictly hyperbolic. Furthermore, if

VA () - 15(U) # 0,
we say that the jth family is genuinely nonlinear, and if
VA(U) - 15(U) =0,

the jth family is linearly degenerate. In this thesis we are only concerned with strictly
hyperbolic systems of the form (20) where each family is either genuinely nonlinear or linearly
degenerate.

The Riemann problem. The problem solving system (20) with initial data consisting of
two constant states, that is,

if
(21) U(z,0) = {Ul, ifx <0,

U,, ifxz>0,

where U;, U, € R™ are constants, is called the Riemann problem. Understanding this funda-
mental problem is essential in order to obtain results for system (20) for more general initial
data.

For an n x n system of hyperbolic conservation laws where each family is either genuinely
nonlinear or linearly degenerate, the two initial states of the Riemann problem are connected
by up to n elementary waves. There is at most one wave from each family, and the waves
have increasing wave speeds.

For a genuinely nonlinear family there are two types of waves; rarefaction waves which
are continuous waves of the form U(z,t) = w(x/t) satisfying

(22) ie/t) = ry(w(z/t), A (wla/t) =/t

where ); is increasing along the wave, and shock waves which are solutions

U, ifz<ojt,
U, ifz> o;t,

(23) Ulz,t) = {

satisfying the Rankine-Hugoniot condition

(24) Jj(Ur - Ul) = f(Ur) - f(Ul)a

for a shock velocity o;. To rule out the non-physical shock waves, we use an entropy condition:
The admissible shock waves are those satisfying the Lax entropy conditions

(25) )\j_1(Ul) <o; < /\j(Ul), )\j(Ur) <o; < )\j+1(UT).

For a linearly degenerate family there is only one type of waves called contact discontinuities.
These waves are solutions of the form (23) that satisfy the Rankine-Hugoniot condition (24)
with o = A;.

The j-wave curve consists of all states U that can be connected to a given left state U,
by a wave of family j, and is often denoted W;(U;). Thus, to solve the Riemann problem
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we have to find (up to) n — 1 intermediate states U; so that Uy € W1(U;), U; € W;(U;—-1),
and U, € W,,(Uy,—1). By Lax’s theorem [15, Thm. 5.17], we have a unique solution of the
Riemann problem for system (20) in a small neighborhood of U;.

The Cauchy problem. Solving the Cauchy problem for system (20) means solving the
system with general initial data

(26) U(zx,0) = Up(x).

It is well-known that systems of hyperbolic conservation laws do not in general have smooth
solutions, even for smooth initial data. Thus, by a solution of the Cauchy problem for
system (20) we mean a weak solution in the distributional sense with U € L(R x [0, 00)) so
that

(27) / / o U SO0 dwt+ / U (), 0) dax = 0,

for all infinitely differentiable functions ¢(z,t) with compact support.

Glimm [14] proved global existence of a weak solution of the Cauchy problem with small
initial data for strictly hyperbolic systems where each family is either genuinely nonlinear or
linearly degenerate. This includes system (13) with sufficiently small initial data.

Proving existence of a solution for systems of hyperbolic conservation laws is typically
done in a constructive manner. Through an approximate method one obtains a sequence of
approximate solutions and thereafter shows that a subsequence converges to a weak solution.
Two frequently used methods are the Glimm scheme [14, 24] and the front-tracking method
[15, 4]. Both methods rely on solving several Riemann problems in order to obtain an
approximate solution.

For n x n systems of hyperbolic conservation laws with large initial data, there is no
general result similar to the theorem by Glimm [14] for small data. The topic for this thesis
has therefore been to extend the result by Glimm to obtain existence of a weak solution of
system (13) with large initial data.

SOME PROPERTIES OF THE SYSTEM

System (13) is a 3 x 3 system of hyperbolic conservation laws that is strictly hyperbolic
for p > 0 with eigenvalues;

(28) AL = —A, Ao =0, A3 = A,
where \ := \/—p, = /yv~7~1. The corresponding eigenvectors are
(29) = (17>\50)7 T2 = (_p’yvoapv)a s = (_17)\70)

Furthermore, the first and third wave family are genuinely nonlinear, while the second wave
family is linearly degenerate.

Recall that vacuum corresponds to infinite v, or equivalently, p = 0. The properties of
the system change at vacuum, and the methods used in this thesis do not apply then, see
[18]. Therefore we only consider system (13) for finite v, that is, p > 0. Furthermore, we
have from the thermodynamics that v > 1.

The Riemann invariants for system (13) are given in Appendix A where we prove that
the system does not have a coordinate system of Riemann invariants, only a 2-Riemann
coordinate. Appendix A also includes the discussion of entropy/entropy flux pair for
system (13).
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Wave curves. For system (13) the rarefaction and shock waves of the first and third family
have constant v, thus, they are equal to the wave curves of the corresponding p-system (17).
Along the contact discontinuities of the second family, p and u are constant, and only -y
changes. It is therefore easier to describe the wave curves, and other properties of the
system, using p, u and y as our variables. For p > 0, the wave curves are then given as

(30) (I’l(]% Ul) — (paul 7T(p7pl7’yl)77l)ﬂ p <pi,
(p,wi — s(pspi, M), M) s P> Dis
(31) @2(77 Ul) = (plaul37)7 Y>> 17
(32) @3(p7 Ul) — (pa u; + T(pvph’yl)”yl) s D>Di,
(p,wi — s(pspi, M), M) s P <Dpis
where
2./% -1 ol
(33) (Papla’ﬂ) 1 (p i 7pl2w ) )

=
(34) s(p, P, ) <(pl W l) (p—pz)>1/2,

and the shock velocities are

35) (U U)=—, | —2 o3(U), U) = P

p*l/’Yl 7pl_1/7l’ pl_l/'ﬂ fpfl/’w.

The wave curves through two different left states are depicted in Figure 1 where the notation

M2 U, Yo

(6]

\
¢

\
H1

151
1 Uy & /
p

FIGURE 1. The wave curves through U; = (p;,u;,v1) and Us = (pr, ug, v2)
where 1 < 7s.

of the different waves is consistent with the notation used throughout this thesis. That is,
we let

€ define a 1-wave, « a 1-shock wave, i a l-rarefaction wave,
n a 3-wave, B a 3-shock wave, v a 3-rarefaction wave,

¢ a 2-wave.
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The backward 3-wave curve consists of all left states, U, that can be connected to a given
right state U, by a 3-wave. This curve is useful when describing the Riemann problem and
is given by

4 sUpr — T\ PrsDsVr)s Vr) s < Ty
(36) By(p, U,) = (p ®rsps 7)), p<p
(psur + 5(Pr, 2 Y), Yr) P> Pr,

where r and s are given by (33) and (34).

The 1-wave curve is strictly decreasing as a function of p, while the 3-wave curve and
the backward 3-wave curve are strictly increasing. Several properties of the wave curves
are given in the papers, but in this introduction we only include the most important one:
The rarefaction and shock waves are not monotone in -, that is, the projected wave curves
onto the (p,u)-plane might intersect. Depending on the value of a%r at the left state, the
projected wave curves going either to the left or to the right will intersect, see Figure 2. This

(a) When gor(ppi,m) > 25r(pi,piy2), the (b) When gor(pipi,vi) < g5r(pipis2), the
projected wave curves going to the right in- projected wave curves going to the left inter-
tersect. sect.

FIGURE 2. The wave curves through U; = (pi,u;,v1) (dashed lines) and
Us = (p1, ui,72), where 1 < 72, projected onto the (p, u)-plane.

property considerably complicates the interactions of waves with different values of ~.

The Riemann problem. Given the wave curves we can solve the Riemann problem for
system (13) with initial data given by (21). From the general discussion of systems of
hyperbolic conservation laws, it follows that the solution of the Riemann problem consists
of up to three waves, one from each family. Since p and u are constant along the contact
discontinuities, we look for the intersection between the 1-wave curve of the left state and
the backward 3-wave curve of the right state projected onto the (p,w)-plane. Thus, the
solution of the Riemann problem (U;, U,.) for system (13) is constructed as follows: Let (p, @)
be the intersection point between the projections of ®(p,U;) and ®3(p, U,.) onto the (p,u)-
plane. We connect U; = (p;,u;,v;) to Uy = (p, @, ;) by a l-curve, then we go from U; to
U, = (P, @, ) along a contact discontinuity, and finally connect U, to U, = (pry Ur, vr) by
a 3-wave. The solution of a Riemann problem is shown in Figure 3.

We only consider system (13) away from vacuum, that is, for p > 0. Because the wave
curves are monotone with respect to p, there is at most one intersection point between the
projections of @4 (p, U;) and P (p,U,). The only case where the two projected curves never
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Uy u

b

FIGURE 3. The solution of the Riemann problem (U, U,) consisting of a
1-shock wave «, a contact discontinuity ¢, and a 3-rarefaction wave v.

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, the Riemann problem for system (13)
has a unique solution if

(37) Up — U < r(pT‘v Oa’yr) - T(Oapla’yl)'

It is important to note that if 4; = ,., then the Riemann problem reduces to the Riemann
problem for the p-system (17) with v = ~;, and the solution consists of at most two waves,
a l-wave and a 3-wave. We are therefore able to use results for the p-system, in particular
due to Nishida and Smoller [21], for problems where  does not change.

Another important problem for system (13) is that its invariant region includes vacuum.
A region 2 is invariant for the Riemann problem if for any Riemann problem with initial
data in €2, its solution is also in €. Since =y never takes any other values than those of the
initial data, we find the invariant region for the p-system for each + and take the union of
these to get the invariant region for system (13). This invariant region gives an upper and
lower bound on w and an upper bound on p, but includes p = 0.

THE CAUCHY PROBLEM WITH LARGE INITIAL DATA

As already noted, there is no general result for systems with large data, in contrast to the
case of small data. Therefore, the topic for this thesis has been solving system (13) for large
initial data. However, there are several results with large data for other specific systems, or
systems with some given properties, and we give a short overview of some of these.

Some existence result for systems with large data. 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 our system as well, but we want to avoid the restriction on the oscillations.

For the p-system (17) with v = 1, Nishida [20] showed existence of a global solution for
arbitrary, bounded initial data. This is a special case, since no vacuum can form and the
wave curves are translation invariant. For v > 1, Nishida and Smoller [21] proved existence
of a solution for initial data where (v — 1) times the total variation of the initial data is
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sufficiently small. The case with large initial data for 2 x 2 systems is also discussed in
[5, 11].

Since system (13) does not have a coordinate system of Riemann invariants, 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 Euler equations (19) with large
initial data. This system does not have a coordinate system of Riemann invariants, however,
in [17] Liu changes variables inspired by the use of Riemann invariants. This clever approach
does not simplify system (13) because « is a function of z.

The general results by Temple [25] includes both the results of [21] and [17]. In [25] one
considers the flux function as a smooth one parameter family of functions where one has
existence of a solution for arbitrary large initial data for the system with the parameter, €,
equal to zero. Then the system with 0 < € < 1 has a unique solution if € times the total
variation of the initial data is sufficiently small. Letting ¢ = v — 1 for the p-system (17) and
the Euler equations (19), one obtains similar results as in [21] and [17]. However, this cannot
be used for system (13) since 7 is one of the variables.

In [28] Wissman proved 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. 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 applies front
tracking to show existence of a solution 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]. Amadori and Corli [1] also use front tracking to prove existence of a weak solution
of (18) when the initial data have large total variation.

In [7, 8] front tracking is used to study systems of conservation laws whose flux functions
depend on a parameter vector, u, 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, the L'-estimate between entropy solutions in the large for the isentropic Euler
equations, that is, system (17) with v > 1, and the isothermal Euler equations, system (17)
with v = 1, is established in [7] and between entropy solutions in the large for the the Euler
equations (19) and the isothermal Euler equations, system (17) with v = 1, in [8]. For both
cases i = v — 1 where the adiabatic gas constant v tends to one.

Existence results for system (13) with large initial data. In this thesis we prove
existence of a time-global, weak, entropy solution of system (13) for initial data

(38) U(l‘, 0) = 1}0(1‘), u(m,O) = uO(x)v ’7(1"70) = 'YO(x)? z €R,
satisfying

) C
(sup(v0) — 1)T.V.(po, up) < min§ ——-,C3 ¢,
9kCy
(39)
T.V. < —,
(70) < 9C,

where k, C, C1, C5 and C3 are constants that only depend on the initial data. Note that by
reducing the supremum of 7y, we can allow arbitrary large total variation in pg and ug.

We prove this using the Glimm scheme in Paper I and using front tracking in Paper II.
Through these numerical methods, we obtain a sequence of approximate solutions of sys-
tem (13). The first step towards showing convergence to a weak solution, is for both methods
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to prove that the approximate solutions have bounded total variation. To do this, we define
a Glimm type functional, and show that it decreases in time. This involves identifying and
estimating all possible interactions that might occur. We use the same functional in both pa-
pers, even though the definition of an interaction is different for the Glimm scheme compared
to front tracking. Note, however, that the interactions between two waves or two fronts are
the same for both methods. Since interactions that do not involve a contact discontinuity
are equal to the interactions for the p-system, our choice of the Glimm type functional is
inspired by the functional used in [21] by Nishida and Smoller, adding one extra term to
account for the interactions with a contact discontinuity. Furthermore, the estimates we use
for interactions between two waves or fronts where none of them are contact discontinuities,
are obtained by transferring the estimates in [21] to our variables. Due to space limitations,
this transformation is not included in the papers, and we have therefore included the detailed
discussion of these estimates in Appendix B. The estimates for interactions between a con-
tact discontinuity and another wave, or front, are in both papers found using an estimate
proved in Paper I on how different two waves, or fronts, with different values of v are.

In Paper I we use the Glimm scheme for which the first step is to approximate the initial
data as piecewise constants, then solve the Riemann problems at each jump. This gives us
an approximate solution for small ¢ > 0. Before any of the waves in the solutions of the
initial Riemann problems interact, we sample the solution at some random sampling points,
making it constant for each grid cell. Then the Riemann problems at the grid points are
solved, and this process is continued up to any given time. The grid points, x;, make up
a staggered grid as shown in Figure 4. Connecting the sampling points with lines called

1t = 3At
t = 2At
. = At
[133/
i Lo ,‘t - O

I
M) T T

FI1GURE 4. The staggered grid for the Glimm scheme with the diamond structure.

mesh curves, we get a diamond structure, also depicted in Figure 4. Since the values at the
sampling points are the left and right state of the leftmost and rightmost wave entering the
diamond, respectively, we say that the waves entering one diamond interact. Due to this
diamond structure, and the wave speeds, at most four waves can enter one diamond. Thus,
the most complicated interactions we get in the Glimm scheme are interactions between four
waves.

For interactions with three or more incoming waves, we present a formal way of dividing
the interaction into several steps to obtain the estimates needed to show that the Glimm
functional is decreasing. The idea is to introduce intermediate mesh curves and inner dia-
monds so that only some of the waves enter the inner diamond and interact, while the rest is
left unchanged. Typically, two waves enter an inner diamond, see Figure 5, and we already
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(UL Uy) (U, U) (U, Uy) GNA)

(a) The interaction before division. (b) The interaction divided into three steps with
two new mesh curves and two inner diamonds.

FIGURE 5. A typical interaction in the Glimm scheme.

have interaction estimates for these interactions. Thus, we know that the Glimm functional
is decreasing for each step. The process of letting some waves interact while the rest is
unchanged is continued until we have a collection of waves that we are able to compare to
the outgoing waves. It is important to note that this is only a formal tool in order to prove
that the Glimm functional is decreasing, and that no interactions in the Glimm scheme are
altered.

In this way we prove that the Glimm functional decreases in time, from which we obtain
bounded total variation of the approximate solution. Then, convergence to a weak solution
follows by standard arguments.

In Paper II we use front tracking to show the existence result for system (13). Again we
start by approximating the initial data as piecewise constants and then solve the Riemann
problems at the jumps. However, all solutions to Riemann problems in front tracking must
be piecewise constant, thus, we have to approximate rarefaction waves by step functions.
Each discontinuity in the solution is called a front; a shock wave or a contact discontinuity is
one front, while a rarefaction wave is approximated by several small fronts. We now have an
approximate solution for small £ > 0, and we track all fronts until some of them collide. Then
we solve the Riemann problem with the left state of the leftmost front and the right state of
the rightmost front as initial data, and we continue this process of tracking fronts and solving
Riemann problems. However, to ensure that we always have a finite number of fronts, and
hence, interactions, we have to introduce a simplified solver generating non-physical fronts we
denoted by 6"P. The simplified solver is only used when 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 given threshold parameter. Then, the solution
of the Riemann problem consists of a non-physical front and two or three physical waves,
depending on the number of incoming fronts, see Figure 6. Unlike the standard front-tracking
algorithm with non-physical fronts, see [4], we introduce non-physical fronts traveling to the
left as well as to the right, to retain the nice symmetry property of system (13). Still, all
non-physical fronts have absolute speed greater than the speed of any other front.

In front tracking an interaction is an actually collision between fronts, and therefore
arbitrary many fronts might interact. However, using a stepping procedure by letting two
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(a) A contact discontinuity inter- (b) A contact discontinuity inter-
acts with one front of the first acts with several fronts of the
family. first family.

FIGURE 6. The simplified Riemann solver with non-physical fronts (dashed lines).

and two fronts interact, we obtain estimates for interaction between arbitrary many fronts
of the same family. In this way we get the estimates needed for all possible interaction in
front tracking, including the ones involving non-physical fronts. Figure 7 shows a typical
interaction in front tracking where the interaction is divided into three steps. At the first
step we use the result for interactions between fronts of the same family and at the second
step we have an interaction between three fronts. Dividing the interaction into steps like
this is just a formal trick to show that the Glimm type functional decreases, and no fronts
or speeds are altered in the front-tracking algorithm.

t= tn+1 t= t'rH»l
77777777 u o t =1
77777777 ) o t=1]

W\ t=ty 1\ t=t,

(a) The original interaction. (b) The interaction divided into steps.

FIGURE 7. A typical interaction in front tracking.

Using the decreasing Glimm type functional we obtain bounded total variation of the
approximate solution, and furthermore, prove that there is a finite number of physical and
non-physical fronts. Thus, front tracking gives an approximate solution for any given time
in a finite number of steps. We also bound the total amount of non-physical fronts that
are generated. Finally, we show that a subsequence of the approximate solutions converges,
and that the limit is a weak solution. To do this, we have to estimate the errors we do by
approximating the initial data and the rarefaction waves, and by introducing non-physical
fronts.
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Moreover, Paper I and Paper II include numerical examples solved using the Glimm

scheme and front tracking, respectively. One of these examples is common for both papers,
and in Paper II we compare the solutions found by the two methods.
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THE SOLUTION OF THE CAUCHY PROBLEM WITH LARGE DATA
FOR A MODEL OF A MIXTURE OF GASES

HELGE HOLDEN, NILS HENRIK RISEBRO, AND HILDE SANDE

ABSTRACT. In this paper we study mixture of gases, each governed by a gamma law. The
system is modeled by the p-system with variable gamma. We use this model to study
immiscible gas flow. The main result is that the Cauchy problem with large data is shown
to have a solution. We use the Glimm scheme for the proof. The result is illustrated by
numerical examples.

1. INTRODUCTION

We want to describe the one dimensional flow for several isentropic gases. The different
gases are initially separated, and the pressure is for all gases given by a y-law, that is, p = p7,
where p is the density and « is the adiabatic gas constant for each gas. The different gases
cannot mix, therefore, in Lagrangian coordinates v only depends on x and does not change
in time. The flow of these gases is thus in Lagrangian coordinates described for z € R and
t € (0,00) by the system

vy — Uy = 0,
(1.1) ug + p(v,7)e =0,
Yt = 07

where v = 1/p is the specific volume, u is the velocity, and p(v,vy) = v~7 is the pressure
function. We assume 7(z,t) > 1. This 3 x 3 system of hyperbolic conservation laws is
strictly hyperbolic. The first and third family are genuinely nonlinear and the second family
is linearly degenerate.

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

(1.2) v(z,0) = vo(x), u(z,0) = up(x), v(x,0) = vo(x), rzeR.

Glimm [9] proved global existence of a weak solution of the Cauchy problem with small

initial data for strictly hyperbolic systems where each family is either genuinely nonlinear or

linearly degenerate, thus including the present system. This solution is found by using the

Glimm scheme [9, 19, 20] or by using front tracking [11] by which one can prove stability of

the Cauchy problem. Here we extend the existence result to large initial data for (1.1).
System (1.1) is an extension of the 2 x 2 system known as the p-system,

vy — Uy =0,
(13) Ut +p(v)m = 07
2000 Mathematics Subject Classification. Primary: 35165, 76N15; Secondary: 35A05.
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which describes the flow of an isentropic gas, with only one gas is present here, thus v is
constant and the pressure, still given by a v-law, is a function of v only.

For the p-system with v = 1, Nishida [15] showed existence of a global solution for arbitrary
bounded initial data. For v > 1, Nishida and Smoller [16] proved existence of a 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 [6, 4].

System (1.1) 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 [12] 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 (1.1), because v is a function
of z. The general results by Temple [21] includes both the results of [16] and [12]. In [21]
one considers the flux function as a smooth one parameter family of functions where one has
existence of a solution for arbitrary large initial data for the system with the parameter, €,
equal to zero. Then the system with 0 < € < 1 has a unique solution if € times the total
variation of the initial data is sufficiently small. Letting ¢ = v — 1 for the p-system and
the Euler equations, one obtains similar results as in [16] and [12]. However, this cannot be
used for system (1.1) since + is one of the variables. Wissman proves in [25] 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 [22] showed existence
of a solution for initial data with arbitrary large total variation, provided that the oscillations
are small. This result applies to our system as well, but we want to avoid this restriction on
the oscillations. Peng [18, 17] 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 applies front
tracking to show existence of a solution 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 [16]
and [12].

Amadori and Corli [1] extend the p-system with an extra equation, Ay = 0, to model
multiphase flow, and they use front tracking to prove existence of a weak solution. As for
system (1.1), the pressure function in [1] is a function of both v and the new variable, A,
making the two systems similar. However, since the adiabatic gas constant, v, is equal to one
in [1], vacuum can never occur for their system as it can for system (1.1). Furthermore, the
wave curves in [1] are monotone in A, resulting in a considerably simpler analysis of the wave
interactions compared to the system considered here. The system treated in [1] is a simplified
version of the model discussed by Fan in [8]. Similar models, but with a rather different
pressure law, are also considered in [7] and [14] applying completely different methods. A
model in the context of the Navier—-Stokes equation with finitely many independent pressure
laws has been studied in [5].

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

vy — Uz = 0,
Ut +p(va7($))1 = 07

where the adiabatic gas constant of the different gases is given by the discontinuous function
V().
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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 -y, which considerably complicates the interactions of waves with
different values of . 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
v, 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 [13].

In Section 3 we describe the Glimm scheme and discuss all possible interactions before we
define the Glimm functional. In Lemma 3.3 we give the conditions needed on the initial data
for the Glimm functional to be decreasing in time. The main part of this paper is the proof
of Lemma 3.3, and we devote Section 4 to this. Here all possible interactions are discussed,
estimates are found and we show that the Glimm functional is decreasing for each of them.
The presentation aims at being self-contained.

In Section 5 we show convergence, and Lemma 5.1 states that given some conditions on
the total variation of the initial data, we have stability of the total variation. This follows
from the decreasing Glimm functional and is only valid when the approximate solution is
bounded away from vacuum. The conditions for this is given by Lemma 5.2. The main result
reads as follows:

Theorem 5.3. The Cauchy problem for system (1.1) has a global, weak solution if
(sup(y) — DT V.(p(-,0),u(-,0)) and T.V.(y(-,0)) are sufficiently small.

Observe that by reducing the total variation of v and reducing its supremum, one can
allow for large total variation of p and w. Due to Wagner [23], this result translates into
existence for the system in Eulerian coordinates as stated in Theorem 5.4.

In the last section we study two 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 shown to decay in accordance with the
theorem. In the second example we consider a case with a continuously varying gamma.
Again the initial data are chosen so that they satisfy the explicitly computed constants that
appear in Theorem 5.3. Finally, the decaying Glimm functional is computed and displayed
for this example.

Further numerical experiments reveal that, as expected, the Glimm functional decays also
in cases where the fairly stringent restrictions on the initial data are violated. A necessary
condition for the Glimm scheme to work is that the Riemann problems that occur all are
solvable, but no conjecture as to the maximum size of the Glimm functional can be made at
this stage.

We intend to discuss the same system using the front-tracking method in a subsequent
paper. The basic interactions between two waves (fronts) in front-tracking are similar to
those of the Glimm scheme. Interactions between more waves (fronts) are different from
the interactions discussed in Section 4, but the same methods apply. In addition, the front-
tracking method requires a close control of the number of fronts at all times, possibly by
removing weak fronts according to some measure. These issues are not yet fully resolved for
our system, therefore we choose to use the Glimm scheme in this paper.
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2. THE SYSTEM

It is well-known that systems of hyperbolic conservation laws such as (1.1) do not in
general have smooth solutions, even for smooth initial data. Thus, by a solution of (1.1)

with the initial data (1.2) we mean a weak solution in the distributional sense with v, u,y €
L>(R x [0,00)) so that

// (voy — ud,) dadt + / vo(x)p(z,0)dz =0,

Rx[0,00) R

// (ugy + po,) daedt + / uo(x)p(x,0)dz =0,
Rx[0,00)

R

//Rx[o,oo) v dadt + /R%(x)(z)(x’o) dz =0,

for all infinitely differentiable functions ¢(x,¢) with compact support.

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 (1.1) for v(z,t) < co. Furthermore,
we assume vy(z,t) > 1.

We write U(z,t) = (v(z,t),u(x,t),v(z,t)). Often we will work with p instead of v, and
then also write U(z,t) = (p(x,t), u(z,t),v(x,1)).

For v < o0, or equivalently, p > 0, the system (1.1) is strictly hyperbolic with eigenvalues

(2.1) AL ==, Ao =0, A3 = A,
where \ := \/—p, = /yv~7~1, and corresponding eigenvectors
(22) ™ = (17)\50)7 T2 = (_p’y70apv)7 s = (_17)‘70)

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 «y is a Riemann
coordinate for the second family.

Before we can turn to solving system (1.1) for general initial data, we need to solve the
Riemann problem for (1.1), that is, when the initial data consists of two constant states
separated by a jump, cf. (2.26). 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 a genuinely nonlinear family there are two types of waves; rarefac-
tion waves which are continuous waves of the form U(z,t) = w(x/t) satisfying

(2.3) ia/t) = ry(w(z/t)), N(w(a/t) =a/t, j=1,3,
where ); is increasing along the wave, and shock waves which are solutions
U, if t
(2.4) Ua,ty=4 1 1=
U,, ifz>ot,

satisfying the Rankine-Hugoniot condition

(25) U(Ur - Ul) = f(Ur) - f(Ul)7
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for a shock velocity o. The admissible shock waves are those satisfying the Lax entropy
conditions

(26) /\j—l(Ul) <o < )\j(Ul), /\](UT) <o < )\j+1(U7-), 7=13.

For the linearly degenerate family j = 2 there is only one type of waves called contact
discontinuities. These waves are solutions of the form (2.4) that satisfy the Rankine-Hugoniot
condition (2.5) with o = As.

We 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 x < )\j(Ul)t,
(2.7) Uz, t) = w(z/t), if \j({U)t <z < \j(U)t,
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— 1
R]('U,Ul) = (Uvul_ \/,W (’U;l_vl 2 )»’Yl>7 v >y,

-1
R3(v,Up) = <v,ul + jl\i%l (vl_’;l - U;QW) ,’yl> , v < v
The shock curves of all states which can be connected to U; by an admissible shock wave are
Si(v,0y) = = (v,ul — (v —v)(™ " = fufm))l/z ,7;) , v < vy,
S3(v,Up) : = (v,ul - ((Ul —v)(v™" — U;VL))l/Q ,'yl,) , v > vy,

with the shock velocities

q)_’yl — oM —
29 S e T R,
U= p—l/w - n

v — g -
(2.9) Ug(Ul, Ur) = L = 71/]? b 5
v —v D, =L/

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

02(77 Ul) L= (U;YZ/’yaulaﬂY) ) v > ]-a

with the velocity oo = Ay = 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,
u and 7. A shock or a rarefaction curve through U lies in the plane v = ~; and is equal to
the corresponding wave curve for the p-system (1.3) with v = ;. We proceed by defining
the wave curves using p, u, and ~;

D,up = 7r\pP,P1,V)s V) p <pi,
(2.10) B1(p, 1) = { ¢ (2101
(pvulis(paplaryl)arn)v p > pi,

(211) ‘1)2(77 Ul) = (plaula’}/)v v > 17
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? ) ) ) P > B
(2.12) By(p,U)) = (p,w +r(p,p)m), p>m
(pa“l_s(pypla’)’l)y’}’l), p<pi,
where
2y =t -l
(2.13) r(pp1o) = %\_ﬁl (p )

(2.14) s(p, 1, M) = <(pl_”l’ p”ll> (ppz))l/z.

Recall that if p = 0, we have vacuum, and thus the wave curves are only well-defined for
p >0 and p; > 0. All results are for waves contained in

(215) D= {(pa Uu, 'Y) ‘ pE [pmin;pmaxL ‘u| < 00,7 € (177}}5

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 argue that

(2.16) 7= sgp(vo(x)),

for all waves.

The projection onto the (p,u)-plane of two wave curves with different 4’s are shown in
Figure 1. Note that the projected curves intersect. Before we discuss this and other 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 ®;. We will use the backward 3-wave curve several
times and this is given by

5 s Up — T (Pry Dy Yr )y Vr) s < Pr,
(2.17) By(pU,) = 4 P (Prsp %), ), P <P
(P, ur + 5(Pr, 0, Y) ), P> Dr,

where r and s are given by (2.13) and (2.14). We now turn to the properties of the wave
curves.

Lemma 2.1. Assume that the wave curves are contained in D. Then they have the following
properties:

(i) Viewed as functions of p, ®1 is strictly decreasing and Pz is strictly increasing.

(it) 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,U1). Then the two wave curves never intersect.
Moreover, if y1 = 72, then also the projected wave curves onto the (p,u)-plane never
intersect. However, if 71 # 2, then the projected wave curves can intersect.

(iii) Consider the projections onto the (p,u)-plane of the wave curves through Uy = (py, ui, 1)
and Uy = (pi,uy,v2) where y1 < 7yq. If

D o pim) < (P 1)
ap P, P, 8}7 DPi;P1s7v2),

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

27’(17 P )>£T(p P, 2)
ap 1, P, Ml ap 1,P1,72),
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P p
(a) The projected curves going to the left do not (b) The projected curves going to the left inter-
intersect, while the curves going to the right sect, while the curves going to the right do
do. not.

FIGURE 1. The wave curves through U; = (p;,u;,v1) (dotted line) and
Us = (p1,ui,72), where 71 < 72, projected onto the (p, u)-plane are depicted
for two different values of the parameters.

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

27’(17 P )*QT(IJ P, 2)
ap 1, P, Ml ap 1,P1,72),

then none of the projected wave curves will intersect.
(iv) The slope of a rarefaction wave in the plane v = ~;, Or/0dp, only depends on p and

i, not on p;. Furthermore, there exist two constants vl and i ... only depending on

Pmin; Pmax and i so that

/

T < (0,1 M) < Thax-

0
—r
dp
(v) The slope of a shock wave in the plane v = v, ds/0p, depends on p, v, and p;. Fur-
thermore, there exist two constants s, ., and s, only depending on Pmin, Pmax and 7

so that

Sinin S 2S(papla’yl) S Sinax'
dp

(vi) The wave curves have a continuous derivative at Uy,
0 0
lim —s(p, pi, = —7r(D,pi,N)-
Jm 5 (0, p1, M) o (P, p1sm)
Furthermore,

9 s = )
5}? b, Pi,M _8]? D, P,V

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 = ;.
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(vit) Rarefaction waves are additive; if a rarefaction wave connects Uy to Uy and another
rarefaction wave of the same family connects Us to Us, then the rarefaction wave con-
necting Uy to Us equals the sum of the other two rarefaction waves.

(viii) Given two 1-shock waves starting at (p1,u,y) and (p2,u,?y), respectively, and assume
p1 < p2. Then the shock wave starting at py is steeper than the shock wave starting at
p2 at any given point p, that is,

D ppoy) < spipr.)
aps D, p2,7 aps p,pP1,7),

for allp > pa2 > p1.

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

D 1) < 50,2, 7)
8p D,P1,7Y ap DyDP2,7),

for all p < p1 < pa.
Proof. All the properties follows from differentiating the wave curves. O

According to the above lemma, the slopes of the projected wave curves onto the (p,u)-
plane depend on . The next lemma gives an estimate on how different two waves with
different ~’s are.

Lemma 2.2. Let €; and ez be 1-waves of the same type such that €; connects (po,ug, 1) to
(p,u1,7v1) and e connects (po, uog,¥2) to (p,uz,v2), or let 1 and ne be 3-waves of the same
type such that m connects (pa ula’yl) to (pO,U(),’Yl) and M2 connects (p7 ’UQ,"}/Q) to (p07 an’y2)'

Assume that all waves are contained in D and furthermore that uy < us. Then
(2.18) up —ur < c2lp—pol [z =l
where co only depends on Pmin, Pmax ond 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 is based on the same techniques as used in [24].

Proof. Since the projection of the 3-waves end at the same point, we make use of the 3-
backward wave curves. The projected (backward) wave curves can be described by a function
of two variables,

uo — s(p,po,7y), P >po, for l-shock waves,
uo — r(p,po,7y), p<po, for l-rarefaction waves,
(2.19) u(p,v) =
ug + s(po,p,7y), P >po, for 3-shock waves,
uo — 1(po,p,y), P <po, for3-rarefaction waves,
where u(po,v1) = u(po,¥2) = uo, u(p,y1) = u1 and u(p,y2) = ug for all cases. Figure 2
illustrates this when the waves are 1-shocks. If the two wave curves do not intersect between
po and p, then

Y2 P
(2.20) / / g (5,8) ds At = u(p, 72) — u(p, 1) — w(Pos 12) + wlpo, 1),
Y1 Po

where u,, denotes the second order partial derivative with respect to p and . If the two
wave curves intersect at p = p,,, then we integrate from p,, to p and replace py by p,, at
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u(po, 1) = w(po.2) = uo

<— uo —s(p,po,2)

ug — 5(p,Po, 1) — u(p,72) = up

*
u(p,m) =w

FIGURE 2. When ¢; and €5 of Lemma 2.2 are 1-shocks.

the right-hand side. This will give us an even stronger estimate than (2.18), and therefore
we can assume for the rest of the proof that the wave curves do not intersect.

If we can show that |Um | < ¢, where ¢, is a constant only depending on ppin, Pmax and
7, then

U2 — Uy = U(p, 72) - u(pa ’Yl) - U(po,’}/g) + U(Poa’)’l)

Y2 P
=/ /Um(svt)detﬁczhz—71||p—po|7
Y1 Po

and we have proved (2.18).

Let us first consider when the waves are either 1- or 3-rarefaction waves. Then we find
that
(2.21) ﬁ(p Po. ) = —ﬂ(po PY) = 2y 53 AEN/2Y (Inp )

' Opdy Opoy 2 ‘

For a fixed v, we see that (2.21) is negative for Inp < 7. By differentiating (2.21) with
respect to p, we find that it is increasing in p until it reaches its maximum value,

0< 7,§ exp (3—;7> <1,

at Inp = v(34+v)/(1 4+ ~). After this point, (2.21) is strictly decreaseing towards zero as p
grows large. Thus, if In pyi, < 7, then the minimum value of (2.21) is obtained at p = pmin,
otherwise (2.21) is positive for all ppmin < p < Pmax. Define

1 _
(2.22) €= max 77‘5/3pm§i+”)/2” I prain — 7|,
ve(1A] 2

which is a constant depending only on pni, and 7. We conclude that when the waves are
either 1- or 3-rarefaction waves, then

|tpy | < max{c,1}.
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For shock waves we have

8%s 92s
2.2 s _
( 3) 8pa,y(p7p077) apa’_y(p()vpa 7) f7
where
y+1 _1 1
—sp - + 7 In —p 7ln — & + s
(2.24) P (p—po) +7(po " Inpo —p~ 7 np)((p — po) 55 )7

27352

and s = s(p,po,7). By differentiating with respect to p, we find that (2.24) does in general
behave similar to (2.21); its minimum value is obtained at the limit when p tends to pg, and
this limit equals the value of (2.21) at p = pg. Furthermore, also (2.24) increases until it
reaches its maximum value, which is positive and less than one, before it decreases towards
zero as p grows large. However, (2.24) does depend on py while (2.21) does not, therefore
the two expressions behave different for small py. Then (2.24) is negative and increasing for
all p, but still its minimum value is obtained at the limit when p goes to pg. Therefore,

|upy | < max{c, 1},
also when the waves are shock waves where ¢ is given by (2.22). We define
(2.25) co = max{c, 1},

and conclude that |up, | < ¢ for w given by any of the cases in (2.19), and for all p €
[Pmin, Pmax) and 7 € (1,7]. This ends the proof of the lemma. O

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

U, ifz<0
(2.26) Ue,0)=4 0 o<
U., ifz>0,

where U = (v,u,7) and U, U, € R? are constants.

Lemma 2.4. The Riemann problem for (1.1) where U; and U,. are contained in D, cf. (2.15),
has a unique solution with no vacuum if

(2.27) wy —up < 7(pry 0,7) — (0, pr, 1)

Proof. Note that if 7, = ~,., then the Riemann problem for (1.1) reduces to the Riemann
problem for the p-system (1.3). The solution of this problem is described in detail in [20,
Ch. 17, §A], and it is unique if (2.27) is satisfied with v, = ;.

A 2-wave takes us from one plane, v = 1, to another plane, v = 5, 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, ®;(p,U;), and the backward 3-wave curve, ®3(p, U,), have
a unique intersection point. From property (i) we have that the projection of ®; is strictly
decreasing in p and it follows that the projection of P 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

Uy — r(p'r'a 0777“) <up — T(Oapla’yl)a

then the projections of &3 (p, U,) and @1 (p, U,) onto the (p, u)-plane have a unique intersection
point, and the Riemann problem has a unique solution. ([l
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The solution of the Riemann problem (U, U,) is constructed as follows: Let (p,%) be
the unique intersection between the projections of ®;(p,U;) and ®3(p, U,) onto the (p,u)-
plane. We connect U; = (p;,u;,7v) to Uy = (p, @, ;) by a l-curve, then we go from U; to
Uy = (p, @, 7,) along a contact discontinuity, and finally connect Us to U, = (py, ur, ) by
a 3-wave.

2.3. Invariant region and vacuum. A region Q is invariant for the Riemann problem if
for any Riemann problem with initial data in €2, its solution is also in 2. For the p-system
we know from [10, 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 v 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 (1.1). Moreover, this gives us
the upper bound on p, pmax, which we need, but p is still not bounded away from vacuum.

3. DECREASING GLIMM FUNCTIONAL

In order to prove existence of a unique weak solution of (1.1) with the initial data (1.2),
we first find a sequence of approximate solutions of (1.1), and then show that this converges
to a weak solution. We use the Glimm scheme to obtain the approximate solutions, for
details on the Glimm scheme see, e.g., [20, Ch. 19]. If we can show that the total variation of
the approximate solution is bounded, convergence to a weak solution of (1.1) follows. To do
this we use a Glimm functional and therefore need interaction estimates which are quadratic
in the incoming waves for all possible interactions. As discussed for the p-system by Liu
and Smoller [13], it is not possible to find such estimates if the approximate solution is not
bounded away from vacuum. Fortunately, using the Glimm scheme we have a region & which
contains the approximate solution and this region is bounded by the total variation of the
initial data. Therefore, given some assumptions on the initial data, we can show that this
region does not contain vacuum.

3.1. The Glimm Scheme. Before we define the Glimm functional and prove it is decreas-
ing, we need to introduce the Glimm scheme and some more notation.
Choose the spatial mesh size Az = h and the temporal mesh size At so that

h .
and define x; := ih for ¢ = 0,4+1,4+2,..., and ¢, := nAt for n = 0,1,2,.... The mesh

points (z;,t,) with i +n even, n = 0,1,2,..., make up a staggered grid, see Figure 3. Let
furthermore a = {agp,a1,...} be a random sequence, equidistributed in the interval [—1,1],
and let

(3.2) Yy =z, +apnh, i+n odd,

be the sampling points. Figure 3 shows the characteristic diamonds we get by drawing the
lines between the sampling points, each diamond containing exactly one mesh point. A curve
going from the left to the right along the edges of the diamonds, connecting y!* to either ygﬂr_ll
or yz’-fll, is called a mesh curve. Two mesh curves, J;_; and Jj, are indicated by dotted lines
in Figure 3. These curves are called successive mesh curves since they only differ at one
point.
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FIGURE 3. The staggered grid with the diamonds and two successive mesh
curves indicated by dotted lines. Here n is even.

We approximate the initial data by piecewise constants,
(3.3) Un(z,0) = Uo (37 -), (i—1Dh <z <(i+1)h, iodd,

and at each time step we use the solution already found for 0 < ¢t < ¢, to define Uy (z,t,) as
a piecewise constant function by

(3.4) Un(x,tn) = Un(y;—, tn—), (i—1h<z<(i+1)h, i+mnodd,

i.e., by using the values of the solution at the sampling points. We solve all Riemann problems
at t = t,, and together these waves give the approximate solution for ¢, <t < t,,+1. None of
the waves will interact before the next time step because the ratio between the spatial mesh
and the temporal mesh is larger than the speed of any of the waves, cf. (3.1).

We now turn to what happens inside one diamond. Waves may enter a diamond through
its lower left or lower right edge. A shock wave or a contact discontinuity either enters
the diamond or not. For a rarefaction wave one part of the wave can enter one diamond,
while the rest of the rarefaction wave enters the nearby diamond. As stated in property (vii),
rarefaction waves are additive and therefore this corresponds to one rarefaction wave entering
each diamond. We call waves that are entering a diamond incoming waves.

At the grid point inside the diamond we solve the Riemann problem (U, U,.) where U,
and U, are the values at the sampling points. Since the sampling points are the corners of
the diamond, U is the leftmost state (with respect to ) among the incoming waves and U,
is the rightmost state. The solution of the Riemann problem (U, U,) consists of up to three
waves. These waves are called outgoing waves and are the only waves leaving the diamond.
Let U;, i = 1,...,3, be the intermediate states among the incoming waves and Uj, 3 =172
the intermediate states among the outgoing waves. Note that p; = ps and u; = s, and we
refer to them by p and .

We define an interaction between incoming waves as solving the Riemann problem with
the leftmost state among the incoming waves as the left state and the rightmost state among
the incoming waves as the right state. We also say that two or more waves interact meaning
the interaction between these waves. In other words, the waves entering one diamond inter-
acts and the result of this interaction is the outgoing waves. Note that there is no actual
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interaction in the Glimm scheme because the grid is constructed so that no waves can collide
at any time.

The goal is to estimate the total strength of the outgoing waves, that is, the sum of the
strengths of the outgoing waves, in terms of the strengths of the incoming waves. First 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 vy across the wave. Furthermore, we let

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

The strength of a wave is written |§ |. We use a prime, like ¢’, to indicate an outgoing wave
and write an interaction as §; + do — &) + 8, where §; enters the diamond through its left
edge and §, through its right edge. If more than two waves interact, we use parentheses to
indicate which waves enter the diamond through the left and the right edge.

Since v only changes along (-waves, the incoming and outgoing (-waves will always be
equal and we write them all as (. Moreover, the incoming and outgoing (-waves have the
same strength and we therefore omit them from the interaction estimates.

3.2. Possible interactions in a diamond. Due to the staggered grid used in the Glimm
scheme, the number of possible interactions in one diamond is limited. All contact disconti-
nuities have zero speed, therefore at most one contact discontinuity can enter one diamond.
Moreover, it follows from the wave speeds that two rarefaction waves of the same family can
only enter the same diamond if there is another wave between them. Furthermore, it is not
possible to have both a 1-wave and a 3-wave entering through both the left and the right
edge. Therefore we do not get interactions between more than four waves.
We divide all possible interactions into four main types:

(A) Waves entering through only one edge, see Figure 4: (¢ 4+ ( +n) where one or two of the
waves can be absent.

(B) Two waves entering the diamond through different edges, see Figure 5:
(a) Both waves are of the same family: €; 4+ €2 or 1y + 12 where at least one wave is a

shock wave.

(b) Different families, but no contact discontinuity: n + e.
(c) With a contact discontinuity: ¢ + € or n + .

(C) Three waves entering the diamond, see Figure 6:
(a) No contact discontinuity: (e +n) + € or n+ (e + 7).
(b) A contact discontinuity as the leftmost or rightmost wave: ((+n)+¢€ or n+ (e+().
(¢) A contact discontinuity as the middle wave: (1 + () + €2 or n1 + (¢ + 12).

(D) Four waves entering the diamond, see Figure 7: (e; +(+ ) + €3 or n1 + (e + ¢ + m2).
(a) Waves of the same family are also of the same type.
(b) Waves of the same family are not of the same type.

Even though we have at most four interacting waves, we get a notable number of inter-
actions. However, symmetries of the system considerably reduce the number of cases that
need to be discussed. The symmetries are summarized in the following lemma.

Lemma 3.1 (Symmetry property). By letting © go to —z, a 1l-wave connecting U, to U,
becomes a 3-wave connecting U,. to Uy, and vice versa. A 2-wave is unchanged under this
transformation. Furthermore, the leftmost wave with respect to x will be the rightmost wave
with respect to —x.
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VR, P FOR A FOR A

(a) Type Ca (b) Type Cb (c) Type Cc

FIGURE 6. Interactions of type C.

FIGURE 7. Interactions of type D.

Proof. Consider first a 1-rarefaction wave connecting U; to U,.. In the (z,t)-plane this wave
is the fan between the lines = A\ (U;)t and @ = A\ (U,)t where A1 (U;) < A1(U,). Recall
that Ay = —A3. Changing variables from x to y = —x, we get

dy _dyde _ dz
dt ~ dxdt  d¢’

thus, in the new variables, we have the fan between y = —\(U,)t = A3(U,)t and y =
=A1(U)) t = A3(U;) t, or in other words, we have obtained the 3-rarefaction wave connecting
Ur to Ul.

In the (z,t)-plane, a 1-shock wave connecting U; to U, is given by the line © = o1(U;, U,.) t.
Note that p; < p, according to (2.10) and that the shock velocity o1(U;, U,.) satisfies the
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Rankine-Hugoniot condition (2.5). Changing variables from x to y = —z, we get

_dy dydzx  dz _
g = E = @E = a = Ul(UluUr) = US(UryUl)a
where the last equality follows from (2.8) and (2.9). Thus, the 1-shock wave changes into
the line x = ot = o3(U,, U;) t. The Rankine-Hugoniot condition must still be satisfied after
the change of variables, thus

o(U, =) = f(U:) = f(U1),
= —0'1(Ul, Ur)(UT - Ul) = f(Ur) - f(Ul)7
< o3(Ur, U)(Ur = Ur) = f(U) = f(Up).

Hence, we have a wave connecting U, to U; with the shock velocity o3(U,., U;) satisfying the
Rankine-Hugoniot condition. Furthermore, p, > p;, therefore it is an admissible 3-shock
wave connecting U, to U;.

The fact that a 3-wave becomes a 1-wave under this transformation follows by the same
arguments.

For a 2-wave we have 0 = A\ = 0, therefore a 2-wave is unchanged when sending = to
—z. (]

For instance, it follows from Lemma 3.1 that {( + v + a becomes 3 + p + ¢ under the
transformation from x to —x and therefore the two interactions are symmetric. This means
that all estimates found for ¢ + v + « will apply to 8+ p + ¢ as well, and we only need to
consider one of them.

3.3. The Glimm functional. Our Glimm functional is defined on a mesh curve J by
(3.5) G(J) == F(J) +3C1(7 = D@1 (J) + 3C2Q2(J),

where C is the constant appearing in the estimates given by (4.3) for the interaction between
two shock waves, cf. the case Bb-ii (see Subsection 4.2.2), and

2
3.6 Cyi=——F——— =k
( ) ? Inin{r:nin’ Sinin} @

where c¢o is the constant from Lemma 2.2 defined by (2.25) and

1
min{r’ . s' .}’

min’ “min

(3.7) k=

Note that both Cy and Cy are constants only depending on pumin, Pmax and 7. The linear
functional F' and the two quadratic functionals ()1 and Q)2 are defined by

(3.8) F(J) = Z{|5\ | all shock waves § crossing J},
(3.9) Q1(J) = Z{|a| |3] | all approaching 1- and 3-shock waves crossing J},
(3.10) Q2(J) = Z{K | 6] | all approaching pairs of ¢ and § crossing J},

where two waves of different families are approaching if the wave of the lowest family is the
rightmost wave with respect to x. Note that F' and ), only sum over shock waves.

Remark 3.2. The Glimm functional used in [16] is similar to the two first terms of our
Glimm functional (3.5), only the constants differ slightly.
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We need two more functionals, one summing over all shock and rarefaction waves crossing
a mesh curve J and one summing over the contact discontinuities crossing J. We define

(3.11) L(J) := > {Io] | all § crossing J},
and
(3.12) Fy(J) = Fy = {|¢|]all ¢ crossing J}.

Note that the sum of all contact discontinuities, F, is constant for all mesh curves.
The key point in order to show convergence, is to prove that this Glimm functional is a
decreasing functional in time. Define the constant

(3.13) C = min{C, 1},
where the minimum is taken over all the constants C appearing in the estimates for interac-

tions of type Ba considered in Subsection 4.2.1. Note that 0 < C' < 1 depends only on pyin,
Pmax and 7. We can now state the following lemma.

Lemma 3.3. Assume that all waves are contained in D and let G(J) be the Glimm functional
defined by (3.5). If

C
.14 ¥—1)L < —
(3.14) (7= DLU) < g
C
. < —
(3.15) F7_902,

then G(J) is a decreasing functional, that is, G(Jn) < G(JIn-1) < -+ < G(Jo). Further-
more, F(Jn) < 2L(Jo).

We prove this lemma by going through every possible interaction we can get in the Glimm
scheme, and we devote the next section to this.

4. PROOF OF LEMMA 3.3

We prove that the Glimm functional (3.5) is decreasing by induction on successive mesh
curves. Since two successive mesh curves only differ at the edges of one diamond, we have
to consider all possible interactions that can take place in one diamond and show that G is
decreasing across these.

Before we start on the induction, we prove the last part of Lemma 3.3. Assume that G
is decreasing for successive mesh curves up to J, and assume furthermore that Lo = L(Jy)
and F, satisfy (3.14) and (3.15), respectively. To simplify the notation we write G; = G(J;),
F; = F(Jj), and Qi ; = Qr(J;). We get

Fo,<G,<Gp1<--<Gyg=Fy+3C;i(7F—1)Q1,0 + 3C2Q2,
< Fo +3C1(7 — 1)(Fo)? +3C2 Lo F,
< (1 + 301(7 — 1)F0 + 302F,Y)L0
< (1+3Ci(7F—1)Lo +3C2F,)Ly
c C 5
<(l14+—=+—=—|Log< =L
>~ ( + 3 + 3) 0> 3 05

where we have used that C' < 1. This proves that if G is decreasing, then F(Jy) < 2L(Jo).

We now turn to the induction argument. The first step is to show that Gy — Gy < 0 where
Jo is the unique mesh curve connecting the sampling points at ¢ = 0 to the sampling points
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at t = At. Then we assume that G is decreasing for successive mesh curves up to J,,, that
is, G, < Gp—1 < --- < Gy. The induction step is to show that AG := G,,41 — G, < 0. For
a given interaction, the calculations needed to estimate G; — Gy and AG are the same. The
sum over all shock waves or all contact discontinuities crossing the first of the two successive
mesh curves most often show up in the estimates, and we use conditions (3.14) and (3.15)
in addition to (4.1) to show that the estimates are nonpositive. Thus, the only difference in
the estimates for G; — Gy and AG is that for the first one we might get terms with F < Lo,
while for the second one these terms involve F;,, < %Lo. We only include the calculations for
AG.

In Section 3.2 we discussed all the possible interactions and divided them into four main
types. Recall that the projection of 1- or 3-wave curves onto the (p,u)-plane can intersect
if they have different +’s, cf. property (ii) in Lemma 2.1, therefore each interaction has up
to four possible outcomes and they all have to be considered. Fortunately, the symmetry
properties of system (1.1) stated in Lemma 3.1 nearly halve the number of interactions we
have to consider.

Before we start considering each interaction, we describe our general approach. We start
by proving that the Glimm functional is decreasing for all interactions of type B, that is,
interactions between two waves. This is either done by using estimates and properties of the
wave curves given in [16] and translating these into estimates using p and u as the variables,
or by applying Lemma 2.2.

To show that AG < 0 for interactions between more than two waves, we use a strategy
of dividing the interaction into several steps. As long as we can show that G is decreasing
across each step, it follows that G is decreasing going from the first to the last step and
that AG < 0 across the interaction. Based on this, we divide the interaction into steps for
which we already know that G is decreasing. Thus, at each step we let two (or sometimes
three) waves interact. As long as this is an interaction already analyzed, we know that G
decreases across this step. We continue this until we at some point easily can show that G
is decreasing across the last step, that is, we are able to find sufficiently strong estimates of
the outgoing waves in terms of the collection of waves obtained through the previous steps.

Formally, we can describe the division of the interaction into k steps using inner diamonds
and intermediate mesh curves. Start by identifying two (or three) nearby waves among the
incoming waves for which we already have established that the Glimm functional is decreasing
across the interaction. Introduce an intermediate mesh curve, Ji, which coincides with J,
everywhere except near the lower corner of the original diamond. Near the lower corner Jy
lies above J,, so that J; and J, enclose a small inner diamond inside the original diamond.
This is done so that the waves interacting at the first step enter the inner diamond, while
the waves left unchanged at this step cross J,, and J; outside the inner diamond. Observe
that J,, and J; act as successive mesh curves. Since the waves entering this inner diamond
correspond to an interaction already analyzed, we have AG; := G(J7) — G(J,) < 0. Note
that J; is not a real mesh curve by the definition given above, since it inside the original
diamond does not consist of lines connecting sampling points. However, the outcome of the
interaction inside an inner diamond is found by solving the Riemann problem where the
left and right states are the values at the corners of the inner diamond, so the corners act
as sampling points. Let the fan of the outgoing waves be situated somewhere on the line
between the left and the right corner of the inner diamond in such a way that the waves
interacting at the next step enter the next inner diamond while the rest of the waves do not.
Thus, both the intermediate mesh curves and the inner diamonds resemble the real mesh
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curves and diamonds. One example of an interaction divided into steps and the introduced
intermediate mesh curves and inner diamonds is shown in Figure 8.

For each step 7 = 2,...,k—1 we introduce a new mesh curve J;* which acts as a successive
mesh curve to J;_;, that is, the two intermediate mesh curves enclose an inner diamond which
the interacting waves enter. Since the waves entering an inner diamond correspond to an
interaction already analyzed, we have that AG; := G(J})—G(J}_ ;) <0fori=2...k—1. We
stop this process when we after step k—1 are able to show that AGy 1= G(J,41)—G(J;_,) <
0. In other words, we divide the interaction into steps until we after step k—1 have a collection
of waves which are easy to compare (possibly using Lemma 2.2) with the outgoing waves so
that we are able show that AGy < 0. Then we have G(Jp11) < G(Ji_,) < --- < G(JF) <
< GJY) < G(Jy), thus, AG = G(Jp41) — G(J,) < 0.

In most cases only a few extra steps are needed in order to show AG < 0. However, for
the cases where many steps are required, we change our strategy slightly. At the first step!
we replace the incoming waves with a new set of waves connecting U; to U,.. We introduce
inner diamonds and intermediate mesh curves as before, thus, all the incoming waves enter
the first inner diamond and the introduced waves leave this diamond. The only difference
from before is that these outgoing waves of the first diamond is not a result of some known
interaction. Therefore, we have to obtain estimates on these introduced waves in terms of
the original incoming waves, so that we can show AG; < 0. After this step of replacing
one interaction with a new one, we carry on as before. We identify nearby waves among
the introduced waves for which we already have analyzed the corresponding interaction, and
then carry on as above. The advantage of this method is that it requires only a few extra
steps for an interaction where we otherwise would need many steps.

We use the notation =% to indicate the different steps of an interaction and square
brackets to group the waves that interact at each step. Recall that we use ordinary paren-
theses to indicate which waves enter through the same edge. In the figures displaying the
interactions we see the projection of the interaction onto the (p, u)-plane. The left and right
states are drawn as circles, the incoming waves are drawn by dashed lines and the outgoing
waves with dash-dotted lines. The contact discontinuities, ¢, are indicated by asterisks. For
most of the interactions that are divided into steps, we have included the intermediate waves
drawn by dotted lines. Furthermore, any wave drawn by a solid line is a introduced wave
which is not a result of an interaction.

We are now ready to prove that AG < 0 across all possible interactions.

4.1. Type A: Waves entering through only one edge. These interactions are trivial:
If one, two or three waves all enter one diamond through the same edge, then they are by
definition the solution of a Riemann problem (U;, U,.). If no more waves enter the diamond,
then the Riemann problem to be solved inside the diamond is also (U;, U,.). Thus we have

(e+C+mn) = +(+7, where e=¢, n=1,

and since the incoming and outgoing waves are equal, so are their strengths and AG = 0 for
all interactions of type A.

4.2. Type B: Two waves entering the diamond. The interactions between two waves
that do not include a contact discontinuity, are the same interactions as for the p-system and
are discussed in [16] where the waves are measured by the jumps in the Riemann invariants
for the p-system, r and s, defined by [16, Eq. (5)]. We use the estimates given in [16] and
transform these into estimates using the jump in p to measure the strength of the waves. The

1For the last case of interaction Db-iv we actually do this replacement at the second step.
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(U U) (Vo U)

(a) The interaction before division.

(U1, Uo) (U, Uy)

(b) The interaction divided into three steps with two new mesh curves, J; and J3, and
two inner diamonds.

FIGURE 8. An interaction divided into three steps: p+ 8+ a — o + 3’
which is the second case of Ca-v. The projection onto the (p,u)-plane is
shown in Figure 16(b).

19



20 HOLDEN, RISEBRO, AND SANDE

map from (p,u) to (r, s) is one-to-one and onto for all p > 0. We state the estimates and skip
the detailed transformations going from the estimates and properties in (r, s)-coordinates to
estimates in (p,u)-coordinates. Note that the constants appearing in [16] depend on prin,
Pmax and . However, for a given pmin and ppax we take the maximum or minimum over
all v and find an upper bound of these constants that only depend on pumin, Pmax and 7.
For the interactions involving a contact discontinuity, we obtain the needed estimates using
Lemma 2.2.

Recall that for all interactions of type B we have one wave entering through each edge,
otherwise the interaction is a trivial interaction of type A.

4.2.1. Type Ba: Two waves of the same family.
(i) a1 +as — &'+ (and By + B2 — p/ + B'): Property (viii) implies that as lies above o

F1GURE 9. The interaction o + a9 — o’ + /',

and there is only one possible outcome of this interaction, see Figure 9. We have that
o [ = Jar | = oz | == ]/],
from which we get
AF = —]/], AQ; <0, AQy < |V | F,,
where AF := Fy 1 — F, and AQ; := Qi nt1 — Qin- Thus,

1
AG < |V | (=14 3CoF,) < |V (—1 + (;) < (—1 + 3) <0.

By the symmetry property AG < 0 also across the interaction §; + (s.
(ii) @+ p (and v + B): There are two possible outcomes of this interaction.
o o+ pu— u' + B In this case U, is to the left of the 3-shock curve starting at Uy,
see Figure 10(a). From [16] we find that there exists a C' depending only on puin,
Pmax and 7 such that

W< Iul, 18" —la| < =Cl8'| < =C|8'].
Recall that C is defined as minimum over all C. This gives us
AF =-C |6/ | ’
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FI1GURE 10. The interaction o + p.

5
AQl < |6I|Fn < §|HI|L07
AQ2 < |A| Fy,

and we find

AG < |p'] <C+3C’1(7 l)gLo +3O2F'v)
5C C
< / — _— — < 0.
_|ﬁ|< C’+33+3>_0

e a+pu — o + @ In this case U, is to the right of the 3-shock curve starting at U,
see Figure 10(b). Then there exists a constant C' > C so that

lo/ | +18 |~ || < =C|B'| < =C|F].
As above we find

AF = —C|3'],

5
AQi < |8 | Fa < 218 | Lo,
AQQ S |6l|F’Ya

thus, G < 0.
Due to symmetry, AG < 0 across the interaction v + f3.
(i) p+ « (and B+ v): There are two possible outcomes of this interaction.
e u+a— u + 3 In this case U, is to the left of the 3-shock curve starting at Uj,
see Figure 11(a). There exists a C' > C' so that

(4.2) W< Iul, 8" = la| < =C|B'| <-C|F'|.
Thus, AG < 0 by the same calculation as we just did for a + pu.
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FiGUrE 11. The interaction p + a.

e i+ a — o + 3 In this case U, is to the right of the 3-shock curve starting at
Ui, see Figure 11(b). For this interaction we use the same approach as in [16] and
replace the interaction by a new one. There exists two waves, 0 and @, so that

@|+|B|—la|<-C|B|<-CB

and
f+a—ad +4.
We write the interaction as
p+a 295 (3 +a] L9 W+ 4,
where the square brackets indicate that the two waves interact at the second step,

unlike the first step where we just replace the waves.
For the first step we find using the above estimate that

AF =-C|B],
AQu < [a|[B] +[B] Ylas| < [B] £ < 2 [B] Lo,

AQZS |B’F’y7

where «; are all 1-shock waves that are approaching 3, that is, all 1-shock waves
to the right of the diamond. From this we find that AG; < 0 at the first step when
passing from p + o to 4 @, regardless of the introduced approaching waves. The
interaction at the second step is of type Bb-ii and by the estiamate (4.3) below we
have AG5 < 0.
We have now proved that the Glimm functional is decreasing for both steps, thus,
AG <0.

Due to symmetry, AG < 0 across the interaction 8 + v.

All the constants C in the above estimates consist of one constant from the estimates

n [16], let us call this Cy, and one constant due to the transformation into estimates
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using p to measure the wave strengths. From [16] we have Cy > 0, thus, C > 0 for all
the above estimates and 0 < C < 1 since C is the minimum of all C and 1.

4.2.2. Type Bb: Different families, no contact discontinuity.

(i) v+p — p/+v/": This interaction has only one outcome, see Figure 12(a), and we obtain

/ /
W' < lul, <],
thus AG < 0.
QU U, ~
Lo S
/V/ ~{!, 1 o
6. N ~
o L N
\ : b / U
Ul N N g - u °
/;, i B @\\
N N W
N N
e a N
“v [e%
v
~or ~ [
%r, U,
p P 4
(a)y+u—>u’+z/’. (b),@‘—i—a—»a/—&-ﬂ/‘ (C)V+a—>a/+lj/.

F1GURE 12. The interactions of type Bb

(ii) 8+ o — & + F’: This interaction has only one outcome, see Figure 12(b), and we
obtain

(4.3) o | =l < C1(F = 1) a]|B], B =18l < Cr(F = 1) || 18],

where C7 is a constant depending only on pmin, Pmax and 7, see Remark 4.1. From
these estimates we find

AF <2C1(7 —1)|a]|8],

5
AQ1 = Ci(F = Dlallf| Fu —la]|6] < 3C1(7 = D |a|[8] Lo — |a |51,
AQ2 < Ci(F = 1) |a||B| F,.
Thus,

5
AG < Ci(7—1)|a]|8] <2+ 33C1(7 = 1) Lo 3+3C’2Fv)

<am-nlaliol (35 + 5 -1

Remark 4.1. In Nishida—Smoller [16], where the strength of the waves are measured
using the Riemann invariants r and s, interaction Bb-ii is divided into three different
cases with different estimates. However, when transforming these estimates into esti-
mates using p to measure the strength of the waves, we get the same estimate for all the
three cases. Similar to C, the constant C; is computed from the estimate in [16] and
the transformation back from Riemann invariants, and it does only depend on ppyin,

pmax and ﬁ
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(i) v+a— o'+ (and S+ pu — p' + 3'): There is only one outcome for this interaction,
see Figure 12(c), and we find that
o | = o] = —q, W =lvl=aq
where ¢ is a positive constant. We get that
AF = —q, AQy <0, AQ2 < gF,,

and furthermore,

AG < q(—1+3C,F,) < q (—1 + g) <0.

Due to symmetry, AG < 0 across the interaction 5+ p.

4.2.3. Type Be: With a contact discontinuity. Interactions of this type do not occur in [16]
and we prove all estimates.

(i) ¢+ p (and v 4 ¢): In general we do not know which of the curves p with 5, or '
with ; lies above the other, or whether they cross, and therefore there are two possible
outcomes of this interaction, see Figure 13. Recall that contact discontinuities are
denoted by asteriks in the figures.
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a) (tp—p +C+ 0 Ctp—p' +¢ .

FI1GURE 13. The interaction ¢ + u.

e (+pu — p 4+ ¢+ In this case U, lies above p/, see Figure 13(a). We have
that |p/ | — |u| = ||, and want an estimate on |/ |. Let @ denote the point on g’
where p = p, and apply Lemma 2.2 on the two rarefaction waves p and y’ on the
interval from p; = p; to p,., then

ur — U < c2 |l €]

From the mean value theorem we have |u,. — @| = |/ (p«,p1,7) | |pr — P| for some
P« € (P, pr) where the derivative is with respect to the first variable. Recall from
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property (iv) that [/ (p., pi,7) | > 7y, Where 1),
Oon Pmin, Pmax and W We get

n 1S a constant only depending

= lpr -5l < =
This proves the estimate
(4.4) W=l =< ColullC],
where Cy is defined by (3.6). Using this estimate we find
AF =0,
AQy =0,

AQy < Colp||CIFy — |p]IC],

which gives
C
AG < C ] €] (3CaF, —3) < Ca lul[C | ( —3) <0,

e (+pu— '+ ¢+ [ In this case U, lies below p', see Figure 13(b). We have
|/ | — || < 0. Let @ be the point on p with p = p and apply Lemma 2.2 to p and
4/ on the interval from p; = p; to p, then

i-usall] < el
From the mean value theorem, for a p. € (p,,p), and property (v), we get
1

1=l — bl = e i
#1=lpr = 7] IS’(pp*,%H' d
1
<
SIIIIH Hlln

where the derivative is with respect to the first variable. This proves the estimates

(4.5) W' [ =1nl <0, 18| < CalpllC],
where Cy is defined by (3.6). We get

5
AQ1§02|M||C\Fn§§C2WHC|L0,
AQz < Colul|C|Ey —|p]lC],

which gives

5
AG < Cylul|¢] <1 +3301(7 — D)Lo +3CoF, — 3)

5C C
<Cz|u||<<+3—2>§0.

By symmetry it follows that AG < 0 across the interaction v + (.

(ii) ¢ + « (and B+ ¢): We do not know in general which of the curves a with ~, or o’
with v; lies above the other, therefore this interaction has two possible outcomes. Since
this interaction is very similar to the interaction between a contact discontinuity and
a rarefaction wave discussed above, we do not include all details.
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F1GURE 14. The interaction ¢ + a.

e (+a— o +(+ ' In this case U, is above o/, see Figure 14(a). We have that
lo/| = af <0, V| < CalallC],

where Cs is defined by (3.6). This follows by applying Lemma 2.2 to « and o’
similar to what we did for the interaction { + p — p' + ¢+ 5'. We get

AF <0,
AQlSOa
AQ: < Calar|[C| Fy = || [C],

which gives
C
AG < Culal[¢1(6CaF, ~3) < Grlal ¢ (5 - 3) <0,

e (+a— o +(+ " In this case U, is below o/, see Figure 14(b). We have that
o[ = e =18"] < C2]a][C],

where Cy is defined by (3.6). This estimate is obtained using Lemma 2.2 on «
and o/, similar to what we did for the interaction ¢ + p — p’ + ¢ + v/. From this
estimate we find

5
AQl§02|a||C\Fn§502\01||€|L07
AQ2 < Colal|C| Fy — ][],

which gives

5
AG < Cola|[C] (2 +23C1(7 — Lo + 3CLF, - 3)
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scz|a||<|(

5C C

+—1>§0.

33 3

Due to symmetry, AG < 0 across the interaction 5 + (.

4.3. Type C: Three waves entering the diamond.

27

4.3.1. Type Ca: No contact discontinuities. The interactions of this type are also present for
the p-system and are covered by [16], although the detailed estimates are not given there.
We choose to include the discussion of this type of interactions in detail since we measure

the waves in p and since the methods are useful for later interactions. Note the increase of

complexity one gets for the later interactions involving a contact discontinuity. Recall that
regular parentheses are used to indicate which edge the waves enter through, while square
brackets are used to indicate which waves interact at each step.
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FIGURE 15. Some interactions of type Ca.
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(1 +v) 4+ p2 — ¢/ + v (and vy + (u + vo) — g/ + v'): This interaction has only one
outcome, see Figure 15(a), and we divide it into two steps,

[+ ] S8 T S
We have AG; < 0 because the interaction at the first step is of type Bb-i. From
property (iv) and property (vii) it follows that pu; + & = u’ and ¥ = v/, therefore
AGy = 0.
By symmetry it follows that AG < 0 across v; + (p + v2).
(an +8)+az — o + 4 (and 31 + (a+ 32) — o + 3'): There is only one outcome of
this interaction, see Figure 15(b), and we divide it into two steps,

A = A
a+[B+as) 2 va+ B 0 1
We have AG; < 0 because the interaction at the first step is of type Bb-ii. Due to
properties (viii) and (ix) we have
o[ = |ax | = @] <0, 6|8 <0,
and it follows that AG5 < 0.
By symmetry we have AG < 0 across 1 + (a + (2).
(1 +8)+pe — '+ 0 (and v + (o + v2) — o + V') There is only one possible
outcome of this interaction, see Figure 15(c), and we divide it into two steps,

AG —_ 5 AG
p+ B+ pe] =5+t B =5+ 5
The first interaction is of type Bb-iii, thus AG; < 0. From property (iv) and prop-

erty (vii) it follows that u; + @ = g/, therefore we must also have 8 = 3, and then
AGQ = 0

It follows from symmetry that AG < 0 across v1 + (o + v9).
(a1 +v)+as — o+ (and By + (u + B2) — 1/ + §'): This interaction has only one
possible outcome, see Figure 15(d), and we divide it into two steps,

a1+ v +as] 2 a +a+7 2 o 0
Since the first interaction is of type Bb-iii, we have AG; < 0. Property (iv) and
property (viii) imply that
o/ = o1 | —[@] = —q, V=17l =q
for a ¢ > 0, and it follows that AGs < 0.
From symmetry we have that AG < 0 across 81 + (1 + 32).
(u+B) 4+« (and B+ (a+ v)): This interaction has two possible outcomes.

o (u+B)+a— u + [ In this case U, is to the left of the 3-shock curve starting
at Up, see Figure 16(a). We divide the interaction into three steps,

AG 5 AGy - 5 = A
ptB+a] S5 ptal + B2 i+ B+ B 25w+
where we have AG; < 0 because the interaction at the first step is of type Bb-ii,
and AG> < 0 because the second interaction is of type Ba-iii. From property (vi)
and property 7(ix) we know that the intersection between @ and (3 is to the right of
G, but still | ﬂ| < |p’"|. However, from property (iv) and property (ix) it follows
that 3 starts to the left of 3’ and we have
Wl =1l =q 6'1= 18] - |3] = -4

from which we obtain AGs3 < 0.
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FIGURE 16. The interaction (i + 8) + a.

o (u+B3)+a— o'+ In this case U, is to the right of the 3-shock curve starting

at Up, see Figure 16(b). We divide the interaction into three steps,

ptB+a 2% +al+ 822 a4+ 45 2%

Again we have AG; < 0 and AG5 < 0 because the interactions at the first and
second step are of type Bb-ii and Ba-iii, respectively. Due to property (vi) and
property (ix), the intersection between @ and (3 is to the right of 3. Therefore,
we have from property (ix) that the intersection between & and 3 is to the right

of the intersection between o and ', and

o/ —]a| <0,

hence AG3 < 0.

_)Oél‘i‘ﬁ/-

81181 - |3| <o,

By symmetry we have AG < 0 across  + (a + v).
(vi) (a4 )+ p (and v + (o + 3)): This interaction has two outcomes.

o (a+pf)+p— '+ 4 In this case U, is to the left of the 3-shock wave starting

at Uy, see Figure 17(a). We divide this interaction into three steps,

a+[B+u =+ T+ B i BB 4 5

where AG; < 0 and AGs < 0 since the interactions at the first and second step
are of type Bb-iii and Ba-ii, respectively. By property (vi) we know that @ is
lying below «, and together with property (ix), this implies that the intersection
between fi and (3 is to the right of 4. From property (iv) and property (ix) we

then get

W' = Ii| =g,

and it follows that AG3 < 0.

6'1- 18| - IB] = ~a

29
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FIGURE 17. The interaction (a + 3) + p.

o (a+f)+p— o + ' In this case U, is to the right of the 3-shock wave starting
at U, see Figure 17(b). We divide this interaction into three steps,

a+[B+u 2% o+ +8 2% a+5+8 2% o + 5,

where AG; < 0 and AGy < 0 because the interactions at the first and second
step are of type Bb-iii and Ba-ii, respectively. By properties (vi) and (ix) we have
that the intersection between & and (3 is to the right of 3. Furthermore, the
intersection between & and (3 is then by property (viii) and property (ix) to the
right of the intersection between o’ and ', thus
o~ la] <0, 8'1-18|- 13| <o,
and it follows that AG3 < 0.
Due to symmetry, AG < 0 across v + (a + 3).
Before we carry on with the last two interactions of this type, we prove the following
proposition.
Proposition 4.2. If U, is below the outgoing 1-wave for the interaction
u+v+a, or o+ vV+u,
then the interaction can be replaced by
(4.6) o+ é, or &+,
respectively, where
(4.7) | < lul, la| < o],
and AG < 0 for the replacement.

Proof. Let us start with the second interaction. For U, to be below the outgoing 1-
wave, u has to cross a. From property (iv) it then follows that U; can be connected to
U, by following the wave « until the intersection point and then following p from the
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intersection point to U,.. Obviously, the estimates in (4.7) are then satisfied and from
these it follows that AG < 0.

Also for the first interaction o and p have to intersect if U, is below the outgoing
1-wave. We are looking for a 1-shock wave, &, which ends at U, and starts somewhere
on u. By property (viii) it follows that & has to start to the left of the intersection
point between p and «, but to the right of the starting point of . Thus, there exist
a i and an & so that (4.7) is satisfied and the interaction can be replaced by fi + é.
From (4.7) we obtain AG < 0. O

(vii) (p+v)+ « (and 8+ (pu+ v)): This interaction has four possible outcomes.

(€ (+v)+a—ao +0. (d) (p+v)+a—a +4.
FIGURE 18. The interaction (u + v) + a.

o (u+v)+a — p' +v/: In this case U, is above p’ and to the left of the 3-rarefaction
curve starting at Uj, see Figure 18(a). Observe that |u/'| < || and || < |a|. Tt
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then follows that
AF = —|af,
AQI S Oa
AQq < |V/|F'v < |O‘|F%
and we obtain AG < 0.

o (u+v)+a— p + 6" In this case U, is below ' and to the left of the 3-shock
curve starting at U, see Figure 18(b). By Proposition 4.2 we can replace this
interaction by a new one,

AG1 . | A1 AG
ptv+a—=>[i+a] =5 u + 4,
where AG; < 0. Moreover, the interaction at the second step is of type Ba-iii,
thus AG9 < 0.
e (u+v)+a — o' +v/': In this case U, is above o’ and to the right of the 3-rarefaction
wave starting at Uj, see Figure 18(c). We divide this interaction into four steps,
A
p+v+a] 255 ptal+v
292, G4 [+ 7]
28 G+ a+0p
AGy o+ V’,
where the interaction at the first step is of type Bb-iii, thus AG; < 0. Furthermore,
AGs <0 and AG3 < 0 because the interactions at the second and third step are
both of type Ba-iii. From properties (iv) and (viii) we obtain
/| —]af—|&]=—q, W'l -
thus AG4 < 0.

e (u+v)+a—a + " In this case U, is below o and to the right of the 3-shock
wave starting at U, see Figure 18(d). From Proposition 4.2 we know that the
interaction can be replaced by [ + &,

7| =gq,

ptva=it+a S al+ 4
where AG7 < 0. The interaction at the second step is of type Ba-iii and therefore
AGy <0.
By symmetry we have AG < 0 across 8+ (1 + v).
(viii) (a4 v)+ p (and v + (p + 3)): This interaction has four possible outcomes.
o (a+v)+u — '+ In this case U, is above u' and to the left of the 3-rarefaction
wave starting at Uj, see Figure 19(a). We divide this interaction into two steps,

atv+u 2 et m+ v 2 )
where the interaction at the first step is of type Bb-i, thus AG; < 0. By prop-
erty (vi) we have that [z lies below a, and therefore |/ | < |7]. Since also |u | < [&],
we get AGy < 0.
o (a+v)+pu— '+ " In this case U, is below u' and to the left of the 3-shock
wave starting at Uj, see Figure 19(b). According to Proposition 4.2 the interaction
can be replaced by a new one,

atvtp 2 at a2 )+ 8,
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FIGURE 19. The interaction (a4 v) + p.

where AGy, < 0. Furthermore, AGs < 0 because the interaction at the second
step is of type Ba-ii.
(a+v)+p — o' +v': In this case U, is above o’ and to the right of the 3-rarefaction
wave starting at Uj, see Figure 19(c). This interaction is divided into two steps,

atv4u 28 a+ 14729 0 1y,

where the first interaction is of type Bb-i, thus AG; < 0. We have |o/ | < |a|.
Since 7 lies below a by property (vi), we furthermore have || < 7], and thus,
AG, <0.
(a+v)+p— o' + 7 In this case U, is below o and to the right of the 3-shock
wave starting at Uj, see Figure 19(d). Again we can replace the interaction by a
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new one,
oz—}—y—&—,uﬂ [& + fi] ﬂa/-kﬂ/,
where AG; < 0 by Proposition 4.2. At the second step we have an interaction of

type Ba-ii, thus AGs < 0.
It follows from symmetry that AG < 0 across v + (u + ().

4.3.2. Type Cb: A contact discontinuity as the leftmost or rightmost wave. All these inter-
actions have two possible outcomes.

(i) (C+v)+p (and v+ (p+Q)):

U, B}
/Q\T po%\
/ N Un\ w
/ N N
N
K7 N
iz AN N
v/ N \\\
/ SO .
. . N
\ \\ NN
U N _ S u AN
N # \\ N N
~ N AN
AN > NN H
2NN N N
N > N ~
- A ~
\\ // N \\
N // N ~
. NN
\\ // v a \\
~ - N
. N
Ul Ul
p p
(@) (C+v)+p—p +(+0. (b)) C+v)+p—p +C+8.

F1GURE 20. The interaction ({ + v) + p.

o ((+v)+p— '+ ¢+ In this case U, lies above 1/, see Figure 20(a). We divide
the interaction into two steps
A A
CHIv+p S CHa+T 25 ) 4 (0

The interaction at the first step is of type Bb-i and thus AG; < 0. If the intersec-
tion between Ti and 7 is below p/, then |/ | < |@| and [/ | < |7| and AG2 < 0. If

the intersection is above ', then |u' | — || = |v/ | — [7| and by using Lemma 2.2
on 77 and p’ we get
W=l < CalmlIC], V=17l < CafmlIc],

and hence, AGy < 0.
e (C+v)+pu— '+ ¢+ In this case U, lies below u', see Figure 20(b). We
divide the interaction into two steps,
CH+u 255 C+T+7 25 0 +C+
The interaction at the first step is of type Bb-i and we have AG; < 0. Furthermore,
we have |5 | < [z| — |¢' | and applying Lemma 2.2 on fz and u/ we obtain

W' =1zl <0, B < Cao |’ || < CalE][C]
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from which we get AG, < 0.

Due to symmetry, AG < 0 across v + (1 + ¢).
(ii) ((+v)+a (and B+ (u+()):
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p p
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(a) ((+v)+a—a +C+1/.

®d) (+v)+a—a +(+0.

FIGURE 21. The interaction (¢ + v) + a.
e ((+v)+a— o+ +v: In this case U, is above o, see Figure 21(a). We divide
the interaction into two steps,

C+lv+a 28 cra+7 2% o/ 4 ¢+ 0.

At the first step we have an interaction of type Bb-iii, thus AG; < 0. If the
intersection between @ and 7 is above o’ as in Figure 21(a), then we have

o[ = [a] = —q, W =17l=q,
which results in AGy < 0. If the intersection is below, we use Lemma 2.2 on @
and o/, and get

o | —[a] < Ca¢||al, V[ —7] <0,
therefore, AG5 < 0.

e (C+v)+a— o +(+ " In this case U, is below o/, see Figure 21(b). We divide
the interaction into two steps,

A A
(+lv+al 28 cra+v 2820 4 ¢+ 7.
Since the interaction at the first step is of type Bb-iii we have AG; < 0, and by
construction |8'| < |o/ | — [a|. We apply Lemma 2.2 on @ and o’ and find
la'| —la| < Ca¢|lal, 16| < Ca ¢ ],
thus AG4 < 0.

By symmetry we have AG < 0 across 5+ (1 + ().
(iti) (¢+B)+p (and v + (o + Q)):
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FIGURE 22. The interaction ({ + 3) + p.

e (C+B)+u— ' +¢+v: In this case U, is above p/, see Figure 22(a). Two steps

are enough,

CH[B+u =2 C+T+B =Dy 0+,

where the interaction at the first step is of type Bb-iii, thus AG; < 0. We have

[v/| < || — |E]| and apply Lemma 2.2 on & and p/. We get

' | = E < ColmlIC],
and it follows that AGy < 0.

V< CalmlIC],

e (C+PB)+u— '+ ¢+ In this case U, is below p, see Figure 22(b).

interaction is divided into two steps,

CH[B+u = C+T+B =D 4G+,

where AG; < 0 because the interaction at the first step is of type Bb-iii. If the

intersection between 7 and 3 is above g/, it follows from property (ix) that

W' =l =q,

thus, AGy < 0. If the intersection is below, as in Figure 22(b), it follows from

‘ﬂl|7 |B| = —q,

property (ix) that [u’| < |7z|. We then use Lemma 2.2 on 3 and /3’ and obtain
18" =B8] < G2 ¢ |7,

W' |-l <0,
thus, AGs <0.

Due to symmetry, AG < 0 across v + (a + ¢).

(iv) (C+8)+a (and 8+ (a+)):

e ((+08)+a—d +(+: In this case U, is above ', see Figure 23(a). We can
divide the interaction into steps by the same approach as above, but this is not

necessary for this interaction. We have |/ | — || < —|v/|, thus
AF =|o|—|a| =8| < = ]/],

AQI S Oa
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FIGURE 23. The interaction (¢ + 8) + «a.

AQ2 S |VI|F’W

which yields AG < 0.
o ((+8)+a— o +(+ 8" In this case U, is below o/, see Figure 23(b). Again we
divide into two steps

C+[B+a) 28 c+a+B32% o/ + ¢+ 7,

where the interaction at the first step is of type Bb-iii with AG; < 0. If the
intersection between @ and (3 is above o/, as in Figure 23(b), it follows from
property (viii) and property (ix) that

| = [a] <0, 8’1 - 8] <0,
hence, AG; < 0. If the intersection is below, we have |/ | — [@| = |3’ | — |3 ] and
by applying Lemma 2.2 to the 1-shock curves we obtain
o' | —[a| < Cal@|[C], 16" = 8] < Calallc].

From these estimates we obtain AGy < 0.
By symmetry we have AG < 0 across the interaction § + (a + ().

4.3.3. Type Cc: A contact discontinuities as the middle wave.
(i) (u1 4+ ¢) + p2 (and v; + (€ 4 v2)): This interaction has two possible outcomes.
o (1 +¢)+ pe — p + ¢+ v In this case U, is above p’/, see Figure 24(a). We
divide the interaction into two steps,

A A
G ] 2+ T+ TR Y

The interaction at the first step is of type Be-i, thus AG; < 0. Note that p1, 7 and
w1 all have v = ~;, and 7 and v/ have v = ~,.. By property (iv) and property (vii)
we therefore have pu; + 7 = ¢/ and 7 = v, thus AGy = 0.
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FIGURE 24. The interaction (1 + ¢) + po.

(b) (1 +) +p2 —p' +¢+ 46

o (u1+¢)+p2 — 1/ + ¢+ F': In this case U, lies below 1/, see Figure 24(b). This
interaction is divided into two steps,

g+ [C+pe] 295 I C+HB R 18

The interaction at the first step is of type Be-i with AGy < 0. Furthermore, p1, @t
and p all have the same v, and so do § and 3. Property (iv) and property (vii)
then imply that pi + @ = p’, therefore we also have that 8 = 3, and it follows

that AGQ =0.

Due to symmetry, AG < 0 across the interaction v1 + ({ + v2) as well.

(ii) (1 +¢) + a2 (and By + (¢ + B2)): This interaction has two possible outcomes.

o (a1 +()+as — o' +(+v': In this case U, is above o, see Figure 25(a). No extra
steps are needed because we have

which gives us

and

o' | —lon [ = laz| = =],

AF:7|V‘7
AQI Soa
AQx < |V | Fy = [C|az| < V| Fy,

AG < |V | (=14 3CoF,) < |/ | (—1 + g) <0.

e (a1 +()+as — o' +(+ /. In this case U, is below o/, see Figure 25(b). In this
case we need two steps,

AG:2

a+[C+ag] 2% +a+C+ B2 o 1+ 8.

The interaction at the first step is of type Be-ii, thus AG1 < 0. Note that @ and
o’ have the same v, and so do [ and . It therefore follows from property (viii)
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FIGURE 25. The interaction (g + ¢) + as.

and property (ix) that the intersection point between @ and 3 is to the right of
the intersection point between o’ and (3. This yields

o/ | = ea | = [@] <0, 16" = 18] <0,

and we obtain AGy < 0.
By symmetry it follows that AG < 0 across the interaction (1 + (¢ + F2).
Before discussing the last interactions of this type, we prove a useful proposition.

Proposition 4.3. If U, is below the outgoing 1-wave for the interactions

p+C+a, or a+C+p,
and if
(+a—a+(+7, or C+p—-p+C+7,
respectively, then U; can be connected to U, by
(4.8) b+ a—+, or a+p+¢,
respectively, where
(4.9) ol <lul, and la] <laf,

and AG < 0 for the replacement.

Proof. For the first interaction we are looking for a 1-shock wave, &, with v = ; that
is starting somewhere at p and ending at U= (pr,tr,y;). From property (viii) it
follows that & cannot reach U if it starts to the left of @. Moreover, since U, lies below
any l-wave starting at Uj, so does ﬁ, and therefore & has to start to the right of U;.
This proves that there exists a i and an & so that U; is connected to U, by the first
interaction of (4.8) and so that (4.9) is satisfied. From (4.9) it follows that AG < 0 for
the replacement.

For the second interaction consider the backward 1-rarefaction curve from U. By
property (iv) this wave will stay above i and, since U lies below any l-wave starting
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at U, the backward rarefaction curve must intersect . Thus, there exists a i and an
& so that Uj is connected to U, by the second interaction of (4.8) and so that (4.9) is
satisfied. Furthermore, it follows from (4.9) that AG < 0 for the replacement. O

(i) (1 +¢) + « (and B+ (¢ + v)): This interaction has four different outcomes.
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FIGURE 26. Two outcomes of the interaction (u+ () + a.

o (u+¢)+a — p/+¢+v': In this case U, is above u and to the left of the 3-rarefaction
curve starting at Uy, see Figure 26(a). We have |u'| < |u| and || < ||, thus
AF = —|a],
AQ1 <0,
AQ: < |V/|F'y < || Fy,

which gives
C
AG < |a|(—=1+ 3CoF,) < |a| —1+§ <0.

o (u+¢)+a— ' +¢+ 0" In this case U, is below p’ and to the left of the 3-shock
curve starting at Uj, see Figure 27. This interaction needs several steps, and it is
natural to let ¢ and « interact first. We do not know what type of outgoing 3-wave
this interaction gives, and we will have to look at each case separately. Assume
first that ¢ + a — @+ ¢ + 3, as in Figure 27(a), then we have

p+lC+a] =% [u+a]+¢+B
S i+ B+ ¢+
28+
The interaction at step one is of type Be-ii, therefore AG; < 0. At the second
step the interaction is of type Ba-iii, thus AGs < 0. We do not know whether 3
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(4.10)

(a) When ¢ +a —a+ ¢+ 6. (b) When ¢ +a —a+(¢+7v.

FIGURE 27. The interaction (u+ () +a — p' + ¢+ 5.

starts to the left or the right of 3 because the two waves have different v’s. If /3
starts to the right, as in Figure 27(a), we have for a ¢ > 0 that

W =1l <, 81~ |8] - 8] = —a.
which gives
AF = —q, AQ; <0, AQ2 < qF,,
and it follows that AG5 < 0. If 3 starts to the left of 3, we claim that
W= 1al <0, 8- 18] - |3 = 2 |3 K¢,
which gives us

AF <G || K¢l
AQ1§02‘5‘|C|F71’
AQ: < Co|B|I¢I P, =Bl

and furthermore that
AGs < Cy ‘ﬁ‘ €] (1 4+ 3C, (7 — 1)F, + 3CoF, — 3) < 0.

Thus, we just have to prove (4.10). We introduce a 3-shock curve with v = ~,., 5%,
that starts somewhere on p and ends at the same point as § ends. Since 5* has
the same v as (3, it follows from property (ix) that §* starts to the right of &,

thus |38’ | — ’B ‘ - ‘B’ <|B8* |- Jé; ) Moreover, 3* and 3 have different 7’s and ends
at the same point, therefore we can apply Lemma 2.2 on the two shock waves and
obtain |5* | — ‘B‘ <Oy ‘B

directly from the construction, we have proved (4.10).

|¢]. Since the estimate on the rarefaction waves follows
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Assume now that ( + @« — @ + ¢ + 7, this is illustrated in Figure 27(b). By
Proposition 4.3 we can replace the interaction by a new one,

ptC+a S5 a4 a)+¢
22 it B¢
S B,
where AG; < 0. The interaction at the second step is of type Ba-iii, thus AG2 < 0.
If 3 starts to the right of 8, we have for a ¢ > 0 that

W= 1al =, 1= [3| = ~a.

which gives AGs < 0. If 3 starts to the right of 3, we have |p/| — || < 0.
Furthermore, since 8 and 3’ ends at the same point, but have different 7’s, it
follows by applying Lemma 2.2 that

61— |3] < |3 1c1,

and we get AG3 < 0. Figure 27(b) do not show 3 since it lies very close to (3.
(L+¢) +a— o+ ¢+ In this case U, is above o’ and to the right of the
3-rarefaction curve starting at Uj, see Figure 26(b). Since

&/ [+ V| < e, or la'| = Ja| <= V'],
we have
AF =—]/], AQ <0, AQy < |V | Fy,

which gives

AG < |V | (=14 3CyF,) < V| (—1 + g) <0.
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(a) When ¢ +a — @+ ¢ + 5. (b) When (+a —-a+(+7.

FIGURE 28. The interaction (u+¢) +a — o' + ¢+ G-
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o (u+{)+a— o’ +(+ " In this case U, is below o’ and to the right of the 3-shock
curve starting at Uj, see Figure 28. Again we do not know what type of outgoing
3-wave we get if ( and « interact, and we need to consider each case separately.
Assume first that ¢ + a — @+ ¢ + 3, as illustrated in Figure 28(a), then we need
four steps,

AG, _ -
pCHa] S5 [t al + ¢+ B
S &+ [B+¢+7

AGs -~ | » A

—Sa+a+(+43

28 e+
The interaction at the first step is of type Be-ii, thus AG1 < 0. At the second step
the interaction is of type Ba-iii and AGs < 0. If 3 starts to the right of 3, the
remainding steps can be skipped because then

o~ la] <0, 81~ 18|- 13| <o,

and going straight to the last step we get AG, < 0. If (3 starts to the left of 3,
we need one more step? and the interaction at the third step is of type Ce-ii, thus
AG5 < 0. The waves &, & and o all have v = ~ and 3 and ' have v = ~,.
Combining properties (viii) and (ix) it follows that

o' = la |-l <0, '1-18| <0,

and we have AG4 < 0. The waves & and /3 are not denoted in Figure 28(a) because
they lie very close to o/ and 3'.

Assume now that (+a — a@+(+7, see Figure 28(b). According to Proposition 4.3,
we can replace the interaction with a new one,

pA ¢+ o 29 i+ a]+ ¢
2 G4+ f+¢
S5 a4+,
where AG1 < 0. At the second step we have an interaction of type Ba-iii with
AGy < 0. If 3 starts to the right of 3’, we have

o~ la] <0, 61— |3] <o,
hence AG3 < 0. If 3 starts to the left of 3, we have |o/ | — |&| = |3'] — ‘B

Furthermore, since 3 and  ends at the same point, but have different +’s, it
follows by applying Lemma 2.2 that

81~ 18| <2 |BIc),
and therefore AG3 < 0.

By symmetry it follows that AG < 0 across the interaction § + (¢ + v).
(iv) (a+¢)+ p (and v + (¢ 4+ B)): This interaction has four different outcomes.

2Here we could compare 8 to an auxiliary curve 8* with v = ~,, similar to what we did before, but since
only one more step is needed, we chose this approach.
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e (a+ )+ p — '+ ¢+ In this case U, is above p' and to the left of the
3-rarefaction wave starting at Uj, see Figure 29(a). We divide the interaction into
two steps,

A A
at[C+p 2 a4 T R (4,

where the interaction at the first step is of type Be-i, thus AG; < 0. Since i has to
lie below « by property (vi), the outgoing 3-wave of the first step is a rarefaction
wave. From this it follows that

W[l <0, V|- 7' <0,
and therefore AG, < 0.
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dﬂ \’ 7 \
U. \ i \
n \ a \
N \
AN E\ * \
N N
N N p
N N
U 2N AN
~ AN
~ N
~ N

FIGURE 30. (a+¢)+pu— ' +C+ 5.
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(a+ ) +p — 4+ ¢+ B In this case U, is below p’ and to the left of the
3-rarefaction wave starting at Uj, see Figure 30. If ¢ and p interact we again do
not know the type of the outgoing 3-wave we get, and we choose to look at the
two cases separately. Assume first that the outgoing 3-wave is a shock wave as
illustrated in Figure 30. Then we need three steps,

a+[C+pu = [a+7]+C+8
S i+ B4+
N ENE]
The interaction at the first step is of type Be-i with AGy < 0. At the second step

we have an interaction of type Ba-ii, thus AGy < 0. If § starts to the right of 3,
then

W= |ii| = q, \ﬂ’I—’B = —q,

and it follows that AGs < 0. If 3 starts to the left of 3, as is the case in Figure 30,
we once again introduce an auxiliary curve §*, and this curve is indicated in the
figure. This curve has v = ~,, starts somewhere along ', and ends at the same
point as 8. By property (ix) the starting point of 8* has to be to the right of &,

thus |8"| — )B‘ - |B} <|p*|- ‘B ‘ Moreover, we apply Lemma 2.2 on 3 and %,
and get |5 | - |3] < 2 |B] ¢, Thus,

W~ 1al <0, 81~ [B] - || < 2| e,
and AG3 < 0.
Assume now that the outgoing 3-wave of the interaction between ( and p is a

rarefaction wave. According to Proposition 4.3 we can replace the interaction by
a new one,

atCHp 2SS a4 i)+ ¢
S8t B¢
S W4+,
where AG1 < 0. The interaction at the second step is of type Ba-ii, thus AG2 < 0.
If 3 starts to the right of 3’, we have
=il = g, 81— |B] = —a.

which gives AGs < 0. If 3 starts to the right of 3/, we have |p/| — || < 0.
Furthermore, since § and (' end at the same point and have different ~’s, it
follows by applying Lemma 2.2 that

61— |3] < 2|3 1c1,
and we get AG3 < 0.

(a+¢)+p — o + ¢+ In this case U, is above o’ and to the right of the
3-rarefaction wave starting at Uj, see Figure 29(b). We have

o' |+ V| < e, or o [ = Ja| < = V],
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which gives
AF =|o|—lal < - /],
AQ; <0,
AQu < V| Fy = |ul[C] < V| Fy,

and

AG < |V | (=14 3C,F,) < 0.

ﬁ\\\\\
.
P p
(a) When ( +pu — 1+ ¢+ 6. (b) When ¢ +p — i+ ¢ +7.

FIGURE 31. The interaction (a« +¢) 4+ p — o' +(+ 3.

e (a+¢)+p— o + ¢+ B In this case U, is below o’ and to the right of the
3-shock wave starting at Uj, see Figure 31. We divide the interaction into steps,

AG _ _
at[C+p = [a+al+(+7

AGs - 5 _

—— a+ [+ C+T7)

A - N A

28 Gra+C+p

S5 o+ 8
The interaction at the first step is of type Be-i and AG; < 0. We do not know
whether the outgoing 3-wave is a shock wave or a rarefaction wave, but in this
case we are able effectively to treat both case at the same ti{ne.3 At the second
step we have an interaction of type Ba-ii, thus AGs < 0. If § starts to the right
of ', as is the case in Figure 31(b), then

o | —la] <0, ~

3This is the shortest way to do it, although we could for n = 3 use Lemma 2.2 and be able to stop after
step two (similar to the case — p/ + ¢ + 3’). Moreover, for n = v we could replace the interaction according
to Proposition 4.3.
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and going straight to the last step we get AG, < 0. However, if 3 starts to the
left of 3’ as in Figure 31(a), we need more steps. We then let three waves interact
at the third step. This is an interaction of type Cc-ii if 7 = 3 and of type Cc-iv if
7 = 7, in either case we have AG3 < 0 and the outgoing 1- and 3-waves are shock
waves. By property (viii) and property (ix) we obtain

o' = la| —lal <o, 8'1-13] <o,

thus, AG4 < 0.

By symmetry we have AG < 0 across v + (¢ + ().

This ends the discussion of interactions of type Cc, but before we carry on to interactions
between four waves, we collect some results that will be useful when discussing the interac-
tions of type Db. During the discussion of Cc-iii and Cc-iv we have shown the following:

Proposition 4.4. For the interactions

(4.11)
(4.12)

pta+l+08—€+(+0, and
atpt+C+pB—e+0+0,

where € is either & or p', the Glimm functional is decreasing, that is, AG < 0.

Furthermore, we have also proved the following result:

Proposition 4.5. For the interactions

(4.13)
(4.14)

pra+l—€e+(+0, and
atpt+C—e+c+p,

where € is either & or i, the Glimm functional is decreasing, that is, AG < 0.

4.4. Type D: Four waves entering the diamond.

4.4.1. Type Da: Waves of the same family are also of the same type. The interactions of this
type all have two possible outcomes to be considered.

() (1 +C+v)+p2 (and vy + (n+ ¢+ v2)):

o (u1 +C+v)+ps — ¢+ ¢+ In this case U, lies above p/, see Figure 32(a).

This interaction is divided into two steps,

R T R T N A N N 2

The interaction at the first step is of type Cb-i, therefore AG; < 0. By prop-
erty (iv) and property (vii) we have u1 + = p/ and 7 = v/, thus AGy = 0.

o (u1+C+v)+pe — ' + ¢+ G In this case U, lies below p’, see Figure 32(b).

Again we need two steps,

A+ [CH v+ o) 2SS T C+H B2 Y+

The first interaction is of type Cb-i, thus AG; < 0. From property (iv) and
property (vii) we have u1 + @ = p/. It then follows that § = g, and therefore
AGy = 0.

Due to symmetry, AG < 0 across v1 + (u+ ¢ + va).

(i) (w1 +C+B) + p2 (and vy + (a+ ( + 1v2)):
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F1GURE 33. The interaction (p1 + ¢ + 8) + pe.

o (u1+C+pB8)+p2 — '+ ¢+ v In this case U, is above u/, see Figure 33(a).
Observe that ps crosses p’, which is possible since the two waves have different
~v’s. We divide the interaction into two steps,

AG _ _ AG
G+ B+ pe] = m A+ C+HT =S 0+,
where the interaction at the first step is of type Cb-iii, thus AG; < 0. Due to
property (iv) and property (vii) we have that u; + @ = ¢ and 7 = v/, and it
follows that AG5 = 0.
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o (1 +C+pP8)+p2 — i+ ¢+ G In this case U, is below u/, see Figure 33(b). The
interaction is divided into two steps,

i+ [C+ B+ pa] 255 i+ T4 CHB S 4+
where the interaction at the first step is of type Cb-iii, thus AG; < 0. Due to
property (iv) and property (vii) we have p; + i = u' and therefore also 8 = /3,
thus AGy = 0.
By symmetry we have AG < 0 across v1 + (o + ¢ + v2).
(iii) (an +¢+v)+as (and By + (p+ ¢+ B2)):
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FIGURE 34. The interaction (a; + ¢ + v) + .

e (a1 +(+v)+ay — o +(+v: In this case U, is above ', see Figure 34(a). Two
steps are needed,

AG _ _ AG

ap+[(+v+a] —Sar+a+(+v —>a + ¢+
The first interaction is of type Cb-ii, therefore AG; < 0. It follows from prop-
erty (iv) and property (viii) that

o/ [ = o | = @] = —q, W' =17l=q,
for a ¢ > 0, and this gives AGs < 0.

o (a1 +(+v)+as — o' + ¢+ " In this case U, is below o, see Figure 34(b). We

divide the interaction into two steps,

A [CHvta] 2 o +a+Cc+832% 0+ +5.

The first interaction is of type Cb-ii, therefore AG; < 0. The 1-shock waves o’ and
@ have v = 9; and 3’ and 3 have v = ~,., therefore it follows from property (viii)
and property (ix) that

la'| —]ai |- [a| <0, 16— 8] <0,
resulting in AG, < 0.
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It follows from symmetry that AG < 0 across 81 + (1 + ¢ + B2).
(iv) (a1 + ¢+ 8) +az (and B + (a+ ¢+ B2)):
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(b) (a1 +¢+B)+az =o' +¢+ 7.

FIGURE 35. The interaction (a1 + ¢ + ) + as.

(a1 +C+ B8) +as — o + (+v': In this case U, lies above o/, see Figure 35(a).
Here o crosses o, which is possible since they have different «’s. We do not need
to divide this interaction because we have
lo'| < a1 | +az |,
o' [+ V| < fon |+ oz |+ 8],
and from this we find
AF =ld'| —Jon| = |az | =B < = V],

AQl S 07

AQ2 S |V/ | F’ya
which gives us AG < 0.

(a1 +C+ ) +ag — o + (+ f': In this case U, lies below o, see Figure 35(b).
We divide this interaction into two steps,

AG3

a+ [+ B+ 2 a4 a+C+ B2 +(+ 4,

where the interaction at the first step is of type Cb-iv, thus AG; < 0. Due to
property (viii) and property (ix) the intersection between @ and f is to the right

of the intersection between o’ and ', thus
o/ | = Jen | = [a]| <0,

and we get AGy < 0.

By symmetry we have AG < 0 across 81 + (a + ¢ + (2).
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4.4.2. Type Db: Waves of the same family are not of the same type. Before we discuss each
interaction of this type, we state some useful observations in the following propositions.

Proposition 4.6. If u and « cross in the interaction

p+C+v+a, or a+(+v+p,
then the interaction can be replaced by
(4.15) i+ ¢+ é, or a+ ¢+ L@,
respectively, where
(4.16) ] < lul, and a1 < al,

and AG < 0 for this replacement.

Proof. For the first interaction we have to prove that the backward 1-shock curve at U,
crosses (1, and in order to show (4.16), that this intersection is to the right of the starting
point of a. By property (viii) a 1-shock with v = ~,. that starts to the right of the intersection
point between p and « can never reach U,.. Furthermore, if & starts to the left of «, it will
always be steeper than « and hence never reach U,.. Thus, there is a & starting at p so that
(4.15) connects U; to U, and so that (4.16) is satisfied.

Since the slope of a rarefaction wave is independent of the starting point, the proof for
the second interaction is easier. Then & is the part of a from U; to the intersection point
between o and u, while [ is the part of u from the intersection point to U,.. Thus, (4.16) is
satisfied, and the interaction can be replaced by (4.15).

For both cases it follows from (4.16) that AG < 0 for this replacement. g
Proposition 4.7. If U, is to the right of U; and p and o do not intersect for the interaction
p+C+rv+a,

then the interaction can be replaced by

(4.17) C+7v+a,

where, for a positive constant q,

(4.18) 61— la] = —q, and 7]~ v] < g,

and AG < 0 for this replacement.

Proof. We have from property (viii) and property (iv) that the backward 1-shock curve from
U, has a unique intersection point with the 3-rarefaction curve starting at (p;, u, ), and
that this point is to the right of the starting point of a. Thus, |&|— || = —q for a positive
constant ¢g. Furthermore we find that

w12l +lal=v]+af,
hence
ol =lvl=—(al=la]) = lpl=q—ul <q
which proves (4.18). Moreover, AG < 0 follows directly from this estimate. (|
Proposition 4.8. If U, is to the left of U; and p and a do not intersect for the interaction
a+C+v+p,
then the interaction can be replaced by

(4.19) CH+o+ 0
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where
(4.20) il = lu] <0, and 7= lv| < lal,
and AG < 0 for this replacement.

Proof. Tt follows from property (iv) that i starts at the point where the 3-rarefaction curve
from (py,w;,~,) intersects p. Thus, || — || < 0 and furthermore,

| =+ 1P| =lal+v],

hence, |V — |v| = |a| — (Ju| = |#]) < |a]. This proves (4.20) from which it follows that
AG < 0 for the replacement. O

(i) (u+C¢+v)+a(and B+ (u+ ¢+ v)). This interaction has four different outcomes as
shown in Figure 36.
e (u+C+v)+a — p' + ¢+ v: In this case U, is above p/ and to the left of
the 3-rarefaction wave starting at Uj, see Figure 36(a). We have |u'| < || and
[V | —|v| < |al, thus
AF = — |Oé ‘ )
AQI S 07

AQx= (=D IGi] < lal £,

3

where (; are all contact discontinuities to the right of the diamond. From this we
obtain AG < 0.

e (u+C¢+v)+a — '+ ¢+ G In this case U, is below y' and to the left of
the 3-shock wave starting at U;, thus « has to cross p, see Figure 36(b). Then it
follows from Proposition 4.6 that the interaction can be replaced by a new one,

ptCHvta S a4 ¢ +a] 2% 4+,
where AG; < 0. Since the interaction at the second step is of type Cec-iii, we also
have AGy < 0.
e (u+C+v)+a—a + ¢+ In this case U, is above o’ and to the right of the
3-rarefaction wave starting at Uj, see Figure 36(c). Since « and p cannot intersect,
it follows from Proposition 4.7 that the interaction can be replaced by a new one,

pAC+v+alih+i+a] 22 o 4 (40,
where AG; < 0. At the second step we have an interaction of type Cb-ii, thus
AG; <0.
e (u+C¢+v)+a— o 4+ ¢+ F': In this case U, is below o’ and to the right of
the 3-shock wave starting at Uj, see Figure 36(d). If « crosses u, we replace the
interaction according to Proposition 4.6,

pACHrta i i +al 2 o 10+ g,

where AG; < 0. The interaction at the second step is of type Ce-iii, thus AGs <
0. If, however, o does not cross u, we use on Proposition 4.7 and replace the
interaction by a new one,

A ~ ~ A
pAC+v+alhcrita 0 1044,

where AG; < 0. Furthermore, AG5 < 0 because the interaction at the second
step is of type Cb -ii.
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(€ (+¢+v)+a—a +{+v. (d) (p+¢+v)+a—a' +(+ 0.

FIGURE 36. The interaction (pn+ ¢ +v) + a.

By symmetry we have AG < 0 across 8+ (u+ ¢ + v).
(ii) (¢ +¢+v)+p (and v+ (r+ ¢ + 5)): This interaction has four possible outcomes as
shown in Figure 37.
e (a+C+v)+pu— g+ ¢+ In this case U, is above y/ and to the left of the
3-rarefaction curve starting at Uj, see Figure 37(a). Since o and p do not cross,
we can by Proposition 4.8 replace the interaction by a new one,

at+CHvpn 28 i+ 2

where AG; < 0. The second interaction is of type Cb-i, thus AGy < 0.4

4This interaction can also be divided into two steps by letting ¢ + v + p interact at the first step.



54

HOLDEN, RISEBRO, AND SANDE

Ur ’ K
N B
N 7/
/ PN \
I
/ AN
N
/ AN
/ ~
N
/ N
~
I/ ~ ~
vy v ~
~
/ ~
~
/ ~
/ S~ Ul
/ _ -
; ~
* P
N e
!/ e
A . S
U~ oz NN
[N . NN
- ~
N P « ~
N P N ~
N ~
a e N ~
e =
o s S~
* ¥ v
p p

() (@+C+v)+p—p +C+05.

@UT
/\
N
4 ~
s ~ M
P ~
N
7 N
/7 \\
v 7/ ~
, -
-
’ -
-
/ e
/ , ul
’
/
-
Ul / -
e
qa, / v
\ / /
7
N g
M /
N /
a N 4
N 7
\ /
N 7/
N s
\
¥
p p

(© (a+¢+v)+p—a' +(+0 d) (@+C+v)+p—a +(+p5.

FIGURE 37. The interaction (o + ¢ + v) + p.

e (a+C+v)+pu— '+ ¢+ G In this case U, is below p' and to the left of the
3-shock curve starting at Uj, see Figure 37(b). If @ and p do not intersect, we use
Proposition 4.8 as above and replace the interaction,

atCtv+p RS Gt S g+

where AG; < 0.Because the interaction at the second step is of type Cb-i, we have
AGy < 0. If, however, a and p do intersect as in Figure 37(b), we replace the
interaction according to Proposition 4.6,

at+CHvp =t S 0 4+ 4,

with AG; < 0. Since the interaction at the second step is of type Cc-iv, also
AG; <0.
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o (a+(+v)+p—a ++1: In this case U, is above o’ and to the right of the
3-rarefaction curve starting at Uj, see Figure 37(c). We have

& [+ [V [+ ] = Jee| + v ], /| = || = —q,

where g > 0, hence,
V=lvl=q—Inl<q,

and
AF = o[ - |a| = —q,
AQ; <0,
AQl < qu

from which we obtain AG < 0.

e (a+(+v)+pu—a 4+ ¢+ 4" In this case U, is below o and to the right of the

3-shock curve starting at Uj, see Figure 37(d). Hence, @ and p have to intersect
and by Proposition 4.6 we can replace the interaction

atCHvtp 28 @+ C+al 2% (4 8,

where AG; < 0. The interaction at the second step is of type Ce-iv, thus AGs < 0.
By symmetry we have AG < 0 across v + (u + ¢ + 5).
Yet another proposition is useful before discussing the last two interactions.

Proposition 4.9. If U, is below the outgoing 1-wave for the interaction
p+C+ 8+, or at(+8+u,
and if

(+B+a—at(+7, or CHB+p—R+ ¢+,

respectively, then U; can be connected to U, by

(4.21) i+, or &+ i+C,

respectively, where

(4.22) il < Il and 6] < lal,

for the first interaction and

(4.23) ] < 7l and 61 <lal.

for the second.

Proof. The proof for the first interaction is exactly the same as for the first interaction
of Proposition 4.3. Also for the second interaction the arguments are the same as for
the second interaction of Proposition 4.3, but due to the extra wave, 3, we here only
know that the strength of ji is less than the strength of 7. O

(iii) (u+C¢+PB)+a (and B+ (a+ ¢ + v)): This interaction has four possible outcomes.

e (u+<¢+P0)+a— p+ ¢+ In this case U, is above p’ and to the left of
the 3-rarefaction wave starting at Uj, see Figure 38(a). We have |u'| < || and
moreover, |V | < |a|, therefore

AF = —|a| = [B| < —laf,
Angoa
AQ: < |V |F, < |a| P,
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which gives AG < 0.
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e (n+C+0)+a— p' + ¢+ p" In this case U, is below u' and to the left
the 3-shock wave starting at U, see Figure 39. If (+ 8+ a — @+ (+ (3 as in

Figure 39(a), then we divide the interaction into two steps,
AG
=W+

pAC+B+a] S pta++8 =
where AG; < 0 because the interaction at the first step is of type Cb-iv and

AGs <0 follows from Proposition 4.4.
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If, however, ( + 8+ a — @+ ¢ + 7 as in Figure 39(b), we replace the interaction
by [t + & + ¢ according to Proposition 4.9,
1 ~ ~ A 2
pACHB+a 2 it a2

It follows from (4.22) that AG; < 0 and from Proposition 4.5 we have AGy < 0.
(b+C+pB)+a— o +(+': In this case U, is above o’ and to the right of the
3-rarefaction wave starting at Uj, see Figure 38(b). We have o/ | — |a| < —|V/|,
therefore

AF =o' [ —|a| = |B] < =]V,
AQlSOa
A622§|VI|F"%

and we obtain AG < 0.

Bl k
b
\O\
\ \\_\\ o U
a', a \\\\
N \\
\\ /%/*
N ﬁl o
. P
\ //
N P
\ -
\O/
Ur
P
(a) When {4+ B+ a —a+ ¢+ B. (b) When ¢ + B+ a —a+(+7.

FIGURE 40. (u+C+fB)+a—a' +(+ 3.

(+C+0)+a— o +(+ " In this case U, is below o’ and to the right of
the 3-shock wave starting at Uj, see Figure 40. If (+ 84+« — a+ (+ [ as in
Figure 40(a), then we divide the interaction into two steps,

pAC+B+a] 2 pta+(+ B S a4 4,

where the interaction at the first step is of type Cb-iv, thus AG; < 0. Furthermore,
AGs <0 follows from Proposition 4.4.

If¢+08+a— @+ (+7 as in Figure 40(b), we again replace the interaction
according to Proposition 4.9,

pACHB+a 2 a4 ¢ 20 (18,

and get AG; <0 from (4.22) and AG3 < 0 from Proposition 4.5.
Due to symmetry, AG < 0 across 3+ (o + ¢ + v).

(iv) (¢ + ¢+ B) 4+ (and v + (o + ¢ + 3)): This interaction has four different outcomes.
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FIGURE 41. Two outcomes of the interaction (o + ¢ + 8) + p.

e (a+C+8)+pu— '+ ¢+ : In this case U, is above p/ and to the left of the
3-rarefaction curve starting at Uj, see Figure 41(a). We divide the interaction into
two steps,

a+[CHB+u] = at T+ T S (Y,

where AG; < 0 since the first interaction is of type Cb-iii. From property (vi) we
know that 1 lies below «, therefore

W= [m| <0, V' |-I7| <0,
and we obtain AG, < 0.
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FIGURE 42. (a+C+0)+pu—u/ +¢+ 7.
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e (a+(+p)+p— p' + ¢+ p" In this case U, is below p’ and to the left of the
3-shock curve starting at U;. We first assume that ( + 8+ — @+ {4+ 0 as in
Figure 42. Then we divide the interaction into two steps

a+[C+B+u T atE+C+B S +C+ 5,

where AG; < 0 since the first interaction is of type Cb-iii. Furthermore, it follows
from Proposition 4.4 that AGy < 0.

When ¢+ 3+ 1 — 1+ ¢ + 7, we replace the interaction at the second step with a
new one according to Proposition 4.9,

at[CHB+u 2 atTHC+T

S a4+ ¢

LG )+ 0
The first interaction is of type Cb-iii, thus AG; < 0. This step is included because
we are only able to relate i to [, not to p. From (4.23) we obtain AGs < 0, and
AG3 <0 follows from Proposition 4.5.

o (a+(+0)+p— o+ +v: In this case U, is above o and to the right of the
3-rarefaction curve starting at Uj, see Figure 41(b). We observe that |o/ | — |a| <
—|v'|, thus

AF =o' [ —a| =8| < =],
AQI < 07
AQ < V| P,

and we have AG < 0.

UIQ\\ U,
\
\
\
\
N o
o'\
AN
AN
N
\\
N a u
/8//**\
B~
Us’ -
WS T
p p
(a) When ¢+ B +pu — i+ ¢+ 6. (b) When ¢ + B8+ pu — B+ (+7.

FIGURE 43. (a+(+8)+pu—a' +(+ 0.

o (a+(+p8)+pu— o + ¢+ [ In this case U, is below o’ and to the right of the
3-shock curve starting at U;. Again we have to look at two cases. Assume first
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that ¢ + 8+ p — @+ ¢ + B as in Figure 43(a), then we divide the interaction into
two,

a+[C+B+p =T a+ T+ +B B a4+,

where the interaction at step one is of type Cb-iii, thus AG; < 0. Furthermore, it
follows from Proposition 4.4 that AG4 < 0.

Assume now that (+ 8+ — g+ (+7 as in Figure 43(b). Then we at the second
step replace the interaction with a new one according to Proposition 4.9,

at[C+B8+u 2 ata+C+T
2 A+ ¢
2%, o 4 ¢+ 7.
Since the interaction at the first step is of type Cb-iii, we have AG; < 0. Moreover,

AGs <0 follows from (4.23) and AG3 < 0 follows from Proposition 4.5.
By symmetry it follows that AG < 0 across v + (a + ¢ + ().

5. CONVERGENCE

We have to show that the approximate solution, Uy (z,t) given by (3.4), converges and
that the limit is a weak solution of (1.1). From [20, Ch. 19 §C] we know that an approximate
solution converges to a weak solution if the approximation is uniformly bounded, has bounded
total variation and is locally L' Lipschitz continuous in time. Note that the analysis in [20,
Ch. 19 §C] to obtain convergence and to show that the limit is a weak solution, only relies
on the above conditions and does not require a sufficiently small total variation of the initial
data. Furthermore, if we have that the total variation of the approximate solution is bounded,
then we can show that it is L' Lipschitz continuous in time. Thus, the requirement in the
general theory that the total variation of the initial data should be sufficiently small is only
needed in order to prove that the total variation of the approximate solution is bounded.
Therefore, convergence to a weak solution of (1.1) follows if we can show that the total
variations of Uy(-,t) is bounded, and we show this using the decreasing Glimm functional.
Then we find the domain U/ that contains the approximate solution. As long as i does not
include vacuum, we have that Uy (x,t) is bounded.

Recall from Section 3.3 that the constant C; is the constant appearing in estimate (4.3),
Cy is given by (3.6), k by (3.7) and C' is the minimum of the constants C' appearing in the
estimates for interactions of type Ba, cf. Section 4.2.1. Define the constant

1
(5.1) K= —05' k+1.

3 max

Note that all these constants only depend on pumin, Pmax and 7. We are now ready to prove
that the total variation is bounded.

Lemma 5.1. If the initial data satisfy

(52) (7= DTV o) <
(5.3) TV.(70) <

9Cy’
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and the approzimate solution Uy(x,t) = (pn(x,t),un(x,t), yn(x,t)) obtained by the Glimm
scheme is bounded away from vacuum, then

(5.4) T.V.(pr(-,t),un(-,t)) < 26kT.V.(po,uo),
(5.5) T.V.(m(-,t)) < T.V.(70)-

Moreover, the solution is always contained in the domain

U ={(p:u.7) |max{lp —p- |, |p =y [} < 26KTV.(po, ),
(5.6) max{|u—u- |, [u—u [} < 26T.V.(po, o), € (1,71},
where pyx = po(£00) and us+ = ug(£00).

Proof. Let J, be the mesh curve connecting sampling points at the times (n + 1)At and
nAt, and let nAt <t < (n+ 1)At. First of all, (5.5) is obvious since v only changes along
contact discontinuities, thus

(5.7) T.V.(w(+,t)) = Fy = T.V.((,0)) < T.V.(70)-
We furthermore have that
(5.8) L(Jo) <TV.(pn(-,0)) + kT.V.(up(-,0)) < ET.V.(pr(-,0),un(-,0)),

where Jp is the mesh curve connecting sampling points at ¢ = 0 and t = A¢. When (5.2) and
(5.3) are satisfied, we therefore have
C

(5.9) L(Jo) < kT.V.(pn(-,0),un(-,0)) < kT.V.(po,ug) < TSI

C
(5.10) Ey =T.V.((,0)) <TV.(v) < 5+
9C,
hence, the Glimm functional is decreasing and F(J,,) < 3L(Jy) by Lemma 3.3. We use this

first to find a bound on T.V.(ux(-,t)). Since w is increasing along all rarefaction waves and
decreasing along all shock waves, we have

(511) Z[['LL]] Z (007 ) —u(—oo, ')a

shock
where [u] := |u, — ;| for a wave connecting U; to U,, and rf is short for rarefaction wave.
Let ¢ := |u(oo, ) —u(—o00, )| = |uyx — u_|, then
(5.12) Z[[u]] <> [ul +e

shock

and we have

T.V.(un(-,1) = TV.(unls,) =D [ul + > ] <2 [u] +c
rf

shock shock
<2 1 Be) | [Pl + e < 2800 D o] +c
shock shock

5
=2s . F,+c< 2smaX3L0 +c

IIl ax

10,
- ET.V.(po, uo) + ¢ < KT.V.(po, up),

3 l’l’la.X



62 HOLDEN, RISEBRO, AND SANDE

where we have used that ¢ < T.V.(ug). For T.V.(pp(-,t)) we find

TV.(pu(-, 1)) = T-Vo(pals,) = D [l + D[l < k <Z[[U]] + M)

rf shock rf shock
= KkT.V.(up) < kET.V.(po, up),

and moreover,
T'V'(ph( : 7t)a uh( : 7t)) = TV(ph( : 7t)) + Tv(uh( : 7t))
(5.13) < 2KET.V.(po, up)-

To show the last part of the lemma we use that

sup(y) < [y(o0) | + [y(—o0) |+ T.V.(y),
and since pp(£00, - ) = po(£o0), we find

sup(pn — po(o0)) < [pn(00, - ) — po(00) | + |pr(—00, ) — po(oc) |+ T.V.(pr)
= |po(00) — po(—o0) | + T.V.(pn)
< 2T.V.(pr) < 26kT.V.(po,up).

Furthermore,

sup(pp, — po(—00)) < 26kT.V.(po, uo),
sup(up, — ug(o0)) < 2kT.V.(po, uo),
sup(up, — ug(—00)) < 26T.V.(po, ug).
We can do the same for ~, but since v, ( -, t) only takes the same values as v, ( -,0), we know

that v always lies between 1 and 7. In other words, Uy(-,t) is always contained in U given
by (5.6). O

~— ~—

¢}
o

Let us now prove that Uy (x,t) is bounded, and in particular, bounded away from vacuum.
First of all, the Riemann problems we solve at the first step in the Glimm scheme must have
a solutions without vacuum, that is, all jumps in Uy (z,0) must satisfy (2.27), cf. Lemma 2.4.
If the initial data, for any ag € [—1, 1], satisfy

(5.14) UO(ZJ(T)A_) - UO(ZJ?H_)
< T(po(yg—lf)a 0,’70(%(«)—1*)) - T(pro(yg+1*)v70(y9+1*))a r even,

where 40 = x, + aph, then no vacuum forms at the first step. The approximate solution is
contained in ¢/ which is bounded by the total variation of the initial data, thus, by imposing
an extra condition on the initial data, we ensure that all U € U have p > ppi, > 0.

Lemma 5.2. If for a pmin > 0 the initial data satisfy

(5.15) (7 = DT.V.(po,uo) < Cs,
where p = max{pg(co), po(—o0)} and
71/2 F—1 ol

Then p > pmin for allU € U. Moreover, the solution obtained using the Glimm scheme is
bounded and, in particular, satisfies 0 < Pmin < Pr(2,t) < Pmaz-
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Proof. For a p < min(pg) we have

max{|p — p(c0) |, [p — p(—o00) |} = max{p(cc), p(~00)} —p=p —p,
hence, p is in U if p — p < 2kkT.V.(pg, up). Thus, if
(5.17) 2kkT.V.(po, u0) < P — Pmin;
for a given pmin so that 0 < ppin < min(pg), then p > pui, for all U € U.

Since condition (5.2) gives restriction on (¥ — 1)T.V.(pg, ug), we reformulate condition
(5.17) to do the same. For a pg > P > pmin there is a ug so that we can write

U(p) = Ug — T(pap()ai)'
From the mean value theorem we get that

L P — u(B)),

max

\ﬁ—mm\:—%jﬂM@—U@mmlz

|u' (P
for pmin < p < p. Furthermore,

~ oyF [zt 3 277 (31 I
U(pmin)fu(p):uoiﬁ_ (pm;n p07>uo+v 1(p2'v pow)

r

so that

- 271/2 51 ot }
p_pminZW DT~ P |-

/
Tmax

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

271/2 et ot
5.18 2kkT.V. < = —p 2
(5.18) K (po, uo) < G- \? Prin | >

which proves the lemma. ([l

We have proved that Uy, (z,t) given by (3.4) is bounded and have bounded total variation.
Similar to Corollary 19.8 in [20], it can then be proved that Uy (z,t) is locally L' Lipschitz
continuous in time. As already noted, these are the three conditions needed to ensure that
Ui (z,t) converges to a weak solution of (1.1). Hence, we have the following theorem:

Theorem 5.3. Consider the Cauchy problem for system (1.1) with bounded initial data (1.2)
where inf(pg(x)) > 0 and 1 < yo(x) < 7. Assume that the initial data satisfies (5.14) so that
no vacuum occurs initially. If

. C
(5.19) (¥ = 1)T.V.(po, uo) < min {9]{:6’1’ 03} )

5.20 T.V. < —

(5.20) (0(@) < 56
then there exists a time global weak entropy solution with bounded total variation of system
(1.1).

By the results of Wagner [23], there is a one-to-one correspondence between a weak solution
of (1.1) and a weak solution of the system given in Eulerian coordinates,
pt + (pu)z =0,
(5.21) (pw)e + (pu® +p(p.7))a = 0,
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(p7)e + (puy)z = 0,

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

Theorem 5.4. If there exists a global weak solution to system (1.1) with initial data (1.2),
then there exists a global weak solution of system (5.21) where 0 < pmin < p(2,1) < Pmax <
00.

6. NUMERICAL RESULTS

We have implemented the Glimm scheme as described in Subsection 3.1 using MATLAB.
The random sequence a(s) is generated using the function rand and imagesc is used to
visualize the solution.

We find ppax as described in Subsection 2.3. Instead of using (5.15) to find pmin, we choose
a suitable candidate for ppyi, and then check that this candidate indeed satisfy pmin < pr(z,t)
for all z and t. We have chosen

(61) Pmin = min(po(x)) - (pmax - max(po(x))),

as our candidate, and for both examples this is a good lower bound on p(z,t). In both
examples the initial data satisfy (5.2) and (5.3). Since we also have an upper and a lower
bound on pp,(z,t), these initial data satisfy the conditions of Theorem 5.3.

Example 1: Piecewise constant initial data. The initial data in this example are piece-
wise constant and symmetric. We have one gas with p = 1.26, v = 3.00 and v = 1.051
which is initially trapped between a second gas with p = 1.30, v = 2.99 and v = 1.010. The

TABLE 1. The constants for Example 1.

Pmax Pmin ~y Ch Cy C k
1.3067 | 1.2534 | 1.051 | 15.9703 | 1.3309 | 1 | 1.3309

constants calculated for this example are listed in Table 1, and (5.2) and (5.3) are satisfied
since

(6.2) T.V.(po, ug) = 0.1 < 0.1025 = C/(9kC1 (7 — 1)),
(6.3) T.V.(v) = 0.082 < 0.0835 = C/(9C).

The solution is computed up to the time T' = 4.5 using Az = 0.005 and Az /At = 1.3805 =
max [A(U) | so that condition (3.1) is satisfied. This corresponds to 1500 x 1242 mesh points.
Figure 44 shows the solution for different times. The solution of the Riemann problem
initially situated at * = —1.0 consists of a 1-rarefaction wave, a contact discontinuity and
a 3-shock wave, while the solution of the Riemann problem at x = 1.0 consists of a 1-shock
wave, a contact discontinuity and a 3-rarefaction wave. In Figure 45 one can see how the
waves from these two initially Riemann problems evolve in time and space, and how they
interact. Moreover, Figure 46 shows the decreasing Glimm functional for this example.

Example 2: Continuous initial data. In this example the initial data are constant for
x < —land x > 1. For —1 < = < 1 we have a smooth function connecting the constant
states. For p and + this function is an increasing function based on sin x, while for u the two
constant states are equal and connected by a function based on cos x.

The constants for this example are listed in Table 2, and (5.2) and (5.3) are satisfied since

(6.4) T.V.(po, up) = 0.0533 < 0.0536 = C/(9kC1 (7 — 1)),
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FIGURE 45. The solution Uy (x,t) in the (z,t)-plane.
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FIGURE 46. The Glimm functional for Example 1.

TABLE 2. The constants for Example 2.

Pmax Pmin 7 Cl C12 c k
1.323 | 1.277 | 1.098 | 15.4427 | 1.3691 | 1 | 1.3691

(6.5) T.V.(7) = 0.0799 < 0.0812 = C/(9C5).

The solution is computed up to the time T' = 1.4 using Az = 0.002 and Az /At = 1.4185 =

max |A\(U) | so that condition (3.1) is satisfied. This corresponds to 1600 x 992 mesh points.
Figure 47 shows the solution at different times, and Figure 48 shows how the waves from all
the initial Riemann problems interact and evolve. Finally, Figure 49 shows the decreasing
Glimm functional for this example.
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FRONT TRACKING FOR A MODEL OF IMMISCIBLE GAS FLOW
WITH LARGE DATA

HELGE HOLDEN, NILS HENRIK RISEBRO, AND HILDE SANDE

ABSTRACT. In this paper we study front tracking for a model of one dimensional, immis-
cible 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 algorithm 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 of 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 7y(z,t) > 1. In Lagrangian coordinates v only depends on z because the different
gases cannot mix. Thus, the flow of these gases is described for x € R and ¢t € (0, 00) by the
system

vy — Uy =0,
(1.1) ut +p(v,7)s =0,
Tt = Oa

where v = 1/p is the specific volume, u is the velocity, and p(v,vy) = v~7 is the pressure
function. This 3 x 3 system of hyperbolic conservation laws is strictly hyperbolic for v < occ.

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(z), v(z,0) =y (z), x€R.

Glimm [13] proved global existence of a weak solution of the Cauchy problem with initial data
of small total variation for strictly hyperbolic systems where each family is either genuinely
nonlinear or linearly degenerate, thus including the present system. This solution is found as
a limit of the Glimm scheme [13] or of the front tracking method [15, 4]. In [16] we extended
the existence result to large initial data for (1.1) by using the Glimm scheme. In this paper
we prove that a front tracking algorithm converges to a weak solution, thereby giving an
alternative existence argument.
System (1.1) is an extension of the 2 x 2 system

vy — Uy =0,

(13) e+ p()e =0,
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which describes the flow of one isentropic gas. The parameter « is constant, and the pressure,
still given by a 7-law, is a function of v only. For the p-system with v = 1, Nishida [20]
showed existence of a global weak solution for arbitrary bounded initial data. For ~ > 1,
Nishida and Smoller [21] 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 (1.1) 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 (1.1) because v is a
function of x. The general results by Temple [25] include both the results of [21] and [17].
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 [21] and [17]. However, this approach cannot be used for system (1.1) since «y 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 (1.1) 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 conver-
gence 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, §]
front tracking is used to study systems of conservation laws whose flux functions depend on
a parameter vector, ju, similar to those in [25]. An approach for establishing L'-estimate
pointwise in time between entropy solutions for 4 # 0 and g = 0 is given. In particular,
letting ;1 = 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 [8].

Amadori and Corli [1] 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 (1.1), the pressure function in [1] is a function of both v and the new variable,
A, making the two systems similar. However, since the adiabatic gas constant, v, is equal to
one in [1], vacuum can never occur for their system as it can for system (1.1). Furthermore,
the wave curves in [1] 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 [12]. Similar
models, but with a rather different pressure law, are also considered in [11] 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(v,y(x))e =0,

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

This rest of this paper is organized as follows: In Section 2 we discuss the wave curves of
the system. The variable - 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 -, which considerably complicates the interactions of waves
with different values of . 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
v, 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 algo-
rithm. The solution of any Riemann problem is made piecewise constant by approximating
rarefaction waves as step functions. In addition, a simplified Riemann 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 3.2 we define a
Glimm functional and by considering all possible interactions we prove that it is decreasing
under the conditions given in Proposition 3.7. 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 generation 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(y(-,0)) — 1)T.V.(p(-,0),u(-,0)) and T.V.(v(-,0)) are
sufficiently small. The the front tracking algorithm is well-defined and gives a sequence which
converges to a weak solution of (1.1).

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 (3.58) 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. For these two examples, the total variation of the
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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 (1.1) do not in
general have smooth solutions, even for smooth initial data. Thus, by a solution of (1.1)
with the initial data (1.2) we mean a weak solution in the distributional sense with (v, u,v) €
LL (R x [0,00)) so that

loc
// (vdy — ud,) dadt + / vo(x)p(z,0)dz =0,
Rx[0,00)

R

(2.1) //RX[O,OO)(U% + ppy) dedt + / uo(z)p(x,0)dx = 0,

R

//RX[O,DO) VPt d:zcdt—f—/R*yo(:E)q’)(x,O) dz =0,

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 (1.1) for v(z, t) < oco. Furthermore,
we assume y(z,t) > 1.
We write U(z,t) = (v(z,t),u(x,t),v(z,t)). Often we will work with p instead of v, and
then also write U(x,t) = (p(z,t), u(z, t), y(x,

t
For v < oo, or equivalently, p > 0, system (1.1) is strictly hyperbolic with eigenvalues

(2.2) AL = —A, Ao =0, Az = A,
where X\ := \/—p, = \/yv~7~1, and corresponding eigenvectors
(2.3) r1 = (1, A,0), ro = (—py,0,00), rg = (—1,,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 «y is a Riemann
coordinate for the second family.

Before we turn to solving system (1.1) with general initial data, we need to solve the
Riemann problem for (1.1), that is, when the initial data consists of two constant states
separated by a jump, cf. (2.21). 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; rar-
efaction waves which are continuous waves of the form U(z,t) = w(z/t) satisfying

(2.4) (eft) = ry(w(@/t), Aw(@/t) =a/t, j=1,3,
where J; is increasing along the wave, and shock waves which are solutions
U, if it
(2.5) Ula,t)= {0 BT b
U., ifz>ojt,

satisfying the Rankine-Hugoniot condition
(2.6) ;U —Up) = f(U,) — f(Uh), j=1,3,
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for a shock velocity o;. The admissible shock waves are those satisfying the Lax entropy
conditions

(27) )\j—l(Ul) <o < )\j(Ul), )\](UT) <o< /\j+1(Ur), j= 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 (2.5) which satisfy the Rankine-
Hugoniot condition (2.6) with o = As.

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

U, if x < X (U))t,
(2.8) Ue,t) = L wa/t), i \(U)E <o < A (U,
U, 1f:c>)\](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— 1
RI(U7U1) = <’U7Ul— ﬁ (U;l_vl 2 )>’Yl>7 v > vy,

n—1
2 1y

R3(v,Up) = (uul \/’711 < -, ? l) ,'yl> , v < v
Y=

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

Sl(val) L= (Uaul - ((Ul - v)(vim - Uliw))l/2 371) ) v < vy,
Sa(0,U) = (v, = (=)™ =57) 30, o>,

with the shock velocities

(2.9) (U u v pL—p
’ l7 V= —1/v _— D, IRy VT

Yo —
(2.10) o3 (UL U) = | p-p

v —v plfl/w =]

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

Co(v,Un) = = (Ulwv,uzﬁ) , v > 1,

with the velocity oo = Ay = 0.

Note that v only changes along the contact discontinuities. Furthermore, both u and
p =v~" are constant along a contact discontinuity, and we therefore choose to work with p,
u and . A shock or a rarefaction curve through Uj lies in the plane v = 7; and is equal to
the corresponding wave curve for the p-system (1.3) with v = ~;. We proceed by defining
the wave curves using p, u, and 7, as depicted in Figure 1,

’ - s Pl ) ) < )
(2.11) 1 (p, U1) = (pyw = r(p,pe ) m)s P <pi

(pvulis(paplaryl)arn)v p > pi,
(212) ‘1)2(77 Ul) = (plaula’}/)v Y > 17
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? ) ) ) ) > B
(2.13) By(p.Uy) = | Pt TP ), P>
(pa“l_s(pypla’)’l)y’}’l), p <p,
where
2  mor Ut
(2.14) r(p,p1,V1) = %a (p o p, )

(2.15) s(p,pi ) = <(pl_”1’ —p”ll> (p—pz)>l/2.

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

25

15 3

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

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

(2.16) D ={(p,u,7) | P € [Pmin: Pmax], |u| < 00,7 € (1,7]},

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) 7= St;p(%(fc)),

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

(2.18) Amax = I(}le"%‘{/\“ o} = glg%{/\i},

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

4 Dy, Uy — T\PrsPsVr)s Vr) s p<prv
(2.19) By(p, Uy) o= § 21 = 702 0), 1)
(P, ur + 8(Dr, 0, ¥),Yr) s D> Dr,

where r and s are given by (2.14) and (2.15). We now turn to the properties of the wave
curves.
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Lemma 2.1. The wave curves in D have the following properties:
(i) The function ®q 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,Us) and Uy is not on ®;(p,Ur). Then the two wave curves never intersect.
(iii) Consider the projections onto the (p,u)-plane of the wave curves through Uy = (py, ui,71)
and Uy = (pi,uy,v2) where y1 < 7yq. If

9 on, o) < oot s 12)
ap bi,pPi,mN ap DPi,P1,72),

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

0 0

FpT(Pl»pl,Vl) > 87)7"(]91,]31,72)7
then the projected wave curves going to the right will intersect, while the projected wave
curves going to the left will not. If

9 ony i) = oot s )
ap bi,pPi,Nn ap DPi,P1,72),

then none of the projected wave curves will intersect.

(iv) The slope of a rarefaction wave in the plane v = ~;, Or/0dp, only depends on p and
vi, not on p;. Furthermore, there exist two constants vl and i ... only depending on
Pmin, Pmax and 7y so that

1o}

T;nin < %T(p7pl,7l) < rl/'nax'

(v) The slope of a shock wave in the plane v = ~v;, ds/0p, depends on p, v, and p;. Fur-
thermore, there exist two constants s, .. and si.,.. only depending on Pmin, Pmax and 7

min X
so that

/

0
S;nin < Fps(papla’yl) < Smax-

(vi) The wave curves have a continuous derivative at Uy,

lim é5( )= ﬁr( )
—pr ap b,pisv) = ap b1, Py )-

Furthermore,

9 o) = v )
8}7 b, Pi,M _8p D, P,V

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 = ;.

(vii) Rarefaction waves are additive; if a rarefaction wave connects Uy to Uy and another
rarefaction wave of the same family connects Uy to Us, then the rarefaction wave con-
necting Uy to Us equals the concatenation of the other two rarefaction waves.

(viii) Given two 1-shock waves starting at (p1,u,vy) and (p2,u,?), respectively, and assume
p1 < pa. Then the shock wave starting at p1 is steeper than the shock wave starting at
p2 at any given point p, that is,

D p.p27) < s(pipr.)
ap b, p2,7 ap p,pP1,7),
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for allp > ps > p1.

(iz) Given two 3-shock waves starting at (p1,u,7y) and (p2,u,v), 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,

9 1) < 2 5(p,p2,7)
3p p,P1,7Y 8p pyDP2,7),

for allp < p; < ps.

Proof. All the properties follows from differentiating the wave curves. O

(a) Because aipr(pl,pl,’yl) > (,%r(pl,pl,’yg)7 the (b) Because aipr(phpl,’yl) < %r(pl,pl,’yg), the
projected wave curves going to the right inter- projected wave curves going to the left inter-
sect. sect.

FIGURE 2. The wave curves through U; = (p;,u;,v1) (dotted line) and
Us = (p1, ui,72), where 1 < 7, projected onto the (p, u)-plane.

The projection onto the (p,u)-plane of two wave curves with different 4’s are shown in
Figure 2. Note that the projected wave curves intersect, cf. property (iii), because the slopes
of the projected wave curves depend on . The next lemma gives an estimate on how different
two waves with different ’s are.

Lemma 2.2. Let €1 and ez be 1-waves of the same type such that €; connects (po,ug,y1) to
(p,u1,7v1) and e connects (po, ug,¥2) to (p,uz,7v2), or let 1 and n2 be 3-waves of the same

type such that ny connects (p,u1,7v1) to (po,uo,y1) and ne connects (p,us,¥2) to (po,uo,¥2)-
Assume that all waves are contained in D and furthermore that u; < us. Then

(2.20) uz —uy < czlp—pol vz —ml,
where co only depends on Pmin, Pmax ond 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 [28].
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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

U, ifz <0,

921 U(z,0) =
(2.21) (z,0) {Ur, if 2> 0,

where U = (v, u,~) and U, U, € R are constants.

Lemma 2.4. The Riemann problem for (1.1) where U; and U, are contained in D, cf. (2.16),
has a unique solution without vacuum if

(2.22) ur —up < 7(pr, 0,7) = 7(0, pr, ).

Proof. Note that if 7, = ~,., then the Riemann problem for (1.1) reduces to the Riemann
problem for the p-system (1.3). The solution of this problem is described in detail in [24,
Ch. 17, §A], and it is unique if (2.22) is satisfied with v, = ;.

A 2-wave takes us from one plane, v = -1, to another plane, v = 5, 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, ®;(p,U;), and the backward 3-wave curve, ®3(p, U,), have
a unique intersection point. From property (i) 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

Up — T(pra 0777‘) <u; — T(O,plﬁl)’

then the projections of ®3(p, U,.) and ®1(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 ®5(p, U,) onto the (p,u)-
plane. We connect U; = (p;,u;,v;) to Uy = (p, @, y;) by a l-curve, then we go from U; to
U, = (P, @,,) along a contact discontinuity, and finally connect Us, to U, = (pry Ur, vr) by
a 3-wave.

2.3. Invariant region and vacuum. A region {2 is invariant for the Riemann problem if
for any Riemann problem with initial data in €2, its solution is also in 2. For the p-system
we know from [14, 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 v 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 (1.1). 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 (1.1). In order to do this, we find a suitable Glimm functional and show
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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, w a l-rarefaction wave,
n a 3-wave, [ 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 v across the wave. The strength of a wave or
a front is denoted by |6]. 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 6P and the strength of a non-physical
front will be defined as its jump in u.

3.1. Front tracking. The first step of front tracking is to approximate the initial data (1.2)
by a piecewise constant function Ug‘““’ so that

lim (U™ — Ul =0,
init —0

where Uy = (po, uo,v0) and iy is the distance between the discontinuities. Furthermore,
the approximation has to satisfy (2.22) at every discontinuity so that all initial Riemann
problems have a unique solution. Thus, no vacuum forms at ¢ = 0+.

We then solve the Riemann problem defined by the discontinuities in Ug init = 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 approximate Riemann
solver where the continuous rarefaction waves are approximated. We replace the rarefaction
wave from the left state, Uj, to the right state, U,., by a step function. Let k := [|p, — pi | /§].
Then we divide the rarefaction wave into k jumps, each with strength § = 0] /k < 9.
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, generates 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 rarefaction wave consists of k fronts where
each front has strength less than or equal to §. Note that the two parameters §in;x and 0 are
chosen so that dj,iy = O(6). We denote the approximate solution Us.

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 ¢ + )" €;, or the symmetric
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form ). m; + ¢, are solved using the simplified Riemann solver if
(3.1) CID el <poor (S Imi| < p,

respectively, otherwise the approximate Riemann solver is used. All other interactions are
always solved using the approximate solver. The simplified Riemann solver introduces non-
physical fronts which we denote 8"P. By construction, both p and 7 are constant across a
non-physical front and its strength equals the jump in u. In order to preserve the symmetry
property of system (1.1), we introduce non-physical fronts traveling both to the left and to
the right. In either case they travel with the absolute speed A, > Amax, hence the name.
Note that the Rankine-Hugoniot condition (2.6) is not satisfied for a non-physical front.

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

CH+e—ée +C4 0.

The outgoing front ¢ has the same strength and type as €, and connects U; = (py, ur, Vi)
to Uy = (p,, @, 7), as depicted in Figure 3(a). The contact discontinuity is, as always,
unchanged, connecting Uy to Uy = (pr, 4, 7yy). The non-physical front then connects U, to
U, = (pr, ur, ). Moreover, the non-physical front has positive speed traveling to the right.
For the symmetric case,

n+¢— 0"+ +1,

the non-physical front has negative speed.

(a) Simplified solver for ¢ + e. (b) Simplified solver for ¢ + 7, €;.
FIGURE 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—€é+C+n +06™,

see Figure 3(b). In order to determine the outgoing fronts, we introduce two auxiliary fronts,
€ and 77. These fronts are the solution of the Riemann problem (U3, U,.), thus, € connects Uy
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to the intermediate state U = (P, 7, 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 = (@, @,y1)-
The contact discontinuity is unchanged, connecting U; to Uy = (B, 4, 7,). Let 1/ be 7
shifted in the u-direction so that 7 connects Uy to Us = (p,, uy + @ — @,~,). Finally, the
non-physical front connects Us to U,. The non-physical front has positive speed and changes
only the value of u, 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, 03),
thus, the Rankine-Hugoniot condition (2.6) 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 mitC— 0P

(3

e
7 U,
e o
g oo~
/- np T~ /
(0 C @/ 4 9 : G _
B .-~ T
" I 5 T
p 2
Ul Ur o S
\(; < | gnp
np . NS _ |
0 . 07 -y
- U,
'
7 7 p
(a) in the (z,t)-plane. (b) Projected onto the (p, u)-plane.

FIGURE 4. The interaction ™ + 3+ +a — o’ + + 3 + 0P,

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 unchanged. 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 w.

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 ( + Y. ¢; forn>1. Let

n
CH+ D ei— e+ Hi,
i
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be the solution, with intermediate states U, i= 1,2, obtained using the approximate solver,

and let
" "4 (4072, ifn =1,
TDICEE SRR /
- €+¢+n+0m, ifn>1,

be the solution obtained using the simplified solver, with intermediate states U;, i = 1,2 and
1 =1,2,3, respectively. Then,

los —oar | =O) 0™ ], if € =a,

Ap =X | =0, ife =y,
and, if ) is of the same type as ' forn > 1,

oy~ 0w | =0, i =4,

A=A [ = O |07, i =

Moreover, Ui — Ui
and j =3 if n > 1.

— O |67, i = 1,2, and ‘Ur — ‘ — O1) |6 | where j =2 ifn =1

Proof. First note that p and u are equal for 01 and Ug, and for Ul and Ug, and we therefore
omit the indices. Figure 5 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

(a) ¢+ p (b) (+a.

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

fronts p' and ji have the same left state, and they therefore have the same speed. Likewise,
the left state is the same for o 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, ‘]3 - ﬁ‘ = 0(1) |0np ‘7 we get

06 — oo | = lo1(pr, ) — o1(p1, ) | < |0 (p1,p") | [P — P | = O1) 07" ],
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(a) When 7’ and 7 are of the same type (b) When n’ and 7 are not of the same type.

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

where ¢} 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 6(a),
then p = p, at the right state for both fronts. However, at the left state we have p = p for
n’ and p = p for 7). This is the same difference in p as above, thus,

o = 00| = lora(rr) = 735 p0) | <l ) 15— 5] = O(1) 6P
Mo = A | = INB) = AB) | < PG 15— 21 = O(1) 07|,

where o4 is the derivative with respect to the first argument, A} the derivative with respect
to p, and p < p* <p.

Moreover, v is equal for the two solutions and |@ — 4 | < |[#"P |, thus, |U; — U; | = O(1) |8*? |,
i =1,2. Finally, let j = 2forn = 1 and j = 3forn > 1. Then, p; = p, and |t; — u, | = |6"P |,
hence, ‘Ur — U ‘ = 0@) o™ O

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) is of
the general form

(3.2) STni+C+d e
i=1 j=1

where 1; is a 3-front, ¢ is a contact discontinuity, €; 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.
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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 (1.1) proved in [16], is useful also for the interactions in front tracking.

Lemma 3.3. [16, Lemma 3.1] Under the transformation x — —x, a 1-wave connecting U;
to U, becomes a 3-wave connecting U,. to Uy, and vice versa. A 2-wave is unchanged under
this transformation, and a non-physical front becomes a mon-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 constructed 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 between 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 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 approximate solver. These
interactions have at least three outgoing fronts, and we refer to them as v-collisions.

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

The four different ~y-collisions, where symmetry reduces it to two distinct cases, are dis-
cussed discussed in the proof of Lemma 3.8 in Section 3.2.

If the strength of an outgoing rarefaction wave is larger than ¢, it splits into several
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 constant func-
tion U°, so that for all fixed ¢, U°(-,t) is a piecewise constant function. Furthermore the
construction gives a sequence of collision times 71 < 7o < ..., and U°(-,t) is defined for all



16 HOLDEN, RISEBRO, AND SANDE

t <limy,— oo 7. We shall show that either {,,} is a finite sequence or lim,, 7,, = oo, i.e., that
U®(-,t) can be constructed for any ¢ > 0.

3.2. The decreasing Glimm functional. Set t,, = (7, + Tp4+1)/2, where we have defined
70 = 0, and define the functional

(3.3) G(tn) = F(tn) +3C1(F — 1)Q1(tn) + 3C2Q2(tn),

where C is the constant appearing in the estimates given by (3.16) for the interaction of
Type Bbii, cf. the proof of Lemma 3.8,

(34) 02 =

C2
7 7 1= ke,
mln{rmin’ Smin}
where ¢y is the constant from Lemma 2.2 and
1

min{7ry s i b .

(3.5) k=

Note that both C; and Cy are constants only depending on puin, Pmax and 7. This is the
same functional as the Glimm functional defined in [16], and the two first terms are similar to
the Glimm functional used in [21]. The linear functional F' and the two quadratic functionals
@1 and Q- are defined by

(3.6) F(t,) = Z{|0| | all shock-fronts 6 at t = ¢, },
(3.7) Q1 (ty) :== Z{|a| |3] | all approaching 1- and 3-shock-fronts at t = ¢, },
(3.8) Qa(ty) == Z{K |10 | all approaching pairs of ¢ and 6 at 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 @} only sum over shock-fronts, while ()2 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 [16] 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 ¢ = ¢,,. 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 = {[¢] ] all ¢}.

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 interac-
tions of Type Ba discussed in the proof of Lemma 3.8. Note that 0 < C' < 1 depends only on
Pmin, Pmax and 7. The rest of this subsection will be devoted to proving the following result:

Proposition 3.7. If
_ C C
(3.12) 301 (’7 — I)L(to) § g and 36‘2F‘V S E
then G defined by (3.3) is decreasing and F(t,) < 2L(to). In particular, G decreases by

at least %q across an increasing rarefaction-collision where the strength of the rarefaction
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wave increases by ¢ > 0, by at least % |6" | across a new rarefaction-collision where 6’ 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 considering
interactions between two fronts, then gradually build up to interactions of the general form
given by (3.2), 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(t1) — G(tp) < 0. Then we assume
G(tn) < G(tn-1) < --- < G(to). The induction step is to show that AG := G(tp41)—G(t,) <
0. Note that if G is decreasing up to t = t,, then we have

F(tn) < G(tn) < -+ < G(to) = F(to) +3C1(F — 1)Q1(to) + 3C2Q2(t0)
< F(to) + 301( )(F(to)) + 3C2L(to) Fy
< (143C1(7 — 1)F(to) Fy)L(to)

< (1+3C1(¥ — 1)L(to) F,)L(to)

3C

3C
¢ C 5
< Z 4+ = .
<(1+5+9) 2w < 3L(t0)

(3.13) +
_l’_

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

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 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 [16]. 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, ¢ = t7, so that the interaction at the ith step lies between ¢;_; and t; where t§ = t,
and t; = tp4+1. As long as we have AG; = G(¢tf) — G(t}_;) < 0for i =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.

Figure 7 shows how a typical interaction of the type > . m + > ;€18 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
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t=t,41 T= ot
77777777 o T t =15
77777777 ) T t=1]

\ t=t, \ t=t,

(a) The original interaction. (b) The interaction divided into steps.

FIGURE 7. A typical interaction of the form 7, n; +3_; €;.

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 3.8 through Lemma 3.14 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].

Lemma 3.8. For all interactions between two fronts we have AG < 0. In particular, AG <
—%q for all increasing rarefaction-collisions where the strength of the rarefaction wave has
increased by ¢ > 0 and AG < f% |6" | for new rarefaction-collisions where 8 denotes the new
rarefaction wave. Moreover, AG < —§C5 [C[|0] for all y-collisions where § is the incoming
front, and AG < =3k 0™ | for interactions generating a non-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. [16]. 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 +as — o + v/, symmetric to 81 + B2 — ¢/ + £: This is a new rarefaction-collision
and we have

2
o[ =lar| =laz| = ='| = AG<—Z ||

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

Wl <lul, 18—lal<-CIB'| = AG<O.
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(@) at+p—p +p.

(b) a+p—a +p3.

FIGURE 9. The interaction a + p.

e a+pu—a + [ We have

o/ [+ |3 | —|a| < =C|8'| = AG<O.

(iii) ¢+ «, symmetric to § + v: There are two possible outcomes:

(3.14)

e u+a— u' 4+ B For this case

| <l

13| —la| < =C|f| = AG<O.

e u+a— o + (. In this case, the interaction is replaced by a new one,

AGy

u+ o

19
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FiGUrE 10. The interaction p + a.

for which we have the estimate
@|+|B] —la| < -C|B| = AG: <.

Furthermore, we have AG3 < 0 by estimate (3.16) for 8+ « below, cf. Type Bbii.
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) Wl<lul, WI<k| = AG <0,
2l U ~
v //D\\ h ~
; - Sl v, N a
. 8. . .
\ Iz . S , N
N \\ v ~ / S
, . o . U
N , \
u R AN l . e u //ﬂ
o Y s 4 7
\‘\\ //'/ \\ Sy
. o = . . .
~ -7 ~ 7
o 7 a
% U, .
» » »
(ayv+p—u +0. ) B+a—ao +p. )v+a—ao +1.

FIGURE 11. The interactions of Type Bb

(ii) B+ o — o' + p'. We have
(3.16) o' —la| < (F=1)CilalB], 18'=18]<F-1Ci|allB],



FRONT TRACKING FOR A MIXTURE OF GASES 21

thus .
AG < *5(7* DCy ] |B].

(iil) v+a — o'+, symmetric to S+ pu — ' +/4’. This is an increasing rarefaction-collision
where we for ¢ > 0 have
2
@' | —lal=—a. V[-v]=q¢ = AG< —2q¢
Type Be: 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.

U,
’
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p p
/ / / !
(@) C+p—p' +C+0. (b) C+p—p +¢+ 4.

FiGure 12. The interaction ¢ + pu.

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

W =lnl =< CaluliCl,

from which we find

8 2 2
AG < =3 CalpllC] < =5 V'] =

37
e (+pu— p' + ¢+ B The rarefaction-front does not increase and

10
W =l <0, 8| < CalpllC] = AG < =5 Cz |ulIC].

o (+pu— ' + ¢+ 6"P: By construction, |¢' | = |p|. Using Lemma 2.2, we find
(3.17) 07 | < calpullC],
from which we get
AG < 3G |pl|C] < =3k 0™ ],
where k given by (3.5) depends only on pmin, Pmax and 7.
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(ii) ¢ + «, symmetric to 8+ ¢. This y-collision has two possible outcomes, in addition to
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(a) C+p—p' +(+0m.

p
(b) (+a— o + ¢+ 06mP.

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

the case with a non-physical front.
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FIGURE 14. The interaction ¢ + .

o (+a— o + ¢+ For this new
o' | = || <0,

thus,

rarefaction-collision we have

V' < CalallC],

2 2
AG§—§C2|CV|\C|§—§|’/|-
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o (+a— o +(+ 3 For this case we have
1
o' | = la| = 16"| < CalalIC] = AG < =5 [C[IA]-

o (+a— o 4+ (+6"P: By construction, |&’ | = |a| and by Lemma 2.2
(3.18) 07| < ca|pllC]
Thus,
AG < =3C3lal[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 15, see also Example 3.10
below. Note that no interaction of this form can be an increasing rarefaction-collision.
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(@) 1y o — o +0/. (b) 1 + a2 + i + aa — ' + .

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 < —% |6 | for new rarefaction-collisions where §' denotes the new rarefaction wave.
Furthermore, there are three possible outcomes for these interactions;

n W+, n o+,
(3.19) Z € — o +v,  symmetric to Zm -+,
1=1 a/_’_IB/’ i=1 a/_’_ﬁ/.

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 2.1. Recall also that p
increases along a 1-shock wave and decreases along a 1-rarefaction wave.

Consider first the case o’ + v'. 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 «;-fronts
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among the incoming fronts bring us to the right, we have
= 2
|o/|—Z|ozi| <-P| = AG§—§|V'|.
=1
For the case i/ + (3, U, is to the left of U;. The only incoming fronts bringing us to the
left are the p;-fronts, thus
n
AR
i=1

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 3.8. 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,
ie., a; + 41 or p; + a;y1. Let these fronts interact with outcome € + 8. Whenever there
is a 1-shock to the right of 8k, we proceed by letting them interact; 3 + o — Qpr1 + ﬂk+1,
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 G-waves as the rightmost waves. Furthermore, whenever this process
results in two adjacent rarefaction waves, we recall from property (vii) 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 + 32 8k or 3@y + 3. k. For the first case we have

n

(3.:20) S Sy B S48
i=1 k

where we already know that AG; < 0. By property (ix) of Lemma 2.1 it follows that

>k ’Bk ‘ > |3 |, thus, there is a ¢ > 0 so that

Wl=1al=a 181-Y|A|=-a = AG: <0
k

For the latter case we have

S 2 S A

i=1 k k

where we already know that AG; < 0. Furthermore, it follows from the properties (viii) and
(ix) of Lemma 2.1 that

o] =Y lak <0, 18- Y |A| <0 = AG <0,
k k

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

- _ 4
(3.21) x| < [T+ =1)le; i | < gl
i
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because
_ 3 _
H(1+Cl(7* Dle]) < 1+§ZC71(7*1)\€J'|
JFi J
3
<14+ 5017 = DE(tn-1)
5

3
<1+ 501(7— )SL(to)

W\»-lk

Here we have used that

H(1+xi)§exp<2xi>§1+32xi, for legé
(Il

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 p; + as + us + a4 — o + ' as depicted in
Figure 16(a). Dividing this interaction according to the strategy we discussed in the previous
proof, see Figure 16(b), we get

AG ~ 5 AGy - 5 -
p1+ oo+ [us 4 as] —= [p1 + o] + a1+ 1 — Go + [f2 + da] + G4
2 Gyt as+ s+ F 28 o 1
where AG; < 0,1 =1,2,3, by Lemma 3.8. By the properties of shock waves, we have
of | ~laz |~ las| <0, 18"~ || -

Note that p + a as above is the second case of the interaction of Type Baiii discussed in
Lemma 3.8, where we introduced an extra step to solve it. This is given in (3.14) where
|3] < |u| and |@| < |a|. Using this, and the estimates given by (3.16) for 3 + @, we find

laz | < (14+(F-1)C1 By ) a2 < 14+ (F —1)Cilpa ) az |,

lego, ~ AG, <0

las| < (1+ (7 1)01‘52} ) [ |
<(A+EF-DCA+EF-DC [a]) B )1+ (7 - 1)C |5, |) [aa |
SA+A-DCm )A+F-1)Cilaz )X+ (F - 1)C1 |us ) |aal,
)

showing that estimate (3.21) holds for @ and as.

Using Lemma 3.9 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) ¢+ Zei and the symmetric form Zni +C.
i=1 i=1
Furthermore, AG < —% |6 | for new rarefaction-collisions where 8’ is the new wave, AG <

—%q for increasing rarefaction-collisions where the strength of the rarefaction wave increases
by ¢ > 0, and AG < =3k |0™? | for interactions generating a non-physical front.
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(b) Divided into smaller steps

FIGURE 16. The interaction puy + ao + p3 + ag — o + 3’ of Example 3.10.
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Proof. Let us first consider when |(|) ", |e| > p, so that the approximate solver is used. We
then divide interaction ¢ + >_" ¢ into two steps where we let Y " | €; interact at the first
step. By Lemma 3.9 we know that G is decreasing for this interaction and that there are
three possible cases. We write this

= AG ,U"’ﬁ AG
CHY e =bCHqaty =+ 0+,
i=1 ()é—f—ﬂ

where AG; < 0. At the second step there are three possible interactions of the form (+e+n —
€ + ¢ +n'. The outgoing 1-wave is of the same type as the incoming 1-wave for all of these
interactions, while the type of the 3-wave depends on the different v-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

9

W' —lpl=q |8|-18]=—q jAGQS—glu'I,
2

/| = |a|=—q, |V|-|v|=q =>AG2§—§IV’|,

o' [ ]| <0, [F'|-18]<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 2.1 yields that |¢'| is less than the sum of the 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

018 =18 <l = S Calp [I¢] < Ol |¢] = AG2 <0,
o/ | = |a| < ColallC], [V]-|r|<0 = AG, <0,
18" =18 =l | = |la] < Cola|l{| = AG, <0,

for the three interactions, respectively.

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

2 2
W <qg=1p]—|p] <ColullC] éAGzéfgll/\fgq,

B =18l =l'| = la| < Calal|C] = AG2 <0,

2
@/ | =lal == |=8] < =] = AG: < =2/,

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 { + 2?21 €; 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 € 47, 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
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strength, i’ is just 77 shifted in the u-direction. We write this

R [0 R R e S e Bt (R SR
C+Y 6 =5 +al+7 2% o/ 1 ¢+ 07 + 7] 295 o 4 (0 4 0,
J=1 [C+a)+ 8 2% of 4 (407 + 8] 295 o/ + ¢+ §/ + 67,

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 3.9, and, from
the proof of the lemma, we have

1B SR D SRS SIS S

respectively, where the last inequality follows from estimate (3.21). For the second step, we
have from the proof of Lemma 3.8 and the above estimate that

4
(3.23) 67 < ea el IS] < SealC Y les |, and AGy < 3k (6™ |.

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

Thus, G decreases for all interactions of the form ¢ + Z;;l €; where the case n = 1 is
covered by Lemma 3.8. The result for Z?zl 1; + ¢ follows by symmetry. (I

Next, we consider interactions between arbitrary many fronts of the first and third family.

Lemma 3.12. The functional G is decreasing for all interactions of the form
(3.24) St
i=1 j=1

Furthermore, AG < —%q for increasing rarefaction-collisions where g > 0 is the increase in
the strength of the rarefaction wave, and AG < —% |6’ | for new rarefaction-collisions where
0" is the mew rarefaction wave.

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

n s w1+ B p2 + B2 e
Zm+Zq—l> v FQagtre —m e+
=1 J=1 ar + B ag + 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=1and m > 1 (symmetric to n > 1 and m = 1), the interactions are divided as follows;

= aG, | B pz 32 AG

n+ ) ej%{ orlagtn S+,
N 1%
J=t ! g + 2

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 tas+fo—a +8 and py + B+ pe + B2 — u' + 3,
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where the last one is symmetric to ay + v + ag + 5 — o/ + /. We divide these into one
extra step;

AG _ .= AG:
a+[Bitelt+h —Seat+e+f+0 —5+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[=15|-|B]| <0 = AGs <0,

_ - 2
W=l —lEl=ga, [B1=1821-|8|=-a = AGs < —Zgs,

3
for a g3 > 0. This also applies to the interactions 81 + as + B2, 61 + pe + B2 and v1 + s + 14
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+ 01 + a + Bo,
a1 +v+ay+ F, which is symmetric to «+ (51 + p + Fa.
These have two combination of outgoing waves, o’ + v/ and o' + ', and are divided into
smaller steps;

AG o
ar +[m 4+ s +m20 — ar + @+ [, + 02l

2% ta+ati 28 o+,

where 7; and 77; are of the same type, whereas 72 is not, and where 7 and n’ are of the same

type. From Lemma 3.8 we have the needed estimates on AGs and AG3. Due to property
(viil) of Lemma 2.1 we find for g4 > 0 that

~ _ . 2
o —lal =@l =l | =—as, W|-[Pl<a = AGH< -z

o[ =lal-f@l~la| <0, #']=|F|<0 = aGi<o.
This also covers the special cases 81 + as + vo and v; + as + (2. Note that if n; = (1,
then [/ | < |v| by construction, so these interactions are actually not increasing rarefaction-

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

uw+B+a+v, and a+pu+v+pg.
In the case with p’ 4+ v/ we divide the first interaction into smaller steps
atv+u+B2% avm+v+ 825 )4,

where AG5 < 0 by Lemma 3.8 and

Wi<iEl<lul, WI<PI<] = AG <0,
follows from the properties of wave curves and estimate (3.15). For the second interaction it
follows by construction that

W =lul <0, [V]=|v|<0 = AG<O.

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

2
o' | —la|=—q, |V]-|v|<q = AGg—gq.
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For the second interaction we have |v/| < |v|. We divide the interaction into smaller steps,

ptB+al+v = utal+B+v S a+ 345+
2 G ra+ 0 29 o 4,
where we have the necessary estimates on AGs and AG3 from Lemma 3.8 and for AG4 by
Lemma 3.9. By property (viii) of Lemma 2.1 we find for a ¢ > 0 that
o' [ —la|—la|==-q, |-|P]=qg = AG5<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 interac-
tions as follows;

e+ m e +m 2Bt et [+ 2 (o +e+a]+ 5

LG ek B+ BRS¢+ 1,

where € is of the same type as e, j of same type as 11, and € of the same type as €¢’. From
Lemma 3.8 and Lemma 3.9 we have estimates on AGy, AG3 and AG,, and by properties
(viii) and (ix) of Lemma 2.1 we find

W =1l =g Iﬁ’l—‘ﬁ(—‘ﬁl =—¢ = AG<O,
o/ [ —la] <0, \ﬁ'lf]ﬁ\flﬁ\ <0 = AG<O.
The interaction v1 + a9 4 (2 has also four cases, and for all but one case, the above analysis

apply. In the case o’ + v/, B2 must cross v, and therefore there exist a 7 and a B so that
U + 3 connects U; to U, and

(3.25) I<lvl, || <181
Then the interaction can be divided into the following steps,
vt i+ B S [+ B 25 o+,

where AG5 < 0 follows from (3.25) and AG5 < 0 from Lemma 3.8. 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) i+ (+> e
1=1 1=1

Furthermore, AG < —%q for all increasing rarefaction-collisions where the strength of the
outgoing rarefaction wave increases by q > 0, and AG < —% |0"| 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 interactions
without ¢ are already covered by Lemma 3.12. Furthermore, Lemma 3.11 covers the inter-
action where m =0 (or n = 0).
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If n > 1 and m > 1, then we divide the interactions into smaller steps as follows

n m N 125} +Bl /‘2""‘52 N
(3.27) SmiAC+d =B ot A C+H{astr,  Soh e+,
=1 J=1 a1 + 31 as + 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
ton >1and m = 1), we get

m AG ﬂ2+ﬂ2 AG
(3.28) 171+C+Zej—1—>m+§+ Qs+ e+ (C+1,
J=1 g + o

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

(3.29) mACe 28 4 ¢y

where one is symmetric to one of the others.

An interaction that is symmetric to itself is referred to as a self-symmetric interaction.
Three of the interactions given by (3.27) are self-symmetric. The other interactions have a
symmetric interaction, and we choose to discuss the interactions starting with oy + v1 over
the ones starting with €; + 31, and the interaction starting with aq + 31 over the one starting
with pq + 81. None of the interactions given by (3.28) are symmetric to itself or to one of the
other interactions. For the two interactions of the form e + ¢ + s 4+ B2, we will throughout
this proof consider their symmetric interactions, a; + v1 + ¢ + 72 instead. There are two
self-symmetric interactions given by (3.29). The remaining two interactions are symmetric,
and we choose to discuss the one with n; = 1.

We write the six interactions given by (3.27) of the general form

(3.30) 61+771+C+62+772ﬁ>6’+§+17'.

If €; is of the same type as €3 and 7, is of the same type as 72, then the interaction has only
three possible combinations of outgoing fronts. Thus, two of the interactions given by (3.30)
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' + ¢ +v/. This is not a case for
the interaction where all incoming fronts are shock-fronts. For the two interactions where
€1 + 11 is not equal to o 4 v1, one of the following estimates holds;

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

2

(3.31) W l=lpl<l8l=a P[=lr|<0 = AG<-2q,
2

W' | =1ul <0, |V'|—\V|§|a|=q:>AG§—§q,

For the three interactions where €; + 177 = a3 + v1, we need to divide the interactions into
smaller steps;

e+ 2N e ([Tt e] + 1 SEH [+ E+ T+ o

AG4 — GS

(3.32) R
L et e+ H U+ —p +C+ Y,
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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' =l —1al <0, |V |[—-[2]<0 = AGs <0,

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

Next, we consider interactions given by (3.28) and (3.29). If all incoming fronts are shock-
fronts, then u' + ¢+ v’ is not a possible combination of outgoing fronts. All interactions with
71 = v1 can be divided into smaller steps similar to (3.32), giving us the the same estimates
for the last step. For the interactions with 71 = (1, one of the estimates given by (3.31)
holds. Hence, the case p’ 4+ ( + 1/’ is covered for all interactions given by (3.28) and (3.29).

Let us now consider the case where the outgoing waves are p’ + ¢ + ’. 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-> Iml<—Iw'| = AG<O,
n=p

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

2
W l=lpl<q 161=18l=-a = AG< -3¢

If v 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+C+pu+B2EatC+p+8 2 a+m+(+8
SO B BB 11
From Lemma 3.9 we have estimates for AG3 and AG4. Moreover, we have for a g5 > 0 that
@] = la] <0, [i] = |u] <0 = AGy <0,
W' =1l <gs, |6'|— ‘B‘ —|8|=-¢ = AGs < —g%-
If 1/ intersects i, we use a similar approach and replace the interaction with a new one,
a4 v+ B2 i+ [+ iz + )
S8 i+ T+ C+B S B
where we have estimate for AG3 due to Lemma 3.9. Moreover,

Lo |+ [z | —p| <0 = AG2 <0,
‘/‘j//l_|ﬁ|_|l&’1|207 ‘/6/|_’B|:O:>AG5§0
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If no fronts intersect for the second interaction, we cannot apply a clever replacement. Thus,
we divide the interaction into several smaller steps,

L+B++atv 2 ntcBral+v 2SS atc+a+fl+v
2O it a+ B+ 2 mta+a+ ]+ 5

SE i+ BB+ 8,
where we have estimates for AG;, i = 2,...,6, from Lemma 3.8 and Lemma 3.9. Further-

more, we have for a g7 > 0 that

i _— 2
W =il < 181-18|-|B|=ar = AGr < —Zen

Similarly, u’ 4+ ¢’ 4+ 3’ is not a case for interactions given by (3.28) and (3.29) where the in-
coming 1-fronts are shock-fronts and the incoming 3-fronts are rarefaction-fronts. Moreover,
all interactions where e; = aip have estimate given by (3.33). The remaining two interactions
are special cases of a; + v1 + ¢ + s + P2 where either o or (5 is missing, and they are
covered by the above discussion.

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

o [=lal <0, [8']-18]<0 = AG <D,

directly. Otherwise, we have to divide the interactions into smaller steps as follows

a4mACtetn 2 atm+ad+Cc+72%% e+ E+7+¢+7

B e e+ )+ +T 2 T[T+ +7)

2 e+ C+ AR 4+ 1,

where € and € are of the same type as €5, and 7 is of the same type as n;. If ; is a rarefaction-
front, then 7 is a shock-front, € can be of either type, and 7 will be of the opposite type of é.
If 7 is a shock-front, then 7 can be of either type, ¢ = &, and 7 is of the opposite type as ;.
Moreover, if 7 and 7 are both rarefaction-fronts, we add them together to one 3-rarefaction
wave according to property (i) of Lemma 2.1. If all 3-fronts at step six are shock-fronts, then
€ = ji and does not take part in the estimate below, otherwise é = ¢&. We have estimates for
AG;,i=2,...,6, due to Lemma 3.8 and 3.9. Moreover,

lo'|—|a]—lal<0, [B]-]8]<0 = AG;<0.

None of the interactions given by (3.28) are self-symmetric. For interactions given by (3.29),
one of the self-symmetric interactions involve only rarefaction-fronts and o/ +(+/' 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/ +
¢+ ', 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| —1lv|<gq éAGﬁf%q,

if |o/|—]ai|—|ag|=—g <0, then
o' | = o1 | = [az | q= {|5/|_|ﬁ<0 = AG<O0.



34 HOLDEN, RISEBRO, AND SANDE

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

artm+Ctastm] 2 ar+ [ +a]+C+T 2 a [+ +T

4

2 e+ +7+T 2 T+ [T+ +T]
S A At a4

where 77 and 7 are of the same type as 11, and 7 is of the same type as . Furthermore, if 7;
and 7 are rarefaction-fronts and n’ is a shock-front, then 7 is also a shock-front. If 75 and 7’
are of the same type, while n; is not, then 7 is of the same type as 12. 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 é. 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 (i) of Lemma 2.1. Finally, if all 3-fronts at step six, that is, 77, # and 7, are all of the
same type as 7, then we skip step six and replace the strength of 7 in the estimates below
by the sum of the strength of these 3-fronts. From Lemma 3.8 and 3.9 we have estimates for
AG;, i =2,...,6. Finally, we have

= . . 2
|O/‘_|a‘_|a|:q77 |VI|_|V|§C]7:>AG7§—§Q77
o/ | —[a@]—lal <0, |8'[-|3|<0 = AG; <0,
for the two cases, respectively.
The interactions given by (3.28) and (3.29) 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 € = ji, we may have to interchange step four and five, so that we still
have seven steps. Moreover, if

o/ | —|a| < — ||, then AG <0,

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

This concludes the discussion of all interactions between physical fronts. For interactions
generating non-physical fronts and interactions where one of the incoming fronts is non-
physical, we have:

Lemma 3.14. For an interaction where a non-physical front is generated, we have
4
(3.34) AG < =3Kk|0™ ], and |0™| < 3620,

where the positive constants k and co depend only on pmin, Pmax, and . 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 ¢ + > ., €, and
the symmetric interactions, where condition (3.1) holds, that is, where ||}, |€; | < p. Since
non-physical fronts cannot be generated in any other interactions, it follows from Lemma 3.8
and Lemma 3.11 that AG < —3k|0"P|. By estimates (3.17), (3.18), and (3.23) established
in the proofs of these lemmas, we have

g 4
|9p|§§02|C|Z|€i|§§C2P-
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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 u, 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 3.8 through Lemma 3.14 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 ¢, AG < —% |6" | 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
(3.13) that F(t,) < 3L(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 3.1, 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 Proposition 3.7 we have AG < f% |0 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, |#], is larger than §. Hence, AG < —%(5 across a new rarefaction-collision where
the new rarefaction wave splits. Since 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 ¢ = 71 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 ¢; < 7 <7, <t;. Assume that the only rarefaction-front cross-
ing t = t; that results in a split rarefaction wave (through increasing rarefaction-collisions)
before t = ¢}, is the rarefaction-front colliding at ¢t = 7q. Define AGgpi := G(t;) — G(t;).
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Lemma 3.16. Let t; <1 <7, <t; and AGgplit be as defined above. Then, for a fized 0,
1
(3.35) AGgpiit < —56.

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

Proof. From Proposition 3.7 we have AG < —%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 g plus (the sum of) the strength(s)
of the incoming rarefaction-front(s) of the same family.

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

6<|9/|§|90‘+ql

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

‘01|:i|9/|< |90‘+q1 :a5+q1
m - m '

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

t
Tn

\ \ - t
t

....................................... VO

F1GURE 17. An illustration of several increasing rarefaction-collision where
a rarefaction wave splits at ¢t = 71 and t = 7,.

Figure 17, where m = 2, this front is drawn by dashed lines. The only way for 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;. For each interaction the
strength of the rarefaction-front increases by at most ¢;, thus,

- ad + - a -
(3.36) 10 | < On—1|+gn <161+ ax < mql-l—quSEé—i-Zq;w
2 2 1
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and AGy < —7qk for k =1,...,n. By definition, 7, is the first collision time after 7, where
a rarefaction wave splits, thus

(3.37) 0n_1] <6< [0,].

All interactions taking place between ¢; and t; have AG < 0 by Proposition 3.7. Combin-
ing (3.36) and (3.37) we get

AGspis = ) AG(n) + Y AG(1) < ) AG(7y)

Tk TH#T
2 2 a 1
< -gmsz(l-g)os—ge

where we have used that 0 < @ < 1 and m > 2. This proves (3.35).

Furthermore, G is non-negative and decreases by at least %5 from the time when a rar-
efaction 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. ([l

Thus, by Lemma 3.15 and Lemma 3.16, there is a finite number of interactions resulting
in split rarefaction waves. That is, there is only a finite number of interactions 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 |8 ||C| > p, where 6 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(ty) <G(to) + Y AG(T) < Glto) + Y AG(ry),

T<tn Ty <tn

where 7 is any collision time and 7, is the collision time of a v-collision solved by the
approximate solver. Furthermore, Lemma 3.8 states that AG < fé |6 |¢ | for all y-collisions,
thus,

D011 <=9 Y AG(r,) < 9G(to).

Ty <tn Ty <tn

This estimate is true for all ¢,, < co, hence, there is at most 9G(tg)/p number of y-collisions
where |0||(| > p, that is, where a 7-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.

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).
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3.4. The total amount of non-physical fronts. In order to prove that the sequence 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 generation to all fronts except the
contact discontinuities.

All initial 1- and 3-fronts are of generation one. The outgoing front of an interaction 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. Furthermore, all fronts part of a split rarefaction wave have the same generation
as the rarefaction wave.

From the results in Proposition 3.7 we have

0<G(ta) = Glto) + Y AG(7) < G(to) + Y AG(mp),

where 7, is a collision time when a non-physical front is generated. Moreover, by Lemma 3.14
we have AG < —3k[0"P | 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

B3 LYW= XY <k S Avmy < G

7 t=ty Tnp <tn Tnp <tn

Thus, there exists a j so that
(3.39) DO 1P = O(1) Sinie-
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],

N; < Pj(No,671),

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 Sinie > 0 there exists a p > 0 so that

> 16" = O (Simie) -
t=t,

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 Nj,, which again is bounded by P;,(No,d~'). We therefore

Jo»

get
DTSN UOTIHY DY 16T
t=t, i<jo t=tn i>jo t=tn
< %Qijo (No, 6™ + O(1)8inis = O (Sinit) 5
by choosing p so that c2pPj,(No,671) = O(init )t u

Recall that dinis = O(9), so that dipig — 0 when § — 0.
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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 3.2 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
H:1+§(3 maxk+1)

where s/ .. is the upper bound of 9s/dp, cf. property (v) of Lemma 2.1. 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

(3.40) 7 —1)T.V.(po, uo) < and T.V.(y9) <

¢ —
9kC\ T 90y’
and the approzimate solution U°(z,t) = (p°(x,t),u’(x,t),7°(z,t)) obtained using front track-
ing is bounded away from vacuum, then
(3.41) TV.(0°(-,t),u’(-,t)) < 2kkT.V.(po, ug),
(3.42) T.V.(y°(-,1)) < T.V.(y0).
Proof. First, (3.42) is obvious since v only changes along contact discontinuities, thus,

TV.(7°(+,tn)) = Fy = T.V.(4°(,,0)) < T.V.(%0),
for any time line ¢t = ¢,,. Furthermore,
L(to) < T.V.(p°(+,0)) + kT.V.(u°(-,0)) < kT.V.(p°(+,0),u°(-,0)),

for tg = 04+. Whenever (3.40) is satisfied, we therefore have
C
L(to) < KT.V.(p°(-,0),u’(-,0)) < kT.V. <
(O)— (p( ) )7u( ) ))— (pO’UO)_gc"l(i*l),
E,=T.V.(y°(-,0)) < T.V.
L= TVA0(4,0)) £ TV-00) < 5o

thus, by Proposition 3.7 the Glimm functional is decreasing and F(t,) < 5L(ty). 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, ) - u(—oo, ')7

because u is increasing along all rarefaction waves and decreasing along all shock waves.
Here [u] := |u, —w; | for a wave connecting U; to U,, and rf is short for rarefaction wave.
Let uy = up(£oo) and define

(3.43) co = |u(oo, - ) —u(—o0, - )| = |lux —u_|,
since u(£o0, - ) = up(£o0). Including the non-physical fronts, we have

Z[[u]] < Z [u] + Z + co,

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

T.V.( Z[[u Z[[u]]+z <2Z[[u]]+2z + co

shock shock
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- 2
S 2 Z |S/(papl77l) ‘ IIp]] + 37]{G(t0) + Co
shock

10
Smax Z [p] + *L (to) + co = 2800 F(tn) + %L(to) + ¢
shock

5 10
< QSdeSL(tO) + 97]{:

S HT.V.(po, U()),

where we have used that co < T.V.(ug) and > [u] = >°[0""| < G(to)/3k, cf. (3.38). For
T.V.(p°(-,tn)) we find

T.V.(p(- Z[{p]u Z[[p]]<k<2ﬂ ZM)

10
L(to) +co < 5 ( maxk + 1)T V. (po,Uo) + co

shock rf shock
</<iTV( ( ))<l€]<3TV(p0,UO)

This proves (3.41) because

TV.(p° (- tn), ul (- t0)) = TV.(0° (-, 1)) + TV. (W (-, 1))
§ QHkTV(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(+00) := p4, it follows that
sup(p’ — py) < [p°(00) — py | + [p*(=00) — p1) | + T.V.(p°)
= lp+ —p-) [+ TV.(p%)
< 2T.V.(p°) < 2kET.V.(po, uo).
Similarly, we obtain
sup(p’ — p_) < 26kT.V.(po, uo),
sup(u’ — uy) < 26T.V.(po, uo),
sup(u® —u_) < 26T.V.(po, uo).

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

U = {(pu,) max{lp = p- |,Ip — py [} < 26KT.V.(po, o),

(3.44)
max{|u —u_ |, |u—wuy|} <2T.V.(po,up),y € (1,7]},

where p+ = po(£00) and uy = ug(d00). We are now able to bound U? away from vacuum.
Lemma 3.19. If the initial data satisfy

(3.45) 26kT.V.(po, u0) < P — Pmins

for a pmin > 0 and p = max{p_,p4}, or the stronger condition

(3.46) (7 = DT.V.(po,uo) < Cs,
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where

=1/2 . . . .
(3.47) Cy = — (ﬁ(wfl)/@'y)_p(j—l)/(%/))’

! min
KET! o

then p > puin for all U € U. Moreover, the approzimate solution obtained using front
tracking is bounded and, in particular, satisfies 0 < ppin < p5(x,t) < Prmax-

Proof. For a p < min(pg(x)) we have
max{[p —p(c0, -) [, |p — p(=o0, -) [} = max{p_,py} —p=p—p,
hence, p is in U if p — p < 26kT.V.(po, up). Thus, if
QHkT-V-(pOa uO) S ﬁ — Pmin,

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

Since condition (3.40) imposes a restriction on (¥ — 1)T.V.(pg, up), we reformulate con-
dition (3.45) to do the same. For a p, > p > pmin there is a constant wu, so that we can
write

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

1 . 1 .

@] [u(p) — u(Pmin) | = . (u(Pmin) — u(P)),

for pmin < p < p. Furthermore,

‘ﬁ — Pmin ‘ =
r

y—-1

so that

. A PN

D — Pmin 2 m PP = Pmin | -
Therefore, we have that p > puyi, > 0 for all p e U if

o~1/2 o1 3L
2kkT.V.(po, up) < W <p > 2 ) ,

max

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~1/7, we furthermore have that
v® is bounded and have bounded total variation independent of §. Thus, the approximate
solution given in the conservative variables, U = (115, u5,75), is bounded, and

(3.48) T.V.(UO(-,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?}s~0 that converges in LL (R x [0,77]). To that end we observe that

(3.49) / 09 40,0) — 07 (2,1 dwr < WV (1)) < Mo
R
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Thus, it remains to show that for any R > 0,
R
(3.50) / 09, 1) — 072, 5) [ do < Dyt~ 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 compactness theorem.
Here we proceed by showing that (3.50) holds for our system.

For t € (75, 7;j41], where 7; and 7,41 are two consecutive collision times, we can write g

as

N,
J

U (,t) = > (UL, — UD)H(z = z(t) + Unry,
k=1

where ar;fC 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 U°(x,t) = U,z for z € (x{c, xi_H). Assume
now that t € [;,7;41] and s € 1}, 7j41] where j <4 and s < t¢. Then

¢
/‘U‘S (2,t) — U (2, 7; ‘dx—/ / iﬁé(x,f)df

R Tj dt
/ %

Ti k=1

< Aup(t — 7)) TV(U (1) < ApMo(t — 75),

dx

L - 0| el d)| [ - ol | aias

. U,g‘/R‘H’(x—xi(f)) ’dxdf

where we have used that ‘—xk )] < Anp- By similar arguments we get

/ ‘U x,Tj) (m Tjt1) ‘dx < AapMo(1j — 7541), ifj+1 <4,

/ ‘ (2,7j41) — U°(z, 5) ‘dx < AnpMo(Tj41 — 9).
Hence,

dz

/‘Uéxt a:s‘dx</‘U6mt —U%(x,75)

/ ‘U z,7;) — U (x,7j41) ‘dx—l—/ ‘U z,7jp1) — U°(x,s) ‘dx
§ AanO(t - S)a
where the middle integral is only included if j+1 < ¢. Since Ap, My is a constant independent
of §, we have now established (3.50). Hence, there exists a function U (x, t) and a subsequence
{6;} € {0} so that U% — U in L\, (R x [0,T]) as j — oo.
We still have to show that the limit is a weak solution. Recall from equation (2.1) that
U = (v,u,7) is a weak solution on a strip [¢, s] if

(3.51) T3 (U) ::/ts/RUqbt—i—f(U)%dxdt
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— / Ul(z,s)p(x,s)dx + / Uz, t)p(z,t)de =0,
R R
for all test functions ¢. Fix two successive collision times, 7; and 7,11, and let U% 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 s1 = 7; and let V;(x, s) be the weak solution of

(3.52) Vit f(V)e =0, V(x,s)=0U%xs;).

We find V; fot ¢ close to s; by solving exactly the Riemann problems at the jumps of U° (z,51).
This solution is defined up to the time so > s; when the first waves interact. If no waves in
Vi collide before 741, we have sy = 7;41. Otherwise, we let V5 be the solution for s > so of
(3.52) with i = 2 and U°(x, s3) as initial data. In this way we fill [;,7;41) with small strips
[si, 8i+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°(x, s;) for each i. Figure 18(a) shows this construction
when a non-physical front is present in U%, while Figure 18(b) shows the first steps in the
construction when a rarefaction front interacts with a front of the same family at 7;41.

(a) When U? contains a non-physical front (b) The first steps when a rarefaction front interacts
with a front of the same family at 7;1.

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

Let furthermore V% be the approximation of V found by solving (3.52) 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,
V9 only differs from V for rarefaction waves. From the approximation of rarefaction waves
by fronts, we have that ’Vi(x,t) —Vo(z,t) | = O(6) for (z,t) in a rarefaction fan. Thus, for
t € [si, Si+1] the integral

/ [V(z,t) = V(z,1) | dz,
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 V7, and there are |p, — p; | /O(0) steps, each with the width (¢t —s;) A\ = (t—s;)O(6),
where AN is the difference in the characteristic speed across a rarefaction-front in V. We
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sum over j, that is, over all rarefaction fans in V', and find that

Pl —p}
(3.53) AH“QUWWJHME:O@JO@@&WQ)

< (t—s)T.V.(p2)OO) < (t — 5:)O(6),

—pl ] < T.V.(p) < M.

Next, we compare V° to U°. Since U°(z, s;) is used as initial data solving (3.52) for each
strip, the two solutions only differs where U® have Riemann problems solved by the simplified
solver. Thus, in order to estimate the integral

(3.54) / U9 (2,8) — VO(a, ) | da,
R

forat € [s;, s;1+1), we need to take a closer look at the approximation done using the simplified
Riemann solver defined in Section 3.1. Consider the interaction ( + . €; and note that the
arguments are similar for the symmetric case. As in Lemma 3.1, we let € + ¢ + 7 with
intermediate states U;, i = 1,2, be the solution using the approximate solver, and €’ 4 + 6P
and € + ¢ + 1/ 4+ 6™ 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 |U5 = V5| of the width
loa — oo | (t—s;) = O(1) |0™P | (t — s;), cf. Lemma 3.1. If € is a rarefaction-front, the speeds
are equal. If n > 1 and 7 is of the same type as i/, we also get a jump in ‘U‘s -V ’ due
to different speeds. The width of this jump is |05 — oy | (t — 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 ’ The remaining
jumps in |U5 — Ve | over this interaction are ‘Ul — Ul ’, ’UQ — UQ ‘, and ’Ur — 0j ’ where
j=2ifn=1,and j =3 if n > 1. From Lemma 3.1 we have that the heights of these jumps
are all bounded by O(1) |§"P |. Thus,

(3.55) /R U (2, t) = VO(a,t) [de <Y O@) 07| (t = 5i) = O(8)(t — s4),

using that > [0"P | < O(1)dinit = O(J) according to Lemma 3.17.
Combining (3.53) and (3.55), we finally get

/R U (2,8) — V(2,1) | de < /R U (2,1) — VO(a,8) | + /R V() — Vo(a,1)|
= 0(9)(t = s1)-

Our goal is to show that |Z{'(U)| = 0 where U(x,t) is the limit of U% (x,t). We start by
estimating ‘Isi“(U‘S)’ Recall that V(z,s;) = 05(1,51-) and that V; is a weak solution on
each strip, thus, Zs:**(V;) = 0. We start with v°

220 | = [ 09) - )

‘/+/ v =)o + (—u’ +ui)ppdadt

— [ @ sien) = o)l 1)
R
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SMg(/SiH/‘vé—vi’+‘u6—ui|dxdt
S R

+/ ”U‘;(JT,SZ‘.H) — Ui(.if, Si+1) ’d$)
R

< 0(9) ((Si-i-l - Si)Q + (Si41 — 31)) )
where M, bounds |¢, | and |¢; |. For u® we get
[Ze @) | = |7 () = T () |

= ‘ /Si+1 /R(u5 — )¢y + (p° — pi)podadt

- /(U6($,8i+1) —ui(®, 8i11))P(x, si41)dw

. Si4+1
§M2< /!u‘s—uilﬂpg—pi!dwdt
S R

+ /]R ’u‘s(x, Sit1) — Ui (@, Si41) ’d$>
< 0(6) ((81‘4_1 — Si)z + (3i+1 - 31)) )

where we have used that
/ }p,;(x,t) —p5(x,t) | dz < (t — 8;)O(9),
R

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

|z () | = T2 () [ = 0.

Let 7; and 741 still be two successive collision times and recall that 741 —7; = > oo | (Si41 —
s;). Thus,

Tj ~6

@) | <Y
=1
(oo}

O(0) ((si41 — 5i)* + (sit1 — 51))

T (07) |

IN

i=1

O() ((j1 = m)* + (Tj41 — 75)) -
Since U? is bounded and U% (z,t) — Ul(x,t) in L},
p=v""7in L} . Thus, for any time T < oo,

IN

where U = (v,u,7), p’ will converge to

loc*
75 (@) | = lim |78/(0%) | = lim > |z (@) |
J
= lim 0(5) ((Tj+1 — Tj)2 =+ (Tj+1 — Tj))

6—0 “—
J

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

—0

which proves that U converges to a weak solution of (1.1) as 6 — 0.
Thus, we have finally proved the main theorem:
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Theorem 3.20. Consider the Cauchy problem for system (1.1) with initial data (1.2) where
inf(po(z)) > 0 and 1 < yo(x) <7. Assume that the initial data (ug,po) and y(x) satisfy

C
. 5y - V. <min{ ——
(3.56) (7= DTV, uo) < min {0, Ca .

(3.57) T.V.(v(z)) < G

Then the front tracking algorithm produces a sequence of approrimate solutions which con-
verges 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 ug.

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 coordinates,

pr+ (pu)e =0,
(3.58) (pu)e + (pu® +p(p,7))e = 0,
(P7)e + (puy)e =0,

where x € 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 described in
Subsection 3.1 using MATLAB. These are used together with the front-tracking code at
the web page of [15]'. The threshold parameter p, which determines when to invoke the
simplified Riemann solver, is set to §° for all examples. Furthermore, we let A\np = 2[Amax]-
The front-tracking code is slightly adjusted so that G(t) is computed for all times.

We find ppax as described in Subsection 2.3. Instead of using (3.46) to find pmin, we
choose a suitable candidate for pn;, and then check that this candidate indeed satisfies
Pmin < p°(z,t) for all z and ¢. For the two first examples

(41) Pmin = min(Po (.’E)) - (pmax - max(pO(x)))v
is used as our candidate.

Example 4.1. The initial data in this example are piecewise constant and symmetric. We
have one gas with p = 1.26, u = 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 [16] where we solved the problem using the Glimm scheme. The constants calculated for

Pmax Pmin 7 C'1 C'2 C k
1.3067 | 1.2534 | 1.051 | 15.9703 | 1.3309 | 1 | 1.3309

TABLE 1. The constants for Example 4.1.

this example are listed in Table 1, and (3.40) is satisfied since
(4.2) T.V.(po, uo) = 0.1 < 0.1025 = C/(9kCy (7 — 1)),
(4.3) T.V.(y) = 0.082 < 0.0835 = C/(9C>).

Figure 19 shows U°(-,t) at some different times. In Figure 20 the solution is compared

1ht‘cp ://www.math.ntnu.no/ holden/FrontBook/matlabcode.html
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F1GURE 20. The solution of Example 4.1 at ¢t = 4.002 using front tracking
(dotted line) and the Glimm scheme (solid line).

with the solution found using the Glimm scheme, cf. [16]. The solution obtained using the
two methods are very similar, except that the contact discontinuities 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 (x,¢)-plane is shown in Figure 21. Here 6 = 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. Therefore, Figure 21 picks up the interaction of small
fronts which is very hard to do using the Glimm scheme, cf. [16]. 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(t) for this example.

Example 4.2. The initial data in this example are also piecewise constant. For —1 <z < 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, v = 1.5 for x < —1 and 0 < z < 1 while v = 2.0 for -1 <2 < 0 and > 1.

These initial data are far from satisfying condition (3.40), and are therefore not covered
by Theorem 3.20. However, as shown in Figure 25, 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 (z,t)-plane. The split rarefaction waves are more visible here, because we have used
6 = 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 x = 0 we have only a jump in -, hence, the solution
is a single contact discontinuity. We see that the first non-physical fronts are generated when
reflected fronts of a ~-collision interacts with another contact discontinuity. The reflected
fronts become weaker for each v-collision, thus, after some time, all fronts present between the
contact discontinuities are non-physical fronts. These non-physical fronts just pass through
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FIGURE 21. The solution U°(z,t) in the (x,t)-plane for Example 4.1.
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FIGURE 22. G(t) for Example 4.1.

the contact discontinuities without generating more reflected fronts. Recall that p and v are
constant across non-physical fronts, thus, comparing the plots for p and v in Figure 23 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 z < —0.4,
Yo = 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, py = 8, while
po = 3 outside. The velocity is piecewise constant and decaying; ug = 3 for < —0.4, ug = 2
for —0.4 < x < 0.6 and up = 1 for z > 0.6. The initial data are made piecewise constant
with dinis = Az = 0.2. Furthermore, we have chosen § = 0.2.

These initial data are far from satisfying condition (3.40), but G is still decreasing as
shown in in Figure 28. For this example we have that p°(z,t) > 3, and therefore pu, is set
to 3.

In Figure 26 we see U’(-,t) at some different times, while Figure 27 shows the solution in
the (x,t)-plane. In Figure 27 we observe many fronts interacting, but Figure 26 reveals that
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FIGURE 23. U’(-,t) at different times ¢ for Example 4.2.



FRONT TRACKING FOR A MIXTURE OF GASES

15

FIGURE 24. The solution U?(z,t) in the (x,t)-plane for Example 4.2.

F1GURE 25. G for Example 4.2.

12

51

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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APPENDIX

APPENDIX A. SOME PROPERTIES OF THE SYSTEM

In this appendix we take a closer look at some properties of the system given in Lagrangian
coordinates as

Ve — Uy = 0,

(Al) Ut + p(rUa ,Y)af = 07

Yt = 07
for x € R and t € (0,00). Recall that this system models one dimensional, immiscible flow
of several isentropic gases where v = 1/p is the specific volume, wu is the velocity, v > 1 is the
adiabatic gas constant for each gas, and the pressure p is given by a ~-law, p(v,v) = v=7.

Note also that we only consider the system away from vacuum, that is, for v < oo, or
equivalently, p > 0.

A.1. Riemann invariants. First, we discuss the Riemann invariants and prove that system
(A.1) does not have a coordinate system of Riemann invariants, only a 2-Riemann coordinate.
For the general theory on Riemann invariants, see, e.g., [1]. Let us start with some definitions.

Definition A.1. An i-Riemann invariant is a function w such that

(A.2) Vw-r; =0,
where r; is the ¢th eigenvector. Furthermore, if w; is an i-Riemann invariant for all ¢ # j,
i=1,...,n, then w; is a Riemann coordinate for the jth family.

Definition A.2. An n X n system of hyperbolic conservation laws has a coordinate system
of Riemann invariants if there exist n scalar functions w;, ¢ = 1,...,n, so that, for any
i,5=1,...,n, where ¢ # j, we have that w; is an i-Riemann invariant for the system.

Note that Definition A.2 implies that all 2 x 2 systems of strictly hyperbolic conservation
laws have a coordinate system of Riemann invariants. By rewriting Definition A.2 using Lie
brackets, as shown in [1, p. 185], it becomes easier to verify whether or not an n x n system,
n > 2, has a coordinate system of Riemann invariants. We state this as a corollary.

Corollary A.3. An n x n system of hyperbolic conservation laws has a coordinate system
of Riemann invariants if, and only if,
(A.3) [rj, 6] = a?rj — airk,
forj,k=1,....n, where j # k, a? are scalar fields, and [rj, ) == Vrj -1 — Vrg ;.
The functions
2 _

Y, U + ’Yiﬁfv(l 'Y)/Q’
(A.4) u, v 7,

v, u— %U(lfv)/{

are, respectively, 1-, 2-) and 3-Riemann invariants for system (A.1). Furthermore, we have
the following result:
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Lemma A.4. System (A.1) does not have a coordinate system of Riemann invariants. How-
ever, vy is a Riemann coordinate for the second family.

Proof. Tt follows directly from Definition A.1 that + is a Riemann coordinate for the second
family because 7 is both a 1- and a 3-Riemann invariant for system (A.1).
Recall that the eigenvectors are given as

= (17)\70)t7 T2 = (_p"/7oapv)t7 rs = (17 _)‘70)t7
where A = \/—p,, thus,

0 0 O —Dyo 0 —Dyy
Vri=[X 0 A | =-Vrs and Vry = 0 0 0
0 0 0 y2on 0 Poy

For j =1 and k = 3, condition (A.3) is satisfied because
[r1,73] = Vry -3 — Vrz -1y = (0,2),,0)" = adr; — adrs,

for o} = al = A\,/\. This confirms that system (A.1) has a Riemann coordinate for the
second family. However, for j = 1 and k = 2, condition (A.3) is not satisfied because

[r1,72] = V1 79 — Vra - 71 = (Pyws —AoDy + AyPuy —Pow)’s

and there are no scalar fields, a? and al, so that [ry,72] = a?r; — alrs. Thus, condition
(A.3) is not satisfied for all j,k = 1,2,3, where j # k, thus, system (A.1) does not have a
coordinate system of Riemann invariants. (I

A.2. Entropy/entropy flux pairs. Consider an n x n system of hyperbolic conservation
laws on the form U; + f(U), = 0, and let 1 and ¢ be scalar functions of U. If

(A.5) Vq=Vndf(U),

then (n, q) form an entropy/entropy flux pair for the system. For system (A.1) we have the
following entropy/entropy flux pair:

Lemma A.5. The scalar functions defined by

1, /”

v, U, Y) = —u” — 7,v)dr + h(7),

(A.6) (v, u,7) = 3 ; p(7,7) ()
q(v,u,y) = up(v,7),

where h(7) is an arbitrary function of v, form an entropy/entropy flux pair for system (A.1).

Proof. We have to show that (A.6) satisfies (A.5) where f = (—u,p(v,7),0)! so that the

right hand side reads

0 -1 0
(nva Ny 777) Do 0 Dy | = (pv77u7 _77v7p777u)~
0 0 0
Differentiating (A.6) gives us
Gv = UPwy, Gu = P, Gy = UP~,
T = —P, Th = U, 777 = p(T7 ’Y)dT + h’ya

dy Jo
thus,
(qva Qu, q’v) = (pv77uv *%Pwu)’
and (A.5) is satisfied for any function h(7). O
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APPENDIX B. INTERACTIONS BETWEEN TWO WAVES OR FRONTS WITH CONSTANT Y

An interaction has constant - if there is no contact discontinuity among the incoming
waves or fronts. Moreover, the interactions with constant -y are equal to the interactions
of the corresponding p-system, and our estimates are based on the estimates for the p-
system given by Nishida and Smoller in [2, Lemma 4]. This transformation of the interaction
estimates were left out of the papers due to space limitations and is therefore discussed in
this appendix.

B.1. The p-system. First, we discuss some properties of the p-system, which is a 2 x 2
system describing the flow of one isentropic gas. In Lagrangian coordinates the system reads

vy — Uz = 0,
up + p(v)g =0,

where v = 1/p is the specific volume, u is the velocity, and the pressure p is given by a y-law,
p(v) = v, where v > 1 is the adiabatic gas constant. We only consider system (B.1) away
from vacuum, that is, for v < oo, or equivalently, for p > 0. The functions

pmu 2V (P02 1) and s=u+ 2V (o1 -1),
v—1 v—1

are 1- and 2-Riemann invariants for (B.1), respectively.! As noted in Section A.1, all 2 x 2
systems have a coordinate system of Riemann invariants, thus, (r,s) forms a coordinate
system for (B.1). Moreover, the mapping from (p,u) to (r,s) is one-to-one and onto for all
p>0.

As noted in the papers, the rarefaction and shock curves for system (A.1) have constant
~ and are equal to the wave curves for the corresponding p-systems (B.1). Let us therefore
consider the wave curves for the p-system given by r and s as shown in Figure 1. For a wave
connecting (71, s1) to (72, s2) one of the following holds,

(B.1)

1-rarefaction: r1 < 7o, S$1 = So,

3-rarefaction: r1 = T2, s1 < Sa,
1-shock: 1 > 1o, 81 > So, [s1 —s2|=qi|r1 —r2| for0< ¢ <1,
3-shock: ry > To, 81 > So, |r1 —ro| =qs3|s1 —s2| for 0 < g3 <1,

depending on the type and family of the wave.
In addition to the above properties of the wave curves, we need estimates on the trans-
formation between (r,s) and (p,u). First of all,

s+ r=2u,
4 1/2 B
S aE P

Furthermore,
|f(p2) = f(p1) [ = [f'(D) [ Ip2 — p1 |,
where f/'(p) = 27*%15*(7“)/27 for a p between p; and ps. For p; < po, we therefore have

(B.2) |f'(p2) [Ip2 = pr| < [f(p2) — fF(p1) | < 1f (P1) |12 — p1 |

As in the papers, we only consider interactions between waves or fronts that are contained
in the domain

D = {(p,u,7) | P € [Pmin, Pmax], |u| < 00,7 € (1,7]},

IThis is the same Riemann invariants as used in [2] letting the constant k be equal to one.
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FIGURE 1. The rarefaction waves, R; and R3, and the shock waves, S and
S3, through the point (ry, s;).

where 0 < pmin < Pmax < 00 and 7 := sup(7yp) € (1,00) are constants. Thus, we have upper
and lower bounds on p, and can define the constants
(B.3) Q:= min_ f'(pmax) and M := max f'(pmin),

ye(1.7] YE(1,7]

only depending on puin, Pmax and 7. This gives us the following estimate
(B.4) Qlp2 —p1| <|(s2 —r2) = (s1=711) | < M p2 — p1 .

B.2. Estimates for interactions of Type Ba and Type Bb. We now prove the estimates
for interactions between two waves or fronts where no contact discontinuity is present. These
interactions are classified as Type Ba and Type Bb in the papers, and, more important, these
interactions are the same for the Glimm scheme and for front tracking. Thus, we will no
longer distinguish between waves and fronts, and we choose to use the term wave for the rest
of this section.

We follow the same notation as used in the papers: The two incoming waves connect
U; to U, with U; as the intermediate state. Since no contact discontinuity is present, the
interactions have at most two outgoing waves, a 1-wave connecting U; to the intermediate
state U, and a 3-wave connecting U to U,.

Interactions of Type Ba. These are the interactions where the incoming waves are of the
same family. There are six interactions of this form, where three are symmetric to one of the
others. Before we discuss each interaction, we define the constant

(B.5) C= Q min Cy,

ye(L]
where Cj is the positive constant in the estimates given in [2, Lemma 4] and @ and M are
given by (B.3). Thus, C' is a positive constant depending only on pmin, Pmax and 7.

(i) a1 +as — o + 1/, symmetric to 81 + f2 — p' + [': For this interaction we do not need
to use estimates from [2] because the estimates follows directly: We have p; < p; < p,
and p; < p < p,, see Figure 2, and the sum of the strengths of the incoming waves
equals the sum of the strengths of the outgoing waves. Therefore,

o' [ —lon | = |az| = =[]
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FIGURE 2. The interaction o + e — o’ + v/ in the (p, u)-plane.

(ii) «+ p, symmetric to v+ 8. This interaction has two possible combinations of outgoing
waves. In both cases we have an outgoing 3-shock wave connecting U to U,., thus,

- 1,0 . 1—gqg3 . 1
(B.6) Ip—p,-léQl(s—r)—(sr—rr)lz 0 Is—ST-ISQIS—ST-\,
since 0 < g3 < 1.
*Béb'\// U,
Uy\’\\QUl \\
AN !
N « \\
\\\\ N
NN B~
U N Ul \\\
N ~ T N
SO0« SN«
M\\\\\ \\\\
\\\\\\:\ PSS
\§7ﬁ* \Q§§
U/ U*7ﬂ*
p p

(c) In the (r, s)-plane: a+pu — p' + 3. (d) In the (r,s)-plane: a +p — o' + .

FI1GURE 3. The interaction a + p.



(B.7)

(B.10)
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o o+ p — u + B With respect to p, U, is in this case to the left of the 3-shock

wave starting at Uy, see Figure 3(a). The interaction is depicted in the (r, s)-plane
in Figure 3(c). From [2] we have that

1 N
|rl—7‘1|:q7|51—51|:(1+00)|3_37'|’
1

where Cy > 0 is a constant. Using this, we want to estimate |« | — |3’ | where the
strengths are measured in p. First, we have to introduce an auxiliary curve; let §*
be a copy of 3’ that starts at Uy, and let the point where 5* ends be U,. Then,
|| = |8"| = |p« — pi| in the (p,u)-plane, and r, =7 + 7 — r, and s, = § in the
(r, s)-plane. We get

1
@l =161 = Ip« =il 2 3715 = 72) = (51 = 71) |
1

- 1 .
= =] = = = =

1 . 1 -
=il = asls = s |12 12Cols = 50|

Y

Q ~ ~ /

—=Colp—p-|>C ,

2 Colb—pr|2C1F|

since 0 < ¢3 < 1 and we first used (B.7), then (B.6). Thus, we have proved that
8| = la| < =CI8'],

where C' given by (B.5) only depends on pmin, Pmax and 7.

a+ p — o + [4': With respect to p, U, is in this case to the right of the 3-shock
wave starting at U;. Figure 3(b) and Figure 3(d) show the interaction in the
(p, u)-plane and (r, s)-plane, respectively. Moreover, we have from [2] that

_ _ 1 _
|7"l—7"1|—|7‘l—r|:|7“—7“1|:q—|s—51|:(C’o—i-l)|s—s,~|7
1

for a constant Cy > 0. In order to obtain an estimate of || — || — |5'], we
again introduce an auxiliary curve §* which is a copy of ', starting at U; and
ending at U,. Then, we have |a| — |o/| — |f'| = |p« — D] in the (p, u)-plane, and
r« =r1+7—r, and s, = § in the (r, s)-plane. We get

_ 1 -
ol = o/ | =8| = Ips =P = 37 |(5x = 12) = (3 =7) |
1

:M|f—r1—f—|—m|

1 - -
==l =l =7l =|F =r]]
1 - -
= qfllr—ril=ln—71-gls— sl

1 ~
> O[5~ 5| 2 2 Colp—pi| 2 OIF |,
since 0 < g3 < 1 and we used (B.9) and (B.6). Hence,
o' |+ 16" —la| < =C 6],
where C given by (B.5) only depends on puin, Pmax and 7.

(iii) p+ «, symmetric to v + §: This interaction has two possible combinations of outgoing

waves.
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U
S
r r
(¢) In the (7, s)-plane: p+ a — p' + 3. (d) In the (r, s)-plane: p+a — o’ + 3.
FIGURE 4. The interaction u + a.

o i+ a — ' + [': With respect to p, U, is in this case to the left of the 3-shock
wave starting at Uj, see Figure 4(a). The interaction in the (r, s)-plane is depicted
in Figure 4(c), and from [2] we have

1 .
(B.11) \rl—m|:q—|sl—sr|:(1+Co)|s—sr|,
1

where Cy > 0 is a constant. Moreover, (B.6) also holds for this interaction because
it has an outgoing 3-shock wave connecting U to U,. As above, we introduce an
auxiliary curve 8* which is a copy of 3’, starting at U; and ending at U,. Then,
we have |a|— |0’ | = |pr — ps« | in the (p,u)-plane, and 7, = r; + 7. — 7 and s, = s,
in the (r, s)-plane. Furthermore,

1
|a|7|ﬂ,|:|p7”7p*‘ZM|(ST*TT)7(5*7T*>|

:M|7’1+7’r*f*7'r|:7||T1*Tr|*|7:*7”r||
1

~ 1 ~
:M||?"1*7'r|*%|5*8r||ZMCMS*SA

Q ~ = /
— — >
_MCO|p pr| > C|0,

\

since 0 < g3 < 1 and we used (B.11) and (B.6). Furthermore, the constant C is
given by (B.5) and depends only on pumin, Pmax and 7.
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e u+a— o + [ With respect to p, U, is in this case to the right of the 3-shock
wave starting at U;, and we use the same strategy as Nishida and Smoller [2]
replacing the interaction with a new one, 8 +a — o + 3, where 3 + @ connects
U, to U,. Figure 4(b) and Figure 4(d) show the interaction in the (p,w)-plane
and (r, s)-plane, respectively. The new interaction is of Type Bb which is covered
below, thus, we only need to show that

(B.12) @] +|B| - la] < ~C[B].

Let U denote the new intermediate state so that 3 connects U; to U and @& connects
U to U,. In the (r, s)-plane we then have from [2] that

(B.13) lri =7 | = |F =7 | > (14+Co)|si — 5],
for a constant Cy > 0. Moreover,

1—gs
Q

Once more we introduce an auxiliary curve, and now 3* is a copy of 3, starting
at Uy and ending at U,. Thus, |a|— [@|— |3| = [p — p« | in the (p,u)-plane, and
r« =11 +7— 7 and s, =S in the (r, s)-plane, and

B1) Pl < gl ) - G- =P s 5] < gl =),

- 1
‘a|_|a|_|ﬁ| |ﬁ_p*|2M|(§_?)_(s*_T*)|

1 _ ,
=M|r1+r—m—r|

1 —_— p—
=l = = = =

1 —_— p—
:M||7“1—7“r|—|7“—7“r\—Q3|Sl—S||

1 1 @ e olr
2M00|sl—s|ZMColpl—p|ZC|5|v

since 0 < g3 < 1 and we used (B.13) and (B.14). This proves (B.12) with C' given
by (B.5).

Interactions of Type Bb. These are the interactions between a 3-wave and a 1-wave. There
are four interactions of this kind, and one of these is symmetric to one of the others.

(i) v+p — p'+v': Since s and r are constant along 1- and 3-rarefaction waves, respectively,
we have

Tl:T17 ’F:r’ﬁ SIZST7 Sl:§)

as illustrated in Figure 5(b). Thus,

1 1 1
lu, — | = 5(3,,—1—7“,,)—5(5—1—77) :’2(8,«—5)
1( ) 1 Jr1 1
=|z(s1—8)|=|=s1—=s;+=r; — =7
5 (51— 81 551~ 5st 5 T gn

1 1
= 5(814—7"1)—5(8[4—7‘[) =|u; —uy|.
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(B.15)
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(a) In the (p,u)-plane: v+ pu — p' +v/. (b) In the (r, s)-plane: v+pu — u' +v'.

FI1GURE 5. The interaction v + p.

We furthermore know that a 3-rarefaction wave is steeper the smaller p is. Since
|up — @] = |uy —w | and p, < p1, we have
lwr — @] _ |ug — |

— > lpr =D <|p1 — 1],
|Prfp| |P1*pz\

hence, || < |v|. Figure 5(a) shows the interaction in the (p, u)-plane, and we observe
that

W l+vli=lpl+ | = W-lpl=1|-lv]<0.
Thus, we have proved the estimates
W<lpl and P <|v].

B+ a—a + 0 In [2], three different estimates are given in Riemann invariants for
this interaction, depending on which of three given regions the intermediate state U is
in. The positive constant C' in the estimates in [2, Lemma 4] will here be denoted by
Chs and may depend on . Furthermore, the three regions are denoted I, I1 and I11,
and they are shown in Figure 6(b). First, we introduce an auxiliary point U,: Let .
be a copy of « that starts at the point U;, and let 3, be a copy of 8 that ends at U,., as
shown in the (p, u)-plane in Figure 6(a). Then, the intersection point between «, and
B« is U*. In Figure 6(b), where the interaction is depicted in the (r, s)-plane, the solid
curves are the copy of «, a*, and the copy of the backward 3-shock wave connecting
Uy to U;. These two curves also intersect at U,, and they bound the three different
regions. We have that r, = r,. +r; —r; and s, = s; + s, — s1. Furthermore, due to the
properties of shock curves, p, < p, where U is the intersection point between o’ and
B'. Moreover, we have |a |+ |8'| = |a’ |+ |8] in the (p, u)-plane, hence

o | = la[ =18"| = 18] =D — P

If (7, 8) is in Region I, as in Figure 6(b), then 7 < r, and § > s., and we have from
[2] that

I =7 = |r =7 | < Cus(y = 1) re — 1| |51 — 51,
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(a) In the (p,u)-plane. (b) In the (r, s)-plane.
FIGURE 6. The interaction 8+ a — o' + .

1§ —sp | —[s1—s1| < Cous(y—=1) |11 =71 | |51 — 51,

where Cs is a positive constant. Thus,

p=pe| < G1G=7) = (s =) | = 56— s 7. =)
(B.16) =%(E—Sr—81+81+m+n—r1—f)
1. N
=§(|5—8r|—|Sz—81\+|7“l—7‘\—|7"1—m\)
<M|ﬁ—ﬁ||sl—81|.

- Q
For (7,5) in Region I, we have 7 > r, and § > s, and according to [2];
|r1 =7 = |r1 — 7| = —qe,
18 —sp| = [s1 =51 < Cus(y = 1) |r1 =i [[s1 — s1 ]+ qy,

where ¢, < ¢. and C\ is a positive constant.? Thus,

1
p=p-[ < FIE=7) = (5. =)

1 . _
(B'17) :a|8*5r781+81+7’l+m7r17r|

1. N
:@HS*SH*\51*51|+|?"1*T|*|T1*7"r||
1
S§|Cns(7*1)\7'1*TzHSl*Slan*qel
Chs(v—1
<M|rl—m||sl—sl|.

Finally, if (7, 3) is in Region IT1, then 7 < r, and § < s,, and from [2] we have

i =7 =lr =7 | < Cus(y =D Jr1 = e[ |se = s1] + g,

2The constants ge and g, correspond to the constants € and 7 in [2], respectively.
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|5 — 57| — |51 — 81| = —qe,

where g, < ¢. and C\ is a positive constant. Thus,

|ﬁ—p*\s$|<§—f>—<s*—r*>|

(B.18) =%|§—sr—sl+51—|—rl+rr—r1—1:|
1, . -
:a||3—5r|—\Sz—$1|+|7“l—7’|—|7"1—7“r||
< Gl Culy = Dl =il =1 + g,
SCHS%_DM—T;H&—SH.
From equation (B.15), together with estimates (B.16)—(B.18), we get

(iii)

2Chs(7 - 1)
Q

regardless of the region U is in. Furthermore, we have

o | = la| = 18" - 8] <

|1y — 1| st —s1],

V

1
|a|:|pr*p1|_M|(Srfrr)f(sl—r1)\

[y =) = (1= 50) | = 50— an) o1 = 7)1

Sis

where 0 < ¢; < 1, and

v
SEISES

181 =lpe =pr| = 72 [(s1 =70) = (51 = 71) |

1
(51 =51) = (n =) | = 771 = as) (s = s1) |,
where 0 < g3 < 1. Hence
o[ —Ja| = 18" = 18] < C1(F = 1) || ],

where
o 2M? ] Chs
' Q yZ?S@] (1—q)(1— %)7

only depends on Pmin, Pmax and 7.

v+ a — o + v, symmetric to 8+ p — p' + 3. As for the first interaction, we only
need to consider this interaction in the (p,u)-plane to obtain the estimates. First, we
introduce an auxiliary point U, as follows: Let a, be a copy of o that ends at the
point U,., and let v, be a copy of v/ starting at U;. Thus, a, and v, have the same
shape as o/ and v/, respectively, but start and end at different points, see Figure 7.
The intersection point between «, and v, is U,. Recall that slope of a 3-rarefaction
wave only depends on p and decreases as p increases. Since v starts at p; and v/ starts
at p, where p; < p, the first part of v is steeper than the first part of v/. The curve v*
has the same slope as v/, therefore, v, lies below v, as depicted in Figure 7. The slope
of a 1-shock wave depends both on the starting point and on p. The starting point of
o’ is less than the starting point of «, therefore, the first part of o’ is steeper than a.
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FIGURE 7. The interaction v + « — o’ + v/ in the (p,u)-plane.

Since ay has the same slope as o/, but ends in the same point as a, a, has to lie above
a. Thus, p, > p; and |V | — [V | = px — p1 > 0. Furthermore,
lal+ =l |+ [/ = |o'|=]a|=]v]-]],
hence
V' |-lvl=q¢ and [|d|-]a]=—q,
where ¢ > 0.

This concludes the detailed discussion of the estimates for interactions of Type Ba and
Type Bb, that is, the interactions between two waves not involving a contact discontinuity.
The remaining interactions between two waves are discussed in detail in Paper I. These are
the interactions of Type Bc; the interactions between a contact discontinuity and another
wave, also called ~v-collisions in Paper II.
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