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the solid phase, we show that the volume fractions can change only across contact
discontinuities. Then, we prove that the generalized Rankine-Hugoniot relations

?;%10}?:; fAow are reduced to the usual form. It turns out that shock waves and rarefaction waves
Nonconservative remain on one phase only, and the contact waves serve as a bridge between the two
Phase decomposition phases. By decomposing Riemann solutions into each phase, we show that Riemann
Generalized Rankine—-Hugoniot solutions can be constructed for large initial data. Furthermore, the Riemann
relations problem admits a unique solution for an appropriate choice of initial data.

Shock wave © 2014 Elsevier Inc. All rights reserved.

Riemann problem

1. Introduction
We counsider in this paper the Riemann problem for the following model of two-phase flows, see [6],

Or(agpg) + Ox(agpyuy) =0,

)]

(g pgtig) + O (g (ng§ +1g)) = pyOucrg,
Oy
Oy

Orps + Oz (psus) =0, xRt >0. (1.1)

(
(
(
(

The system (1.1) is obtained from the full model of two-phase flows, see [4,6], namely the gas phase and
the solid phase, by assuming that the flow is isentropic in both phases. The first and the third equation of
(1.1) describe the conservation of mass in each phase; the second and the fourth equation of (1.1) describe
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the balance of momentum in each phase; the last equation of (1.1) is the so-called compaction dynamics
equation. Throughout, we use the subscripts g and s to indicate the quantities in the gas phase and in the
solid phase, respectively. The notations ag, px, Uk, Pk, k = ¢, s, respectively, stand for the volume fraction,
density, velocity, and pressure in the k-phase, k = g, s. The volume fractions satisfy

as + oy =1 (1.2)
The system (1.1) has the form of nonconservative systems of balance laws
U+ AU)U, =0, (1.3)

for U = (pg,ug, ps, us, 0g), and A(U) is given at the beginning of Section 2. Weak solutions of such a
system can be understood in the sense of nonconservative products — a concept introduced by Dal Maso,
LeFloch and Murat [7]. In Section 2 we will brief this concept. Nonconservative systems can be used to
model multi-phase flows. Multi-phase flow models have attracted attention of many scientists not only for
the study theoretical problems such as existence, uniqueness, stability, and constructions of solutions, but
also numerical approximations of the solutions. In the case of two-phase flow models, there may be two
classes: the class of one-fluid models of two-phase flows and the class of two-fluid models of two-phase flows.
The situation is similar to multi-phase flow models. Both classes are of nonconservative form, but there
is a major difference between the two. That is, one-pressure models of two-phase flows are in general not
hyperbolic (see [12]), but two-pressure models of two-phase flows such as (1.1) are hyperbolic and strictly
hyperbolic except on a finite number of hyper-surfaces of the phase domain. Moreover, the characteristic
fields of two-phase flow models such as (1.1) have explicit forms. This raises the hope for the study of the
two-pressure models of two-phase flows: the theory of shock waves for hyperbolic systems of conservation
laws may be developed to study these hyperbolic models. In the numerical approximations, numerical
schemes employing an explicit form of characteristic fields, such as Roe-type schemes, can be implemented.
Therefore, the model (1.1), having applications in the modeling of the deflagration-to-detonation transition
(DDT) in granular explosives, is worth to study.

In this paper, we will present a method to construct solutions of the Riemann problem for the two-phase
flow model (1.1) using a phase decomposition approach. Observe that the construction of solutions of the
Riemann problem for hyperbolic systems when the solution vector has dimension larger than three is in
general very complicated. The solution vector of (1.1) has dimension five, so how to work through? It is very
interesting that in the system (1.1), four characteristic fields depend only on one phase, either gas or solid.
This allows the waves associated with these characteristic fields to change only in one phase and remain
constants in the other. This motivates us to propose a phase decomposition approach to build Riemann
solutions of (1.1), where waves associated with the 5th characteristic field will then be used as a “bridge”
to connect between the two phases. Precisely, we first investigate the impact of the jump conditions of the
conservation equations in the solid phase. This leads us to a crucial conclusion that across a discontinuity,
either the volume fractions remain constant, or the discontinuity is a contact wave. The first case yields
the usual form of the jump relations for shock waves. In the later case we can also point out that the jump
relations have the canonical form, by using a regularization method. Then, by a decomposition technique,
we can separate the Riemann solutions in each phase, where the two phases are now constraint to each other
via the solid contact. So, one can see that the solid contact in this method serves as a “bridge” to connect
between the group of solid components and the group of gas components of the Riemann solutions. As usual,
Riemann solutions are made from fundamental waves: shock waves, contact discontinuities, and rarefaction
waves. Shock waves and contact discontinuities are weak solutions in the sense of nonconservative products
and are of the usual form
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U_, forxz <ot
_ ’ ) 1.4
Ulw.?) { Us, for x> ot, (14)

for some constant states Uy and a constant shock speed 0. We will show that shock waves and contact waves
will be of path-independence. This allows us to determine uniquely these waves. The fact that the Riemann
solutions in this work can be understood in the sense of nonconservative product makes us believe that this
work will give a certain contribution to the theory of hyperbolic systems of balance laws in nonconservative
forms. Since these Riemann solutions are constructed in a deterministic way, they would be effectively used
in studying the front tracking method, the Glimm scheme, or Godunov-type schemes.

We observe that hyperbolic models in nonconservative forms have attracted many authors. The earlier
works concerning nonconservative systems were carried out in [13,14,18,10]. The Riemann problem for the
model of a fluid in a nozzle with discontinuous cross-section was solved in [15] for the isentropic case, and
in [21] for the non-isentropic case. The Riemann problem for shallow water equations with discontinuous
topography was solved in [16,17]. The Riemann problem for a general system in nonconservative form was
studied by [8]. In [3,19], some Riemann solutions of the Baer-Nunziato model of two-phase flows were
constructed. Two-fluid models of two-phase flows were studied in [12,20]. Numerical approximations for
two-phase flows were considered in [5,2,9,23,22,24]. See also the references therein.

The organization of this paper is as follows. Section 2 provides us with basic properties of the system
(1.1), and we recall the definition of weak solutions in the sense of nonconservative products. In Section 3 we
study the jump relations by using phase decomposition. We will show that the generalized Rankine-Hugoniot
relations can be reduced to the usual ones in the canonical form. Then, we define elementary waves that
make up Riemann solutions. In Section 4 we use phase decomposition to construct all possible Riemann
solutions, which can be done in each phase separately.

2. Preliminaries
2.1. Characteristic fields

When as =0 or ay = 0, the system (1.1) is reduced to the usual isentropic gas dynamics equations, and
the Riemann problem has been well-treated. For simplicity, we assume in the sequel that

ag >0, g > 0. (2.1)

This means that the flow always has exactly two phases. Furthermore, we will assume that the fluid in each
phase is isentropic and ideal, where the equation of state is given by

pe = kP, ke > 0,7 > 1,k =s,9. (2.2)
For smooth solutions, under the assumptions (2.1), the system (1.1) is equivalent to the following system

pg(Uug — us)

Oipg + ugOzpg + pgOrug + " Oz =0,
g

Oug + hy(pg)Oupg + ugOpuy = 0,

Osps + usO0pps + psOputs = 0,

8tu8 + hg(ps)azps + usaxus + Pg — Ps aa:ag = 07

sPs

Orag +us0z00 =0, 2€R,t>0, (2.3)
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where hy is given by

() = Pi(p)

From (2.3), choosing the dependent variable
U = (pg, ug, ps, Us, g) € R?,
we can re-write the system (1.1) as a system of balance laws in nonconservative form as
U+ AU)U, =0,
where

Pg(ug—us)

Ug Py 0 0

Qg

hy(pg)  ug 0 0 0

AU) = 0 0  us ps 0
0 0 M) uw B

0 0 0 0 Ug

Observe that if ag =0, or ag = 0, then the matrix A(U) is undefined.
Now, let us recall the concept of weak solutions of a nonconservative system of the form (2.4) for the

general case U € RY in the sense of nonconservative products. Given a family of Lipschitz paths ¢ :
[0,1] x RY x RY — R¥ satisfying

o(0;U,V)=U  o(LLU V)=V,

|0:0(s;U, V)| < K|V - U],
|856(s; U1, Vi) = 85¢(s; Ua, Vo) | < K (Vi = Va| + |Ur = Us),

(2.5)

for some constant K > 0, and for all s € [0,1],U, V,U;,Us, Vi, Vo € RY. Let U be a function with bounded
variation in an interval [a,b] C R (in the following we will call it a BV-function for simplicity), then dU is
a Borel measure which coincides with the distributional derivative of U, i.e.,

b b
/Ugo'dx:—/godU, Vo € C°la, b]

a a

(see [1]). The nonconservative product of a locally Borel bounded function and a Borel measure is given as
follows, see [7].

Definition 2.1. Let U = U(z), = € [a, b], be a function with bounded variation. Then, the nonconservative
product p := [g(U) - dU], of a locally Borel bounded function g : RV — R¥ by the vector-valued Borel

measure dU is a real-valued bounded Borel measure p with the following properties:

(i) For any Borel set B, s.t. U is continuous on B:

u(B) = [ gU)av (2.6)
/
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(ii) For any z € [a,b]:

1
w(zo) = /g(¢(85U(!Eo—)aU($0+)))as¢(8;U(fo—)»U(I()+))d8 (2.7)
0

Weak solutions can be understood in the sense of nonconservative products as follows, see [14].

Definition 2.2. A function U € L™ N BV,.(R x R, ,RY) is called a weak solution of the system in noncon-
servative form

U +AU)U, =0, U=U(z,t)eRY
if the Borel measure

aU + [A(U( 1)U (1),

is equal to zero.

Let us consider now the hyperbolicity of the system (2.4). The characteristic equation of the matrix A(U)
in (2.4) is given by

(us — A ((ug = X)? = ) ((us — A)* = p}) =0,
which admits five roots as

Al(U):ugf\/plg7 )‘Q(U):ug+ plg7

MU) =us — /by MU)=us +ph  As(U) = us. (2.9)

The corresponding right eigenvectors can be chosen as

—Pyg Py
\/Py(Pg) \/ Py (Pg)
ri(U) = p 0 ;o rU)=up 0 ;
0 0
0 0
0 0
0 0
r3(U) =v —ps , ry(U) =v Ps )
Pi(ps) Pi(ps)
0 0
—(ug — us)?pgarsply(ps)
(ug — “5)p;(Pg)p{s (ps)as
r5(U) = | (0s(ps) — pg(pg)) ((ug — us)® — py(pg))ey | (2.10)

0
((ug — us)? = P (pg))agerspl(ps)

where
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Fig. 1. The projection of the phase domain in the (pg, ug,us)-space and the projection of its intersection with the hyper-plane

us = constant in the (pgy, uy)-plane.
I~
2 pg (pg)

— pl(pg)pg + 20, (pg)’

_ 2:/p% (Ps)
P (ps)ps + 204 (ps)

1

It is not difficult to check that the eigenvectors r;, i = 1,2, 3,4, 5 are linearly independent. Thus, the system
is hyperbolic. Furthermore, it holds that

A3 < A < A4

However, the eigenvalues A5 may coincide with either A\; or As on a certain hyper-surface of the phase
domain, called the resonant surface. Due to the change of order of these eigenvalues, we set

Y ={U| X(U) = Xs(U)}. (2.11)

The system is thus strictly hyperbolic in each domain (2;, i = 1,2, 3, but fails to be strictly hyperbolic on
the resonant surface

Ti=Y, U¥_. (2.12)

Let us take an arbitrary and fixed value of the solid velocity usg. It will be useful to consider the phase
domain in the hyper-plane v, = us9. We denote by G;,C+ and C the projection in the (pg, u4)-plane of the
intersection of the hyper-plane us; = ugg with the sets £2;, X'y and X, i = 1,2, 3, respectively, see Fig. 1.

On the other hand, it is not difficult to verify that

D)\l(U)Tz(U):l, i:1,2,3,4,
D)\5(U) . 7"5(U) = O, (213)

so that the first, second, third, fourth characteristic fields (\;(U),r;(U)), i = 1,2, 3,4, are genuinely nonlin-
ear, while the fifth characteristic field (A5(U),r5(U)) is linearly degenerate.
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2.2. Rarefaction waves

Next, let us look for rarefaction waves of the system (2.4). These waves are the continuous piecewise-
smooth self-similar solutions of (1.1) associated with nonlinear characteristic fields, which have the form

Ulz,t) = V(€), &= %,t >0,z R
Substituting this into (2.4), we can see that rarefaction waves are solutions of the following initial-value
problem for ordinary differential equations

T —n(v©). €2 Mla)i=123.4,
v OuT) = U (2.14)

Thus, the integral curve of the first characteristic field is given by

dpy(€) =24 /py(pg)

dg B Pg(ﬂg)Pg + 2plg(P9

)Pg(f) < 07

dug(§) ZM /
s pypg)pg + 20y (pg) \/m >0,

dps(§) _ dus(§) _dag(§) (2.15)

dé dé dé

This implies that p,,us,a, are constant through 1-rarefaction waves, p, is strictly decreasing with re-
spect to &, and ug is strictly increasing with respect to . Moreover, since p, is strictly monotone though
1-rarefaction waves, we can use pg as a parameter of the integral curve

du, _ —\/PslPa) 2.16)

dpg Pg

The integral curve (2.16) determines the forward curve of 1-rarefaction wave R1(Uy) consisting of all right-
hand states that can be connected to the left-hand state Uy using 1-rarefaction waves

RV
Ri(Uo):  ug = wi((pgo,ug0); pg) = tugo — / W Pe < P, (2.17)
Pg0

where p, < pgo follows from the condition that the characteristic speed must be increasing through a
rarefaction fan.

Similarly, ps, us, ag are constant through 2-rarefaction waves. The backward curve of 2-rarefaction wave
R2(Up) consisting of all left-hand states that can be connected to the right-hand state Uy using 2-rarefaction
waves is given by

()
R2(Uo):  ug = w2((pgo,ugo); pg) = u90+/

Pgo

dy,  pg < pgo- (2.18)
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In the same way, pg,ug,ay are constant through 3- and 4-rarefaction waves. The forward curve of
3-rarefaction wave Rs(Up) consisting of all right-hand states that can be connected to the left-hand state
Uy using 3-rarefaction waves is given by

ps
R3(UO): Us = w3((p507u50)§ps) = Uso — / pTS(y)dyv Ps < Pso- (219)
Pso

The backward curve of 4-rarefaction wave R4(Up) consisting of all left-hand states that can be connected
to the right-hand state Uy using 4-rarefaction waves is given by

VP (2.20)

/
;(y) dy, ps < pso-

Ps
Ra(Uo): s = wa((pso, Uso); ps) := tso + /
Pso

3. Phase decomposition for jump relations and elementary waves

Given a discontinuity of (1.1) of the form (1.4) in the sense of nonconservative product, this discontinuity
satisfies the generalized Rankine-Hugoniot relations for a given family of Lipschitz paths. We will show that
these generalized Rankine-Hugoniot relations will be reduced to the usual ones.

3.1. Phase decomposition for shock waves

Let us first consider the conservative equations in the solid phase of (1.1), which are the equation of
conservation of mass and the compaction dynamics equation. Since these equations are of conservative form,
the generalized Rankine-Hugoniot relations corresponding to any family of Lipschitz path must coincide
with the usual ones. This means that the following jump relations hold

—J[OZS[JS] + [aspsus] = 07
—U[ps] + [psus} =0, (3.1)

where o is the shock speed, [A] = Ay — A_, and Ay denote the values on the right and left of the jump on
the quantity A. Eq. (3.1) can be rewritten as

[asps(us - U)] =0,
[ps(us — )] =0,

or

ps(us — o) = M = constant,

Mlo,] = 0. (3.2)

The second equation of (3.2) implies that either M = 0 or [as] = 0. Since ps; > 0, one obtains the following
conclusion: across any discontinuity (1.4) of (1.1)

— either [as] =0, or wus;= o0 = constant. (3.3)

It is derived from (3.3) that if [os] = 0, then the volume fractions remain constant across the discontinuity.
The system (1.1) is therefore reduced to the two independent sets of isentropic gas dynamics equations in
both phases
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Oipg + 0z (pgug) = 0,

O¢(pgig) + Ox (pguz +pg) =0,

Orps + 0z (psus) = 0,

O (psus) + Oy (psui +ps) =0, zcR,t>0. (3.4)

This implies that ps, us, ag are constant through 1- and 2-shock waves, while pgy,uq, g are constant through
3- and 4-shock waves.

Given a left-hand state Uy, let us denote by S;(Up), ¢ = 1,3 the forward shock curves consisting of all
right-hand states U that can be connected to the left-hand state Uy by an i-Lax shock, ¢ = 1,3, and by
S;(Uo), j = 2,4 the backward shock curves consisting of all left-hand states U that can be connected to the
right-hand state Uy by a j-Lax shock, 7 = 2,4. These curves are given by:

S1(Uo): ug = Wl((PQOa“90>§P9) = Ugo — ((pg —pz)ogopg &l > » Pg > Pgos

SaU0): 1y = (g ) ) = g + (L0 =0 ) o> b,

S3(Up): us = w3((ﬂso, Uso);,os) = Uso — ((ps —p;)S)O(pp: — p50)>1/2, Ps > Pso,

Sa(Uo): us = wa((pso; ts0); ps) = tso + <<p5 _pj’s)o(: - p30)>1/2’ Ps > Pso- (3.5)

From (2.17)—(2.20) and (3.5), we can now define the forward wave curves issuing from Uy as

W (Us) = R2(Up) U S2(Uh),
Wa(Uo) = Ra(Us) U Sa(Uo). (3.7)

These curves are parameterized in such a way that the velocity is given as a function of the density in each
phase, under the form u = w;(Ug;p), p > 0, i = 1,2,3,4. It is not difficult to check that w;, w3 are strictly
decreasing; and that ws, wy are strictly increasing.

Summarizing the above argument, we get the following result.

Lemma 3.1. Through an i-wave (shock or rarefaction), i = 1,2, the quantities ps,us,cq are constant.
Through a j-wave (shock or rarefaction), j = 3,4, the quantities py, ug, oy are constant. The wave curves
Wi(Up), i = 1,2,3,4, associated with the genuinely nonlinear characteristic fields issuing from a given state
Uy are given by (3.6) and (3.7).

The following result shows that the shock speeds of shock waves associated with nonlinear characteristic
fields may alter the order with the speed of contact waves.

Proposition 3.2. Consider the projection of the hyper-plane us = usg, for an arbitrarily fived ugg, in the
(pg, ug)-plane. The following conclusions hold.
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(a) For any state Uy = (pgo,ugo) € G1, there exists a unique state denoted by Ug# = (pjf)7 u’jo) € S§1(Up)NGa,
“g#o > ugo such that the 1-shock speed o1 (U, US#E) coincides with the characteristic speed )\5(U8#). More

precisely,
(UOvU#) s (UF),
(U0, U) > Xs(UF). p e (po,pl),
100, U) < Xs(UY), pe (pf+00). (3.8)

(b) For any state Uy = (pgo, ugo) € G, there exists a unique state denoted by Ug = (9207 ugo) € 85 (Up)NGa,
Usg < uso such that the 2-shock speed o2(Uy, Ug) coincides with the characteristic speed )\5(Ug). More
precisely,

UQ(UO Ug) /\5((]51)7
02 < /\5(U8)7 pEe (pOap(h))a
o2(Uo, U) > X5 (Ug) pE (pg, +00). (3.9)

9

We omit the proof, since it is similar to the one of Proposition 2.4 [15].
3.2. Jump relations for contact waves

Let us now consider the second equation of (3.3) where [a] # 0. We will show that this is the case of a
contact discontinuity associated with the fifth characteristic field.

Theorem 3.3. Let U be a contact discontinuity of the form (1./) associated with the linearly degenerate
characteristic field (\s,rs), that is, [as] # 0 and Uy belongs to the same trajectory of the integral field of
the 5th characteristic field. Then, U is a weak solution of (1.1) in the sense of nonconservative products and
independent of paths. Moreover, this contact discontinuity U satisfies the jump relations in the usual form

Us+ = O,

[agpg(ug — us)] =0,
[(ug - us)2 + 2h9} =0
[mu!] + QgPg + asps] = Oa (310)

where m is a constant given by
m = agpg(ug — us).

Proof. Consider the integral curve corresponding to the 5th family passing through U_

VO —r(V©). €2 i 2all),
V(&) = U o

A (unique) solution V =V (£) of (3.11) always exists on a certain interval [y, &;], where & > &. Let

Up =V(&).
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Since [as] # 0, it follows from (3.2) that the first equation of (3.10) holds. Moreover, it is derived from
(2.13) that

dAs(V(£))
dg

— D (v(©) - & — DA () - s (V)

b 0.

This means that the 5th characteristic speed remains constant through trajectory of (3.11). Next, let
N : [€0,&1] = R be any smooth function. We define a function

Uz, t) =V (n(z — ot)) = W(z — ot). (3.12)
Then U is the classical solution of (2.4) with the smooth initial data
U(x,O):VO’I](lL'):W(IL'), T e [&Jagl]'

Actually, it holds that, for £ =z — ot

Uy + A(U)U, = =Ve(n'o + A(V(E))Ve(©)n' (€)
= (—Io+ A(V(9)) Ve(©)n' (&)
= (=X (V&) + A(V(£))rs(V(&)n' () =0,

where the last equation is deduced from the fact that A5 remains constant across the trajectory (3.11). For
such a smooth solution U as in (3.12), the system (1.1) becomes

—a(agpg)' + (agpgug) =0,

(
—o(agpgug) + (0‘9 (pgu +pg))/ :pga;,
—o (o

) ( epsue) =0,
—O'(Olspsus) + (Oés (PSUS +ps))/ = _pga;p
—apl, + (psus)’ = 0. (3.13)

The first equation of (3.13) can be re-written in the divergence form as
(agpg(ug — U)), =0, (3.14)

which implies

(agpg(ug — o)) = m = constant. (3.15)
The second equation of (3.13) is expressed as

(argpgug(ug — ‘7)), + agply + pa0ly = pycy
Using (3.14) and (3.15), and canceling the terms, we get from the last equation
(mug)' + agply =0

or, since m is constant,
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mauy + agpy, = 0.
Using (3.15) in a reverse way, we obtain from the last equation
(agpg(ug — o)) ugy + agp, = 0.

Canceling ay > 0 from the last equation to get

po(ug — o)y +py =0,
or

(ug — o)uy + pj/pg = 0.
The last equation yields the following equation in divergence form

/
((ug — o) +2hy) =0, hy = py/pg- (3.16)

The third and the fifth equations of (3.13) are trivial, since o = ugs = constant, we discard them. Consider
the fourth equation of (3.13). Adding up the second equation to the fourth equation of (3.13) we obtain the
conservation of momentum of the mixture

—o(agpgug) + (O‘g (Pgug + pg))/ — o(aspsus) + (as (pstﬁ ers))/ =0.

The last equation can be simplified using (3.14) and that us = o as follows
!/ !
(agpgug(ug - 0)) + (agpg) + (asps(“s —0)) + (asps) =0,
or
(mug + agpg + asps) = 0. (3.17)

We have established that the system (1.1) for the traveling wave solution is reduced to the system
(3.14)—(3.17):

(agpg(ug — 0))l =0,
((ug - ‘7)2 + 2hg)/ =0,
(mug + agpg + asps)’ =0, (3.18)

where m is given by (3.15). Since (3.18) has a divergence form, it is independent of paths, if U is considered
as a weak solution in the sense of nonconservative products.
Now, let 1. be a sequence of smooth functions such that

&, forz <0,
. 1
ne(x) — { €. forz>0 ase —0 (3.19)

Then, it holds that

We(z) = Von(x) = Wo(z) = (3.20)

V(&) =U-, forz<0,
V(&) =Uy, forax>0.
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As seen in the above argument, we obtain the sequence of corresponding smooth solutions U.(z,t) =
We(x — ot) =V one(x — ot) of (1.1) that satisfy Egs. (3.18). Let U still stand for U (z,t) in (3.18). Then,
passing to the limit of (3.18) for U = U.(z,t) as € — 0, we obtain the jump relations (3.10). Due to
the stability result of weak solutions in the sense of nonconservative products (see Theorem 2.2 [7]), the
function of the form (1.4), where the jump relations (3.10) hold, is a weak solution of the system (1.1) and
independent of paths. O

In the sequel, we fix one state Uy and look for any state U that can be connected with Uy by a contact
discontinuity. As seen above, the state U satisfies the equations

agpg(ug — us) = agopgo(ugo — us) = m,
(ug — us)? + 2hy = (ugo — uso)® + 2hgo, (3.21)
and

p, = Cs0Ps0 — [ty + agpg] (3.22)

As

The quantities in the gas phase can be found using (3.21). Then, the solid pressure is given by (3.22), and
therefore the solid density can be calculated by using the equation of state (2.2).

3.8. Contact waves and admissibility criterion

Not all the jumps satisfying (3.10) are admissible. In the rest of this section we will investigate properties
of contact waves as well as the admissibility criterion for contact discontinuities.

For simplicity, in the rest of this section we will drop the subindex “g” for the quantities in the gas phase.
It follows from (3.21) that the gas density is a root of the nonlinear algebraic equation

2K _ _ 1/2 ap(ug — Ug
Pt pra) = sl — ) (0 = 0)? = 20 (77 =y ) pm I o (o
Let us investigate properties of the function F'(Uy, p, @). First, the domain of this function is given by

2K _ _
(g — us)? — —(p7=1 = g2~ 1) > 0.
v—1
That is

1

= -1 1\t
p < p(Uo) == ( 2y (uo — us)® + pg ) .

A straightforward calculation shows that

oF (Uo, p;a) (uo — us)® — 732 (0t =py ) = mypt
- K _ -1
9p ((wo = us)? = 254 (p7=1 — pg )12

Consider first the case ug — us > 0. Then, the last expression yields

OF (Uo, p; )
dp

OF (Uo, p; )
dp

> 0, p < pmax<p07u0>7

<0, p> pmax<p07u0)7
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where

Y- 1 2 2 '7—1) ot
max ) =\ T —Ug)" + —— . 3.24
praslpos o) = (o = )+ (3.21

The values of F' at the limits are given by

F(U()?p:Ova) :F(Uovp:ﬁva) = _M

Thus, the function p — F(Up, p; @) admits a root if and only if the maximum value is non-negative:
F(Uo, p = pmax, ) > 0.
In other words,

& 2 in (Ug) 1= —200ft0 —ts] (3.25)

VEY Pz (o, o)

Similar argument can be made for ug — us < 0.
The following lemma characterizes the properties of roots of Eq. (3.23).

Lemma 3.4. (i) The function F(Uy, p,c) in (3.23) admits a zero if and only if a > amin(Up). In this case,
F(Uy, p, ) admits two distinct zeros, denoted by p = p1(Up, @), p = 2(Uy, ) such that

©1(Uo, @) < pmax(Uo) < p2(Up, ) (3.26)
the equality in (3.26) holds only if @ = amin(Up).
(i) The state (p1(Up,a),u = us + m/api1(Up,a)) € G1 if ug > us, and the state (¢1(Up, ),
u=1us +m/ap1(Up,a)) € Gs if ug < us; the state (w2 (Uy, @), u = us + m/aps(Up, ) € Gs.

(iii)
— If a > ag, then
©1(Up, @) < po < w2(Up, @).
— If a < ag, then

po < ¢1(Ug, )  for (po,uo) € G1 UGS,
po > @2(Ug, ) for (po,uo) € Ga.

(iv) Given usa, and let amin(p,u) be defined as in (3.25). The following conclusions hold

amin(p,u) < a, (p,u) € Gii=1,2,3,
amin(pa U) = aQ, (pa U) c Ca
amin(pa u) =0, u=0.

The proof of Lemma 3.4 is omitted, since it is similar to the ones in [15].
Arguing similarly as in [15], one can construct a two-parameter family of solutions using shock waves,
rarefaction waves and contact discontinuities. This is because there are two possible choices of contact
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discontinuities, as seen by Lemma 3.4. Therefore, to select a unique stationary wave, we need the following
admissibility criterion. Observe that the equations of (3.21) also define a curve

p—=a=aU_,p), (3.27)

where U_ = Uy and p varies between p1. We will postulate the following admissibility criterion for contact
waves.

(MC) Through any contact wave connecting Uy, the volume fraction « given by (3.27) as a function of p
must vary monotonically in p between the two values p— and p4. Furthermore, the total variation of
the volume fraction o of any Riemann solution must not exceed |ag — ar|.

A similar criterion was used in [15,21,10,11]. Given ug, Uy = (pog, uo), g, v, we denote by
T(U(), Qq, a) = (pv u, Oé)

a state on the other side of the 5-contact wave from (pg, ug, o) satistying the (MC) criterion. In view of
Lemma 3.4, T(Up, ap, @) is a single point except on the resonant surface, where it consists of two points.
In discussing about the location of point sin the (p,u)-plane, we still refer to 1’ (Up, ag, @) as its projection
onto this plane. The location of 7(Uy, a, @) is given in the following lemma.

Lemma 3.5. Given us, Uy = (po,uo), o, @, let
T(UOa Qp, Oé) = (p7 u, O{)

be a state on the other side of the 5-contact wave from (po,uo, o) satisfying the (MC) criterion. It holds
that

(i) If Uy € G1 UGs, then the admissible 5-contact satisfying the (MC) criterion corresponds to the zero
o(Up, @) = v1(Uy, @) defined by Lemma 3.4. This means that T (Uy, ag, ) € G1 U Gs.
(ic) If Uy € Go, then the admissible 5-contact satisfying the (MC) criterion corresponds to the zero
©(Up, ) = pa(Uy, ) defined by Lemma 3.4. This means that T (Uy, ap, ) € Gs.
(#ii) It holds that

T(UOa g, amin(UO)) S C.i,_, ug > Ug,
T(Uo, g, amin(UO)) eC_, wup<us.

Proof. Since the proofs of (i) and (ii) are similar to the ones of Lemma 4.1 in [15], they are omitted.
For any given Uy = (po, up) and «g, according to the part (i) of Lemma 3.4, it holds that

©1(Uo, @) = pmax(Uo) = p2(Uo, ).

This means that the states on the other side of the 5-contacts from Uy with gas volume fraction «q to
a state with gas volume fraction amin(Up) coincide and so admissible. In our notations, it is denoted by
T (Uy, 2o, min(Up)). According to the part (ii), the state 1 (Up, g, min(Up)) must be on the curve C.
Furthermore, since the state 7' (Up, ag, min(Up)) and Uy must lie on the same side with respect to the line
u = ug in the (p, u)-plane, the conclusion follows. O

The above argument leads to defining elementary waves of the system (1.1), which make up solutions of
the Riemann problem.
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Definition 3.6. (a) (Elementary waves) The elementary waves of the system (1.1) are

o i-Lax shock waves, i = 1,2, 3, 4;
e i-rarefaction waves, i = 1,2, 3,4;
o admissible 5-contact waves satisfying the criterion (MC).

(b) (Riemann solutions) Riemann solutions of (1.1) are made of elementary waves and are constraint
with the criterion (MC).

4. Solving the Riemann problem via phase decomposition
4.1. Notations

Throughout this section, we will use the following notations:

(i) Wi(U;,Uj) (Sk(Ui,Uj), R (Us, Uj)) denotes a k-wave (k-shock, or k-rarefaction wave, respectively) con-
necting the left-hand state U; to the right-hand state U;;

(ii) W (U;,U;)@W,,(Uj, Uy) indicates that there is an m-wave from the left-hand state U; to the right-hand
state Uy, followed by an n-wave from the left-hand state U; to the right-hand state Uy,.

4.2. Phase decomposition

Recall from Lemma 3.1 that

— Through i-Lax shock waves and i-rarefaction waves, i = 1, 2, the quantities in the solid phase ps, us and
s Temain constant;

— Through j-Lax shock waves and j-rarefaction waves, j = 3,4, the quantities in the gas phase pg4, uy and
oy remain constant.

Clearly, the fact that the gas volume fraction remains constant is the same as that the solid volume
fraction remains constant. Only 5-contacts involve quantities in both phases, and so the 5-contacts conserve
as a “bridge” to provide a connection between the two phases. This suggests us that we can consider the
wave structure in each phase separately. In other words, we use a phase decomposition approach to treat
the Riemann problem. Without any confusion, when considering separately a phase, we still use the letter
U to denote a state in that phase.

Precisely, quantities in the solid phase involve only in the 3rd, 4th and 5th characteristic fields, where

/\3(U) < /\5(U) < )\4(U),

for all U in the phase domain. Thus, solid components in any Riemann solution involve only in these 3
families of waves which are separated by four constant states Up, Vi = (ps+,us+), Ur, as illustrated by
Fig. 2. One has in the solid phase

V.= (ps,,us,) S Wg(UL), V+ = (pH,uH) € W4(UR> (41)
Therefore, since u, remains constant across the 5-contact, it holds that

Us— = w3 ((psr, UsL); Ps—) = Us,

Usy = wi((PsRr, UsR); Pst) = Us, (4.2)

where w3, wy are given by (2.19)-(2.20) and (3.5).
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0

Fig. 2. Solid components of a Riemann solution in the (z, t)-plane.

0

Fig. 3. Case 1: gas components of a Riemann solution in the (z, t)-plane.

Quantities in the gas phase also involve only in the 3 families of waves from the 1st, 2nd, and 5th
characteristic fields. However, although

/\1(U) < /\Q(U),

for all U in the phase domain, the values A5(U) can be in any order with A;(U) and Ay(U). This requires
us to consider several cases as in the following.

Case 1: the contact wave lies between the two nonlinear waves This case represents a situation where a
5-contact wave lies in the middle region between a 1-wave and a 2-wave, see Fig. 3. Since

U- = (pg—s ug—) € Wi(UL), Ut = (pg+,ug+) € Wa(Ur), (4.3)
it holds that
tg— = wi((pgrsugL); Pg—),
ugy = w2 ((pgrsUgR); Pot ) (4.4)

where wy, w9 are given by (2.17)-(2.18) and (3.5). From two equations in (4.2), two equations in (4.4), and
two equations in (3.21) determine the 5 quantities

Pg+, Ug+, Us-

Observe that this is an over-determined system, since us+ = us.
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0

Fig. 4. Case 2: gas components of a Riemann solution in the (z, t)-plane.

t A

o

Fig. 5. Case 3: gas components of a Riemann solution in the (z, t)-plane.

Case 2: the contact wave lies on the left of the two nonlinear waves This case represents a situation where
a H-contact wave lies on the left of both waves in nonlinear families, see Fig. 4. One has

U- = (pg—sug—) = (pgrL, UgL),
{U1} = Wi (Uy) N Wa(Ug). (4.5)

From two equations in (4.2) and two equations in (3.21) determine the 3 quantities
Pg+>  Ugts Us:
Again, this is also an over-determined system, since us+ = us. The state U; can be determined easily.

Case 3: the contact wave lies on the right of the two nonlinear waves This case represents a situation
where a 5-contact wave lies on the right of both waves in nonlinear families, see Fig. 5. One has

Ut = (pg+:ug+) = (PgL, UgL),
{Ul}:)/\/l(UL)ﬂWQ(U,). (46)

From two equations in (4.2) and two equations in (3.21) determine the 3 quantities

Pg—s Ug—, Us.

Again, this is also an over-determined system, since us+ = us. The state U; can be determined easily.
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Case 4: collision of waves This case represents a situation where a there are three waves of the same speed,
where two 5-contacts enclose a shock wave. We just consider the case where a 5-contact from Uy, € G; to
a state U; € G; with an intermediate value of volume fraction « between oy, and ap, followed by a 1-wave
from Uy to Us € Gy with shock speed o1(Uy,Us) = A5(Ut), then followed by another 5-contact from Us to
a state Us € Go, and finally arrive at Ur by a 2-wave, see Construction N3 below.

One has

(pg—aug—) = (PgLvugL)7

so Uy depends on the intermediate value of the gas volume fraction « only: Uy = Uj(a). Then Us; is
determined immediately using (3.8), and Us also depends only on «, i.e., Us = Us(«). From two equations
in (4.2), two equations in (3.21) for the second 5-contact between Us and Us, and one equation from

Uz € WQ(UR)

one can determines the 4 quantities

Pg3, Ug3, Us, .

Then, other quantities can be calculated.
Other similar cases will be treated in the same way.

4.8. Solid components of Riemann solutions

Since this subsection deal with mainly the solid phase, for simplicity, in this subsection, we will refer to
the components of Riemann solutions in the solid phase as Riemann solutions. From any U € W5(Up,), one

can use an admissible contact wave to jump to a state U. These states U form a curve in the (ps, us)-plane,
denoted by W5, (UL). Let

Uy € Wa (U) N Wy (Ug). (4.7)

By definition of W54 (UL), there exists a state U_ € W5(UL) such that the state U_ is connected to Uy
be a contact wave. The Riemann solution will be a 3-wave from U to U_, followed by a contact from U_
to UL, and then followed by a 4-wave from U, to Ug. Using the notations, one has

W3(Ur, U-) ®@ Ws(U-,Us) ® Wa(Uy, Ug). (4.8)

See Fig. 6. Whenever the contact wave is well-determined, solid components of Riemann solutions can be
constructed for any initial data, by allowing that a vacuum can occur.

4.4. Gas components of Riemann solutions

By phase decomposition, more precisely, by considering now the solutions in the gas phase, we can see that
this situation is quite similar to the one in the case of the model of fluid flows in a nozzle with discontinuous
cross-section [15,21]. Thus, the constructions of Riemann solutions in [15,21], which were mainly relied on
geometry of the space, can be applied. However, we will present out here an innovative analysis of the system
that leads to results on existence and uniqueness of the Riemann problem for large data. For simplicity, we
will consider only the case Up, € G1 UC4+ and ap < ap, since similar argument can be made for other cases.
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Fig. 6. Riemann solutions in the solid phase (4.8).

Notations First, let us introduce and recall some more notations. For Uy = (pg,ug), U = (p, u)-plane we
set

?;(Uo,U) = u — w;(Uos p), (4.9)

where w;, i = 1,2 are defined by (2.17), (2.18) and (3.5). The curve W;(Uy) is thus corresponding to the
equation

®(Up,.) = 0.

It is not difficult to verify that the function @;(Uy,.) for any fixed Uy is smooth in the right-half plane
p > 0, and continuous until the boundary p = 0. The region above W;(Uy) is determined by the algebraic
inequality

glv)(U’()v ) > 07
while region below W;(Up) is determined by the inequality
@(Uo, ) <0,

1 = 1,2. The last two inequalities can therefore be used to determine whether a point is in on one side or in
the other side of W;(Uy), i = 1, 2.
Fix an arbitrary us. As in Lemma 3.5, for any Uy = (po, ug), let us denote by

T(U(),Oéo,a) = (p,U,Oé) (410)
a state on the other side of the admissible 5-contact wave from (pg, uo, o).

Constructions of Riemann solutions for the case Up, € G1 UCy,ar < ar We will build the curve of
composite waves of the 1- and 5-waves. Then, the existence of the Riemann problem can be obtained by
letting the backward wave curve W5(Ug) intersect with this curve of composite waves. As seen below, this
construction makes sense for Ug in a large neighborhood of Uy, which contains parts of the regions G1, G
and G3.

There are three possibilities for the starting waves as follows. The first possibility is that the solution can
start by an admissible 5-contact wave from Up, to some state
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U[@? = T(UL,(J(L,(J(R) S Gl, (4.11)

where 7" is defined as in (4.10). The solution then continues with a 1-wave along the wave curve Wi (U).

The second possibility is that the solution may begin with a 5-contact from Uj, € G to some intermediate
state Uy = V(Ur, ar, a) € Gy with an intermediate value of volume fraction « € [af,, ag]. Then, the solution
continues with a 1-shock to Uy = U € G5 with speed

o1 (U1, UF) = X (UF),

see Proposition 3.2. This 1-shock could be followed by 5-contact from Us € G to a state Us = V' (Us, a, ag) €
G- to shift the gas volume fraction until ag. It is not difficult to check that the mapping

[ap,ag] > a— Us =I(a) = T((T(UL,QL,a))#,a,aR) (4.12)
is locally Lipschitz. We thus can define a (continuous) path
L= {Il(a) ’ o € [ag, g}, (4.13)

where II (), « € [ar, ag], is defined by (4.12).
Next, it follows from Proposition 3.2 that there exists a point Uf such that

U = (of,uf) e Wi(UL), o1 (Ur, UF) = \s(Up). (4.14)

This gives a third possibility where the solution can start with a strong 1-shock from Up to some state
U= (p, ’LL) S Wl(UL) n (G2 UC,) with

o1(Ur,U) < A5(Up),

and then continues with a 5-contact wave from U to a state U# € G5 by an admissible 5-contact wave. Let
U = (p¥,u?) and let

UL« = (prs,urs) €W (UL)NC_. (4.15)
The condition U = (p,u) € Wy (Ur) N (GaUC-),01(UL,U) < \5(UL) becomes
Pt < p < pre

The solution then can continue with a 5-contact from any point in Wiy (Ur) N (G2 UC_). Let Uf@ and Ug,
denote the states on the other side of the admissible 5-contacts from Uz’é defined by (4.14) and from U,
defined by (4.15), respectively:

Uf@ = (pL#@ #@) T(UL ,aL,aR)

U, = (pra urs) = Y(ULe, oL, g). (4.16)

The states on the other side of the admissible 5-contact waves from U € Wy (Up), U between the state Uf
defined by (4.14) and the state Up. defined by (4.15) from a curve, denoted by Wi (Uy). Precisely,

Wia(Ur) = {U@ YU, ar,aR) ‘ U= (p,u) € VVl(UL)J)fE <p< pL*}. (4.17)

The composite curve Wya(Uz) thus has the two end-points UF® and U2, defined by (4.16). See Fig. 7.
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w, (UL@ ;0) 4

w:(Up0) 7

Fig. 7. The curve of composite waves I' = Wy (US ) ULUWia(UL) defined by (4.18), and an intersection of I" and the curve Wo(Ug)
on the path Wl(U?) that leads to a Riemann solution.

We now define
I'=wWi(U£)ULUWa(UL), (4.18)

where U, £ and Wya(Ur) are defined by (4.11), (4.13) and (4.17), respectively. Since the two end-points
of £ corresponding to @ = ag and o = «aj, coincide with the an end-point of Wy (U;) and Wia(UL),
respectively, I" is a (continuous) curve.

Any intersection point Ups between the curve of the composite waves I' and the backward curve of
2-waves Wa(Ug) could complete the Riemann solution by a 2-wave from Ujs to Ugr. The curves I' and
Wa(Ug) in fact intersect whenever

w1 (UL@;O) > wa(Ur;0), ¢2(URvU£®*) <0.

However, when Ui € (G3 and the intersection point Uy, is located in the region u < ug, the compatibility
condition

o2(Unr, Ur) > As(Unr) (4.19)

must hold, in order for the 2-wave W5 (Uys, Ug) to precede the 5-contact wave arriving at Ups. As seen from
Proposition 3.2, there corresponds to any point U € Wya (UL ), u < ug, a point U’ € Wa(U) N G5 such that

02(U7 U/) = )\5(U)

Let A denote the set of these points U#, which form a curve in Gs:
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A={U€Gs: Wa(U)NWia(Uy) = {U*}}, (4.20)
where U? is defined in Proposition 3.2 (part (b)), which satisfies
o2 (U, U*) = A5 (V).

Geometrically, the condition (4.19) means that Ug is located above or on the curve A.

Interestingly, whenever U?# is located below the curve W5(Ugr) and Uf@ is located above it, the curve
W, (Ug) intersects with all the three parts Wy (Uy), £, and Wia(UL). The Riemann problem then admits
three distinct solutions with different configurations. The above argument leads us to the following result
on the existence of Riemann solutions.

Theorem 4.1 (Ezistence for large data). Consider the case U, € G1 UCy, ar < ag. Assume that the
right-hand state Ur € G1 UC U Gy such that

@

oL PR /()
uR—u%<</+/> pydy,
0 0 Y

PR
/
up — uf, > / py(y) dy, (4.21)
PLa

where UP = (p$,uf) and UL, = (p¢,,us,) are defined by (4.11) and (4.16), respectively. The Riemann
problem for (1.1) admits a solution made of Lax shocks, rarefaction waves, and admissible contacts.

Remark 4.1. As indicated in the above argument, the result of Theorem 4.1 is still valid if the condition Ugr
is above (73 is replaced by a weaker condition that Ug is above A defined by (4.20), see Fig. 7.

Proof. It is easy to see that the curve Wjq(UL) defined by (4.17) can be parameterized by a function
u = uja(p). Furthermore, let us show that this function uja is decreasing. Indeed, if there were two states
Ui = (p1,u1) and Uy = (p2,u2) on the curve W, (Ur), Uy is on a higher position than Us such that

uia(p1) < uia(p2),

i.e., the state (Ui, ar,agr) is on a lower position than the state T (Us, ar, ar) on the curve Wya(Ur). By
continuity, there would exist two states V1, Vo € Wy (U ) NGa, Vi is on a higher position than V, on Wi (Uy,)
such that

Y(Va,ar,ar) =T (Vi,ar,agr) =W,
which is a contradiction, since there is a unique admissible 5-contact, which does not cross the resonant
surface, from Vy with the gas volume fraction ar to another state with the gas volume fraction «ay,.
Next, the first inequality in (4.21) can be re-written as

w1 (UL@;O) > wo(Ug; 0), (4.22)

where wy and wy are defined by (2.17), (2.18) and (3.5). The condition (4.22) means that the u-intercept
of the “increasing” curve Wh(Ug) (curve parameterized as an increasing function of the specific volume as
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a function of the density) is below the one of the “decreasing” curve W; (U¢) in the (p, u)-plane. The second
inequality of (4.21) can be re-written as

’LL%* < w2 (URa p%*)v
or
@, (Ug,UP,) <0, (4.23)

where @ is defined by (4.9). The condition (4.23) means that the end-point Uy, of I' is located below
the curve Wh(Ug) in the (p,u)-plane. The above argument implies that the two curves I" and Wa(Ug)
intersect. This leads us to a Riemann solution whose configuration can be described as follows. First, let
the two curves I" and Wy (Ug) intersect on the path Wr(U;), where U = T (UL, ar,ar). Let

Unr € Wi (UE) N Ws(Ug).
The solution is described by
Ws(Uw,UL) ® Wi (U, Unt) & Wa(Unt, Ur). (4.24)
Second, let the two curves I and W5(Ug) intersect on the path L. Let
Up € LNW3(Ug).
The solution has the form
W5 (U, Ur) @ 51(Us, Uz) @ W5(Uz, Us) ® W2(Us, Ur), (4.25)

where Uy = YUy, ap, ), Uy = U¥ Us = T(Us, a, ag) for some a € oy, ag]. Third, let the two curves I’
and Wy (Ug) intersect on the path Wya(UL) and let

Un € Wia(Ur) N W3(Ug).
The solution is described by
Wi(UL,UN) ® W1 (Un,Uprr) @ Wo(Ups, Ug), (4.26)
where Uy =Y (Un, ag,ar). O

Theorem 4.2 (Uniqueness). Under the assumptions of Theorem 4.1, the Riemann problem for (1.1) admits
a unique solution if

in ¢ P 4.2
min 2(Ugr,U) >0, or max 2(Ur,U) < 0, (4.27)

where @y is defined by (4.9). In particular, if Ur, Uy, € G1 such that

PR P(ZJ
/! /!
Us < UR — / py(y) dy < uy +/ py(y) dy, (4.28)
0 0

where UP = (p$,u¥) is defined by (/.11), then the Riemann problem for (1.1) admits a unique solution of
the form (4}.24).
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Proof. The condition (4.27) implies that the curve W(Ug) may intersect with I" exactly either on the path
Wi (UR), or on the path Wia(Uyz). Note that the path £ is always on one side of W(Ug). It is clear that
the curve Wi (U;®) can be parameterized in such a way that the velocity is given as decreasing function of
the density. This is also the case for the curve Wia(UL), see the proof of Theorem 4.1. The curve Wa(Ur)
is given by an increasing function u = wo(Ug; p). Thus, it follows from Theorem 4.1 that the intersection of
Ws(Ugr) and I" contains exactly one point. The Riemann problem therefore admit a unique solution. This
establishes the first conclusion.
Next, the inequality on the left of (4.28) means that

w2 (Ug;0) > us,

where wy is defined by (2.18). Since the slope of ws is larger than the one of C, the last inequality implies
that the curve Wa(URr) remains in G;. Therefore, the path £ is located below W5 (Ug). In this case, W5 (Ug)
intersects with I" only on the path W;(U;?). This yields the second conclusion. Theorem 4.2 is completely
proved. O
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