Stability of Transonic Jet with Strong Shock in
Two-Dimensional Steady Compressible Euler Flows

Vaibhav Kukreja* Hairong Yuan Qiuju Zhao *
January 24, 2014

Abstract

For steady supersonic flow past a solid convex corner surrounded by quiescent gas, if
the pressure of the upcoming supersonic flow is lower than the pressure of the quiescent
gas, there may appear a strong shock to increase the pressure and then a transonic char-
acteristic discontinuity to separate the supersonic flow behind the shock-front from the
still gas. In this paper we prove global existence, uniqueness, and stability of such flow
patterns under suitable conditions on the upstream supersonic flow and the pressure of
the surrounding quiescent gas, for the two-dimensional steady complete compressible
Euler system. Mathematically, a global weak solution to a characteristic free boundary
problem of hyperbolic conservation laws is constructed and shown to be unique and
stable under the framework of front tracking method. The main part of the proof is to
reformulate the problem in the Lagrangian coordinates, then solve several typical Rie-
mann problems and obtain estimates for wave interactions/reflections/refractions, and
define a Glimm functional using suitable weights, which guarantees that the solution
can be constructed by standard front tracking method. The uniqueness and stability
is proved by showing that the Lyapunov functional introduced by Bressan-Liu-Yang is
non-increasing.
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jet, shock, free boundary, front tracking, reflection, Glimm functional.
Mathematics Subject Classification 2010: 35L50, 35165, 35R35, 7T6N10.

Contents

1 Introduction 2

*Center for Decision, Risk, Controls & Signals Intelligence, Naval Postgraduate School, Monterey, CA
93943, USA (Email: vkukreja@ups.edu).

fCorresponding author. Department of Mathematics, Shanghai Key Laboratory of Pure Mathe-
matics and Mathematical Practice, East China Normal University, Shanghai 200241, China (Email:
hairongyuan0110@gmail.com; hryuan@math.ecnu.edu.cn).

iDepartment of Mathematics, East China Normal University, Shanghai 200241, China (Email: zhaogqji-
uju2012@gmail.com).



2 Problem (L) in Lagrangian coordinates 7

3 Solvability of Riemann problems 11
3.1 Standard Riemann problem generating only weak waves. . . . . . . . . ... 11
3.2 Boundary Riemann problems that generating only weak waves . . . . . . .. 12
3.3 Boundary Riemann problem generating a strong shock . . . ... ... ... 14
3.4 Riemann problem involving a strong shock . . . . . .. ... ... ... ... 15

4 Estimates on interactions of waves 20
4.1 Collision of weak waves . . . . . . . . ... 20
4.2 Reflection of weak waves off boundary . . . . ... . ... ... ... .. .. 20
4.3 Reflection of weak waves off strong shock . . . . .. .. .. ... ... .. 22
4.4  On product of reflection coefficients KoCh3 . . . . . . . . ... .. ... ... 26
4.5 Refraction of weak wave by strong shock . . . . .. .. .. ... ... .. 27

5 The Glimm functional 29
5.1 Definition of Glimm functional . . . . . . . .. ... ... .00 29
5.2  Changes of Glimm functional . . . . .. ... ... ... ... ... ... .. 30

5.2.1 Case 1: A weak wave «; hits the boundary. . . . .. ... ... ... 31
5.2.2 Case 2: A weak wave az hits strong shock from below . . . . . . . .. 32
5.2.3 Case 3: Two weak waves collide below the strong shock . . . . . . .. 34
5.2.4 Case 4: A weak wave hits strong shock from above . . . ... .. .. 35
5.2.5 Case 5: Two weak waves above the strong shock collide . . . . . . .. 37
5.3 Determination of weights . . . . . . . . .. .. oo 38
5.4 Uniform bounds of T5(&) . . . . . . . . . .o 40

6 Uniqueness and stability of solutions 41
6.1 The L'-distance functional between two solutions . . . . . . .. ... .. .. 41
6.2 L!'-stability estimates and the uniqueness theorem . . . . . . . . ... .. .. 45

1 Introduction

As illustrated in Figure 1, for a steady supersonic flow passing a solid convex corner sur-
rounded by static gas, if the pressure of the quiescent gas is larger than the pressure of the
upcoming supersonic flow, there may appear a shock to increase the pressure of the super-
sonic flow to that of the quiescent gas, and a characteristic discontinuity (also called contact
discontinuity in gas dynamics, which is a combination of vortex sheet and/or entropy wave)
to separate the supersonic flow behind of the shock-front from the static gas. In this paper,
we are going to prove the existence and uniqueness, as well as stability of such a flow pat-
tern using the two-dimensional steady complete compressible Euler system, under reasonable
assumptions on the upstream supersonic flow and the lower downstream quiescent gas.
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Figure 1: A characteristic discontinuity (blue line) and a shock (red line) emerged from the solid
corner. The characteristic discontinuity separates quiescent gas below from supersonic flow behind
the shock-front.

The Euler system that governing two-dimensional steady compressible flows consists of
the following conservation laws of mass, momentum and energy:

Oz (pu) + 0,(pv) = 0,

Oz (pu? + p) + 0y (puv) = 0, (1.1)
(puv) + 9y(pv* + p) =0,
(

Oy (puE + pu) + 0y(pvE + pv) =0,

where F = %(u2 +v?) +e is the (total) energy density. The unknowns p, p, e and (u, v) repre-
sent the density, pressure, internal energy, and velocity of the fluid, respectively. Specifically,
for a polytropic gas, the constitutive relation is p = kqp” exp(é) and e = 7—;1—;. Here s is the
entropy, ko and ¢, are positive constants, and v > 1 is the adiabatic exponent. The sonic

speed c is determined by ¢ = \/giﬁ = %. It is well-known that for supersonic flow u > ¢,
the system (1.1) is hyperbolic in the positive z-direction.

Since the quiescent gas below the characteristic discontinuity should not be affected by
the supersonic flow above it (that is, it will always be static as suggested by physics), we
only need to determine the characteristic discontinuity C, which is a free boundary, and the
supersonic flow above it. Suppose that C is given by an equation y = g(z),z > 0 with
g(0) = 0. By the Rankine-Hugoniot conditions across a characteristic discontinuity (see

equation (3) in [5, p.3]), we have the following boundary conditions on C:

p=p, 9@ =-(z.g). (1:2)



Here p, is a constant, which is the pressure of the quiescent gas. Also, suppose the supersonic
flow on Z = {(z,y) € R* : 2 = 0,y > 0} is given:

U0,y) =Us(y), U= (u,v,p,p), and ug(y) > co(y). (1.3)

Then we have an initial-free boundary problem of (1.1) in the planar domain bounded by
C and Z. We call this as problem (E) below. We note that the second condition in (1.2)
implies that C is a characteristic curve for the Euler system.

A weak entropy solution of problem (E) could be defined in the same way as in the
Definition 1 of |5, p.4].

A special (weak) solution to the problem (E) could be constructed by using the well-
known p-w shock polar (see [10, p. 325, p.347| or Figure 2), with w = v/u:

2

o, A= [Z0B-v-@-y »

o YMZ — (£ —1) Ul ' (1.4)
0 Po po | y+1

w

This curve represents all possible states (p, w) behind a shock, for giving uniform supersonic
flow Uy = (v = ug,v = 0,p = pg, p = po) ahead of the shock, and M, = Z—g is the Mach
number. Once p,w are determined, all u, v, p, p and the slope of the shock-front could be
uniquely solved from the Rankine-Hugoniot conditions.

We could see from Figure 2 that there is an interval (pg, p1) so that if P, (the pressure of the
static gas) lies in (po, p1), then there will be a unique w, > 0 so that (w,, p,) lies on the shock
polar, and it determines a supersonic shock. Let the state behind the shock be denoted by
U,, and write Uy as U ,, we get a special piecewise constant solution U = (U, U, ) to problem
(E), which is separated by a straight shock-front (the slope s = s, is already determined),
and the characteristic discontinuity is given by the equation y = i—’;x We call such a solution
as a background solution in the sequel.

The main result of this paper is the following theorem.

Theorem 1.1. For a given constant supersonic data U, = (u,, O,Qa,ga), there is a number
p« € (p,.p1) determined by U,. For any background solution U = (U,,U,) so that p, €
(Qa,p*), there exist constants g and C' so that if the initial data Uy in problem (E) satisfies

100 — Uallgv (o,00)) < € < €0, (1.5)

then problem (E) has a unique weak entropy solution (U, g) constructed by the front tracking
method, and

i) g(x) is a Lipschitz function for x > 0 with g(0) = 0, representing the characteristic
discontinuity, and

19" = v/l 1o 0,00y < O (1.6)
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Figure 2: A p-w shock polar. C' = (0,pg) represents the upcoming supersonic flow; the open arc
CS and CS’ represent all possible supersonic shocks. E = (w, Bb) represents a supersonic shock for
given pressure p, behind the shock.

i) there exists a vector Uy € R* so that lim, o Up(y) = U,, and

U—U,eC([0,00); L' (g(x), 0)); (1.7)

iii) there is a Lipschitz function y = s(x) representing the shock-front, with s(0) =0, and

I5" = 3pll oo 0,00y < CF
H(U - Qa)<x7 )HBV((S(CC),OO)) < 087 Vo > 07
(U = Up)(@, )l gvigee) sy < Ce Vo> 0. (1.10)

Furthermore, reformulating this problem in Lagrangian coordinates, then the L'-stability
holds in the sense that

V) = VOl oy < CVHO) = VO 1 sy

for any two solutions V', V* with initial data V*(0), V2(0) respectively.

We remark that the existence of U, in ii) follows easily from (1.5) and a property of
bounded variation (BV) functions. The number p, could be determined by the inequality
(4.26) in section 4.4. We only claim the L' stability in the Lagrangian coordinates, since
it is not clear how to express the stability for such free boundary problems in the Eulerian
coordinates.

We review some related works in the literature. In [5, 6], the authors had studied transonic
characteristic discontinuity for the case that the still gas pressure p, is very close to the
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pressure of the upstream supersonic flows, hence there will not appear any strong shock
in the downstream supersonic flow. A complete existence and well-posedness theory has
been established. A similar problem is the supersonic shock attached to the vertex of a slim
wedge which is against uniform supersonic flow [8], for which only the solid wall of the wedge
is perturbed and the wall is a known characteristic boundary. The authors constructed a
solution by the Glimm scheme and later Chen and Li established well-posedness in |7]. Wang
and Zhang also studied the problem of steady supersonic flow past a curved cone in [17].
Another well studied problem is the piston problem for unsteady Euler equations (and its
generalizations), see for example, [4, 12, 18] and references therein.

We note that for the piston problem or for the problem of supersonic flow past a wedge,
there will not appear a free boundary to separate supersonic flow from subsonic flow, across
which the Euler system changes type. To handle the characteristic free boundary, we use
the Lagrangian coordinates as in [6], which was introduced by S. Chen in the studies of
transonic shocks (see [9, 15, 19]). The advantage of working in the Lagrangian coordinates is
that the characteristic free boundary becomes fixed and flattened, and also the Euler system
simplifies to be strictly hyperbolic. The equivalence of weak entropy solution in the Eulerian
coordinates and Lagrangian coordinates is guaranteed by a theorem of Wagnar [16|, which
is also repeated in [6, p.1724]. Accordingly we only need to study an initial-boundary value
problem in the Lagrangian coordinates. We then study several typical Riemann problems and
obtain estimates on wave interactions/reflections/refractions, and finally construct Glimm
functional by adapting suitable weights on wave strengths. We remark that waves might
reflect from the boundary and the strong shock infinitely many times, so it is crucial that
they become weaker after reflections. However, in our case the reflection coefficient Ky off
the characteristic boundary is strictly larger than 1. So what makes the flow pattern we
described above to be stable is that the reflection coefficient C'3 off the strong shock is quite
small so that |KyCy3| < 1. This is the reason why we need the parameter p, in Theorem
1.1. Since we also need to consider the refractions of waves above the strong shock due to
perturbations of the upcoming supersonic flow, the determination of various weights in the
Glimm functional is more complicate.

The rest of the paper is organized as follows. In section 2 we reformulate problem (E) to
be problem (L) in the Lagrangian coordinates. In section 3 we solve four typical Riemman
problems, and section 4 is devoted to establishing some waves interaction estimates. In
section 5 we construct a Glimm functional necessary for the front tracking method. Once
a suitable Glimm functional is identified, we could construction the approximate solutions
by front tracking and apply the compactness arguments to establish the convergence of
approximate solutions to a global entropy solution. Thus the existence claimed in Theorem
1.1 is proved. Finally, in section 6 we prove the uniqueness and L' stability part of Theorem
1.1 by adapting the arguments in |2, 6] and [7].



2 Problem (L) in Lagrangian coordinates

In this section, we reformulate problem (E) in the Lagrangian coordinates (£,7) given by
(z,y) = (§,n) = (z,n(z,y)) with

e _(100)

I(z,y) —pv pu

For details, please see [6, p.1713]. This transform is Lipschitz continuous and one-to—one
provided that pu > 0. The transonic characteristic discontinuity is transformed to the
positive ¢-axis, and Z becomes the positive n-axis, see Figure 3.
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Figure 3: The problem in the Lagrangian coordinates (£,7). The characteristic discontinuity
becomes the positive &-axis.

The Euler system (1.1) in the (§,7) coordinates may be written in divergence form as

(L) 0,8 <o

U u
v 2.1
De(u+ L) — 0, (2) =0, (2.1)
O¢v + 0,p = 0,
or, as a symmetric system for U = (u,v,p) ",
A0:U + Bo,U =0, (2.2)
with
u 0 0 0 —v
A=low o |, B=[ 0 0 « |, (2.3)
% p2ic2 —v u 0



and the conservation of energy becomes 85(“ to? 70_21) = 0; that is,
u? + v? c?
= b(n). 2.4
St = ) (2.4)

This is called the Bernoulli law. We note that it holds even across shock-fronts by Rankine-
Hugoniot conditions. Hence we observed that b(n) is a given function determined by the
initial data. In the following we focus on system (2.1) with p determined by U = (u,v,p)"
through (2.4).

For later usage, we repeat here the eigenvalues A of (2.2):

2
_o_pew (v 2 _
o= L5 (S -V —T) <, (2.5)
N o= 0, (2.6)
B pc u
o= L (S VAP -1) >0 (2.7)

where M = Y= +” is the Mach number of the flow. Then, for u > ¢, system (2.2) is strictly
hyperbolic. The associated right-eigenvectors are

A

T = (p1~|»?J —)\111,)—'—, (28)

reg = (u’v,o)—l—’ (29)
A

ry = ry(Z 40, —u, —Asu) (2.10)
i

where £; < 0 can be chosen so that r; - VA; = 1, since the j-th characteristic fields (j =
1,3) are genuinely nonlinear. Note that the second characteristic field is always linearly
degenerate: ry - VAy = 0 and &é-axis is a characteristic curve.

The fact that x; < 0 is a consequence of the following lemma.

Lemma 2.1. If X is the first or third eigenvalue of (2.2) (i.e. |[NMA—B| =0), andr =
/-z(% + v, —u, —A\u)' is the corresponding eigenvector, where r - VX = 1. Then

2 u?\ A u? A\
1——= ) — = (1 ——— K. 2.11
u K 02) puﬂv} ( +7)c2pw02 : (211)
Proof. The factor x is determined by r- VA = 1, so we need to calculate VA = (a;\L, ‘g;\, ‘32)
Since A; (i = 1, 3) is the root of
(1 2)(A)+2A +w?+1=0 (2.12)
— = )(— —w 4w = .
U U ’



we could differentiate it to obtain

(aly ag, CL3)T

I
[\
—
|
|§
|
_I_
Iil
|
<
>

oo () (-3)

-
We use (ay,as,a3)’ instead of V) to take the scalar product with r = & <% + v, —u, —Au) ,
and it follows that

A 2\ A 1
KU [(—+w> al—ag—)\ag] =2 {(l—u—Z) ——I—w] —.
pu 2 ) pu pu

Observing that

v 83 T v pu?’ You %:O’
8(1—2—5) 8<1—g—§>_ 5
T o a ov N

we have

1
——0u(—)+— + Aap(p—u)]
2 2
(- 2] D (R ) A (Ao (1- L)+ 2
c2 pU U \ pu pu pu pU c2 2

2\ A A A A A 2 2 (n _ 1)\
_ —2{(1_“_2>_+w1__+(_)2K_+w>_g+U_2(v ) }
C pu P pu pu PU C I vYp

Multiplying both sides by £ yields
2 u?\ A 1 u? X1
il (L e S I A
[( ) HU} e = UG pup
Therefore we proved (2.11). O

Suppose the equation of the shock-front is n = s(£). The Rankine-Hugoniot conditions
of the system (2.1) read (recall we set w = v/u, and as usual, [-] here represents jump of a



quantity across the shock-front):

s [piu] ] =0, (2.13)
y {u + pﬁu] + [pw] =0, (2.14)
o] — [p] = 0. (2.15)

We now formulate problem (E) as the following problem (L), which is an initial-boundary
value problem for equations (2.1):

(2.1) in £€>0,7>0,
U(0,n) = Us(n) on &=0,17>0, (2.16)
pP=p, on £>0,7=0.

The weak entropy solutions of problem (2.16) can be defined in the standard way via the
integration by parts. The equivalence of weak solutions of problem (E) and problem (L) is
given by Theorem 2 in [16]. We remark that the initial data Uy(&) here could totally be
solved from the initial data Up(y) in problem (E), see the proof of Lemma 6.1 in |6, p.1725].
If (1.5) holds, then it follows that

\Uo — Qa”Bv((o,oo)) < Cpe < Coey, (2.17)

with a positive constant Cy depending only on U,. Also, once U is solved from problem (L),
we can recover the characteristic discontinuity in Eulerian coordinates by

oe) = [ Zic.0pae (2.13)

Hence, to prove Theorem 1.1, we only need to prove the following theorem.

Theorem 2.2. Under the assumptions of Theorem 1.1, there exist constants €y and C so
that if the initial data Uy in problem (L) satisfies

||U0 - QaHBV([O,oo)) < e < ¢y, (2.19)

then problem (L) has a unique weak entropy solution U constructed by the front tracking
method, and

i) there exists a vector Uy € R* so that lim,_,, Up(y) = Uy, and

U—U, € C([0,00); L' (0, 00)); (2.20)
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ii) there is a Lipschitz function n = s(&) representing the shock-front, with s(0) =0, and

Is" — §HL<><>([0,oo)) < C¢; (2.21)
IU = Ua) (&) lpv(se).0n < CEr VE>0; (2.22)
(U = Uy)(&, ')||BV((O,$(§))) < Ce, VE>0. (2.23)

Here s is the slope of the shock-front of the background solution U in its Lagrangian
coordinates;

i) for any two initial data U} and U satisfy (2.19) and assumptions in Theorem 1.1, it
holds that

1T (€) = U* )| przry < CNIUG = Ul ey

for any € > 0. Here U' and U? are the solutions of problem (L) corresponding to Uy
and U2, respectively, constructed by front tracking method.

The rest of this paper is devoted to proving this theorem.

3 Solvability of Riemann problems

In this section we study solvability of several typical Riemann problems that appear in the
process of front tracking. In the sequel, we will call the shock like that appearing in the back-
ground solution as the strong shock or the main shock, and all other waves/discontinuities
that comes from the upstream supersonic flows or wave interactions as weak waves. Because
the magnitude of the strong shock is much larger than the strengths of the other weak waves,
they should be treated differently.

3.1 Standard Riemann problem generating only weak waves

We now consider the standard Riemann problem, that is, system (2.1) with the piecewise
constant (supersonic) initial data

Uleer = { (3.1)

where U, and U_ are the constant states which are regarded as the above/right state and
below/left state with respect to the line n = 1, respectively (cf. Figure 4).

The following solvability result is the well-known Lax’s theorem (see, for example, The-
orem 5.17 in [13, p.196] or Theorem 9.4.1 in [11, p.279)]).

Lemma 3.1. For given constant supersonic data Uy, there exists € > 0 such that for any
states U_, Uy lie in the ball O (Uy) C R* with radius € and center Uy, the above Riemann

11



Figure 4: A solution to the standard Riemann problem.

problem admits a unique admissible solution consisting of three elementary waves. In addi-
tion, the state Uy can be represented by

Uy = O(ag, g, 00, U). (3.2)

Here ® is the wave curves determined by the system (2.1) near Uy.

It is well-known that one can use the parameters «; to bound |[U; — U_|: there is a
positive constant B depending continuously on Uy and € so that for UL connected by (3.2),
there holds

3 3

1

EZ\%’\ <|Uy —U-| < B loyl.
j=1 j=1

For later applications, it is also important to express the Riemann solver from right
(upper) state U, to left (lower) state U_ rather than the usual way given above. For U, =
®;(ay; UZ), we may have a C* map U_ = V;(a;; Uy) with ¥;(0;U) = U and 9,,¥;(0;U) =
—r;(U). So for Uy = ®(a, a2, q; U—), we may express U_ in terms of U, by

U- = V(ay, g, a3;Ur) = Wy (ag; Ualag; Ws(as; Uy))),

and of course there holds ¥(0,0,0;U) = U, as well as 0,,¥(0,0,0;U) = —r;(U).

3.2 Boundary Riemann problems that generating only weak waves

We show the following boundary Riemann problem with the boundary data p = p, on the
characteristic boundary {n = 0} is uniquely solvable (cf. Figure 5).

Lemma 3.2. Consider the following boundary Riemann problem.:

(2.1) in £>0,7>0,
U=U; on £=0,n>0, (3.3)
pP=p, on £>0,n=0.

12
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Figure 5: A 3-shock in a solution of the boundary Riemann problem.

There exists € > 0 so that, if Uy lies in the ball O.(U,) with center U, and radius €, then
there 1s a unique admissible solution that contains only a 3-wave.

Proof. 1. Note that system (2.1) is strictly hyperbolic for u > ¢. For each point U with
u > ¢, in its small neighborhood, we have the C?-wave curves ®;(a;U),j = 1,2,3, so that
®;(0;U) = U and %|a:0 =7r;(U). ®;(a;U) is connected to U from the upper side by a
simple wave of j-family with strength |«|: for @ > 0 and j = 1,3, this wave is a rarefaction
wave; while for « < 0 and j = 1, 3, this wave is a shock. For j = 2, the wave is always a
characteristic discontinuity.

For our purpose, we note that there is also a C%-curve W3(; U) which consists of those
states that can be connected to U from below by a 3-wave of strength 5. We have ¥3(0;U) =
U and %]5:0 = —r3(U).

2. We set U = (u,v,p)" in Lagrangian coordinates and use Uz) to represent the third
argument of the vector U (i.e. p). Then, to solve the boundary Riemann problem, it suffices
to show that there exists a unique 3 so that (V3(8;Uy))) = p,- Therefore, we consider the
following function:

L(B;Uy) = U3(8:Uy))3) — s3(0; Up))3)-
It is clear that L(0;U,) = 0, and

aL(OSQb) < 0.
ap Uy,

= —Ts(Qb)(S) = Ky £ <H3)\3U>

By the implicit function theorem, there exists ¢ > 0 such that, for U, € O.(U,), there is
a function 8 = B(U;) so that L(B(Uy); Uy) = 0. Then using the Taylor expansion up to
second order (recall that W, is C* except at 8 = 0), we obtain the following estimate:

B=K(p+ —p,) + O)|U: =T, %, (3.4)

with a constant K = —1/K, > 0 depending only on U, . [
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3.3 Boundary Riemann problem generating a strong shock

We have shown the existence of background solutions. Now we consider the boundary
Riemann problem when U, is a small perturbations of the background state U,. A strong
shock should resolve this problem.

Lemma 3.3. For the boundary Riemann problem (3.3), there exist constants C' and € > 0
so that, if Uy lies in the ball O.(U,), then there is a unique admissible solution that contains
only a strong 3-shock with speed s'. The state of the flow behind the shock-front lies in
Oc:(Uy), and |s' — s| < Ce.

Proof. 1. Let s’ be a parameter, we may write the Rankine-Hugoniot conditions (2.13) as
U =7(s;U,), with U being the state of the gas behind the shock-front. Set

L(s'\Up) =T(s;Up)z —p = (Y(s;Uy) = Y(s; Qa))(g)-

Recall that U, = Y(s;U,), we have L(§ U, =
2. Next we compute dy L(s,U,) = 05 Y (s, U, )(3). Consider U as a function of s’ for fixed
U, in (2.13), we have

i_s_, 1au+l@ +8_w =0
pu| pu\uds  pds os'

0 10 10 10 0 0
{u+£]+s’(—u+——p—£(——u+ p>)+p—w+ )

pU as'"  puds’  pu\uds  p0s a5 "os
,0v  Op
[’U] +s 6_5 - 8_3 = 0.

Note that
ow 1 ov v Ou

s uds u2ds

and from the Bernoulli law:

ou ov ¥ (18;0 p@p)_o

gy T ae T o1

os’ 0s'

that is,

s’ u? v\ 10u ssy—1\10v s 10p 1
R - G e b e el

! 2 10 —1 10 10
il 1—6—2 _n ——u/—l— p—s'ﬁy v ——v/—i—pw——p/ = —lut+ 2 :
v u u ) uds v uds pOs pU
w2l pl =
N u 0s p@s N !

14



We consider this as a linear algebraic system for the unknowns 2% 10% and L9  The
u 08’7 u ds p Os

determinant of the coefficient matrix is

! 2 I\ 2
A2 —spu (1+w2+2w (S—> +(1—u—2) (s_) ) :
pu 2’ \ pu
We claim that A|y_y, «—s # 0. Suppose this is not true, then set ¢t = s'/(pu) and there

must hold (1 — Z—j)tQ + 2wt +w? +1 =0, or, recall t > 0 for the background solution, that

2.2
w—+ u+2v -1

t= —C . In other words, it holds that
=1 U,
2
uc
s= L+ VAP D) = N(U,).
_ v,

This means that the background shock-front is a characteristic curve, while we know that
this is impossible since such shocks satisfy the Lax entropy condition (see [11, p.242] or [13,
p.189]), which requires that A3(U,,) > s. From this we also see that A < 0 at the background
state.

We also obtain that (at the background state U = U, , s’ = s)

a(ra-vs)es) (-pa) )
Mp2der | (2(1-2)-=) po il m :W(-_“Y__Q)
i “ v vz s Py

0 su —v

It is nonzero. Otherwise we should have [p] = sv = %, that is, p > p—p = % >, a

contradiction! Actually we see that Az < 0.

Therefore by Cramer’s rule, we have dyL(s;U,) = 2& = (p32) > 0 at the background
state.

3. Hence by implicit function theorem, we could find a C' function s’ = .(U,) so that
s=SU,) and L(#(U4); Uy) = 0 in a neighborhood O.(U,). Then by continuity of T on s’
and U, we find a constant C' > 0 so that Y (. (U;); Uy) € Oc¢e(U,,). Since A3(Y(s;U,)) > s,
by continuity we also have \3(Y(.#(Uy);U;)) > L (Uy) for Uy € Oce(U,). Thus the

discontinuity we constructed is a 3-shock. O]

3.4 Riemann problem involving a strong shock

Lemma 3.4. There exist positive constants C, e so that for Uy € O.(U,) and U_ € Oc.(Uy),
there is uniquely one admissible solution to the Riemann problem with initial data (3.1),
which contains a strong 3-shock and two weak waves of the first and second characteristic
family.
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Y

Figure 6: The solution of Riemann problem (3.1) consists of a strong shock (red line) and two weak
waves (blue line).

Proof. 1. As illustrated in Figure 6, if such a solution does exist, it must satisfy
U+ = T(Sa (I)2<ﬁ7 (I)l(a7 U*)))7

where U; = Y (s,U) is the Rankine-Hugoniot conditions, and ®; represents the wave curve
of the i-th family in a neighborhood of U,. In the following, we will employ the implicit
function theorem to complete the proof.
2. Set
L(s,B,a; U_,Uy) = T(s,Po(8, P1(a, U_))) — Us.

We already know that L(s,0,0;U,,U,) = 0, hence there are constants C' and € such that
for Uy € O.(U,) and U_- € O¢.(U,), we can solve uniquely one triple (s, 5, «) depend-
ing continuously on (Uy,U_), if the Jacobian a(saéa) is nonsingular at (s, 5, a;U_,Uy) =

(5,0,0;U,,U,). We see that

oL (0Y(s,U) 9Y(s,U) OU 9Y(s,U) 90U (3.5)
(s, B,a) ds = 0oU o’ oU Oa )’ '
and o
— =ry(U 3.6
aﬁ (.0,0,U,U,) T2(—b)7 ( )
ou
— =r(U,). 3.7
90 (w0000 ) r1(Usy) (3.7)
Note that at the background state (s,0,0,U,,U,), the state U appeared above should be
Uy
3. In order to evaluate Méss’U) and M[%U) at (s,0,0,U,,U,), we differentiate the Rankine—
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Hugoniot conditions U, = YT (s,U) with respect to s and U respectively.
The Rankine-Hugoniot conditions can be written in a symmetric form as follow:

sF(UL)+GUy) =sF(U)+GU), (3.8)
where )
FU) = Zu—i— Z ], and GU)=| pw |. (3.9)
v D

Differentiation of (3.8) leads to

Q) s =), (3.10)
QU = Py - FW,), (3.11)

where OF(U)  0G(U)
Q) =555 ou
If Q(U;) (with Uy = U,) is nonsingular, we could multiply it on the left-hand side of (3.5) to
simplify some computations later. Fortunately, Q(U,) is indeed nonsingular unless s equals
either A1, Ay or A3, which is impossible due to the Lax entropy conditions of shocks.
4. We now verify the claim. A straightforward and direct calculation yields

(3.12)

5 (o) ) o)
a F (U) 8u8 pul 81}6 pul 8pa pul )
U = p%(p—u) +1 p%(p—u) pa_p<p_u> + ou ) (313)
0 1 0
ow  dw
8G(U) 8uw va
0 0 —1
hence
R T T
QU) = | psg() +p5e+s i) +p5 psg Q)+ +w | (315)
0 S -1
1 00
We also introduce a matrix My (—p) = | —p 1 0
0 01
Set Q'(U) = My (—p)Q(U). In the following we actually multiply '(U) on the left-hand
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side of (3.5) instead of Q(U). We calculate that

8 (1 0 9 (1 P 9 (1
Sm(ﬁ)Jrﬁ Sa(p—u)ﬂLa—f Sa—p(ﬁ)

QU)=1 s 0 piu—i-w
S -1
_a=l s _1(s _a=1l s 1 _1 s
Yy p u(pu+w) ¥ pw+u P pu
=1 s 0 piu—i—w ) (3.16)
S —1

and

A S A
det Q(U) = det Q'(U) = 2(1 — =)(— — 22y (= = 23, 3.17
Q) = det Q') = (1= )5 - Ayt (3.17)
Hence det Q(U;) # 0.
5. Now our task is to verify that Q(UJF)% is nonsingular if (s,5,a;U_,Uy) =
(5,0,0; Uy, U,). Noticing (3.10) and (3.11), we have

@wg—ﬁi—z(mm—me@w>

ou ou
5. 5.0) —) . (3.18)

%7 Q(U) o

In the following, we will write (s,U,,U,) as (s,U,Uy) for simplicity. So the value of
(3.18) at (s,0,0;U,,U,) is simply (F(U) — F(Uy), Q(U)rs(U),Q(U)r1(U)). We find that the
employment of My;(—p) will bring us a great deal of convenience. So we instead consider
the matrix

(Mor(=p)[F(U) = F(Uo)], @ (U)r2(U), Q'(U)r1(V)) - (3.19)

We start to calculate My (—p)[F(U) — F(Uy)]. According to (3.9) and Rankine-Hugoniot
conditions, we have

F(U)w ~ F(Uo) = (G0 ~ GlUo)) = (3.20)
F(U)@ — F(U)pe) = —E(G(U)(Q) - G(Uo) ) = —%, (3.21)
F(U)(g) —F(Uo)(g) =V — Yy =". (3 22)
Thus, F(U) — F(Up) = (—%, -2, v)" and
M (=p)[F(U) = F(U0)] = (—=,0,0)T. (3.23)
The second column Q'(U)ry(U) as well can be easily obtained:
Q' (U)ry(U) = <_piu[1 + M?*(y —1)], su, sv) . (3.24)
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As for Q'(U)ry(U), recall by setting 7} (U) = (v, —u,0)" and r{(U) = (%, 0,—X\1)", then
r(U) = m(U)(r(U) +r{(U)); and

Q' (U)ry(U) = (_(piu +w? + 1), sv, —su) , (3.25)
/ " . _ _ u_2 i W ﬁ _ v U !
Q@) = (-0 =55 + 0l o) (3.26)

All together we get that

Q/<U)7"1<U) = Hl(U) (S — )\1)1)
(s = A1)(—u)
(1= %)+l = 2)
=r(U) ] (s—\)v - (3.27)
(s = A1) (—uw)
Therefore we find
(Ma1(=p)[F(U) = F(Up)], Q' (U)r2(U), Q' (U)r1(U)
—2 214 M2y — 1)) m(U)[(1— %)% +w)(S — 22)
=] 0 su r(U)(s — A\)v (3.28)
v s r1(U)(s — A1) (—u)

This matrix can be factored as the product Mu(piu)AMgg(s)Mg)g(m(U)(s — A1)), with the
3 x 3 matrix M;;(x) obtained by replacing the (4,7) entry of I3 by z, and
My 1)) (- E)E
A=1 0 u v . (3.29)
v v —u

Clearly, none of the matrices M;;(i = 1,2,3) are singular. So we complete the proof if we
show that det A # 0. This is true since

det A 20\
2w w2 MYy — 1) — (1 - )2
pU U U 2’ pu
vy—1 sv. X3 s u? A\
=l-——)— 4+ —|(1=——=)— #0. 3.30
[( 5 p)pu+pu]( Cg)pu% (3.30)
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4 Estimates on interactions of waves

In this section we consider four cases of wave interactions appearing in the front tracking
algorithm which lead to changes of flow field, namely: i) collisions of two weak waves; ii)
reflection of a weak wave off the boundary; iii) reflection of a weak wave from the strong
shock; iv) refraction of a weak wave by the strong shock from above.

4.1 Collision of weak waves

The interaction of two waves can be resolved by solutions of the corresponding Riemann
problems (cf. Figure 7). More importantly, we have the following well-known interaction
estimates of weak waves (see Theorem 9.9.1 in [11, p.312] or (6.11) in [13, p.212|):

Lemma 4.1. Suppose that U, ,U,, and U_ are three states in a small neighborhood of U
with U+ = q)<a37 Qg, (1} Um); Um = ®(537 527 517 U—)7 and U-‘r = q)(737727’715 U—) Then

Vi = a;+ B+ O(1) A, B), (4.1)

where Aa, B) = Bal(la] + azl) + [Balla] + 3,5 &5 (e, B), with

07 O"ZO7 6207
Aj(aa/g):{ ’ ’

la;]|5;],  otherwise.

Figure 7: Interaction of two waves «, 3.

4.2 Reflection of weak waves off boundary

Next we consider the reflection of a weak 1-wave off the boundary {n = 0}, that could only
produce a weak 3-wave (cf. Figure 8).
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Figure 8: A 1-wave a; meets the boundary 7 = 0 and reflects to produce a 3-wave as.

Lemma 4.2. Suppose that U, U™, and U" are three states in O (U,,) for sufficiently small
€, with U™ = ®y(ay; U') = ®3(as; UT). Then

3 — —KQOél + M2|041’2, (42)

with the constant Ky > 1 and the quantity My bounded in O.(U,).

Proof. We have U, = ¥3(as, P1(cq,U;)). By boundary conditions, it holds (U, ) = (U1)3)-
So we construct a function

L(ag, a1) = (U3(az, P1(a1, 1)) — Ui)z).

Obviously L(0,0) = 0, and

oL oL

ey 00 = =05, 5.-(0.0) = (ri(U)s)-

So expanding the function ag = ag(a;) at a; = 0 leads to (4.2), with

(r1(U1))3)
(rs(Un) )

3oz3
B = — = —
2 aOél (O)

We note that

_(TI(Q(;))(S) _ _I‘il)\1 _ é ?
(r3(U,))3) Hz}\s(gb) <>\1(Q6>>

2
(Ve
U, '

VP —1—w

Here we used the identity x3/k; = —A3/\; proved in (2.11), and the fact that w > 0 for the
background state U,. Therefore, K5 > 1 in a neighborhood of U, as claimed. O]
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4.3 Reflection of weak waves off strong shock

Now we consider the case that a weak 3-wave meets the strong shock and then reflects to
produce two weak waves and a deflected strong shock. See Figure 9.

Lemma 4.3. Suppose that U, € O.(U,) and U_,U" ,U" € O.(U,,) for sufficiently small ¢,
with U_ = V3(as, UL) = Uy (B, Uy (B2, U")), and Uy = Y (s, UL) = Y(sgs1,U"). Then

ka1 — sp = Cszas + Ci(|as(sk — s)| + |as]?), (4.3)
Ba = Cozars + Ch(|as (s, — s)| + |as]?),
B1 = Cizas + O (|as(sy — )| + |as|?),

where Ci3 and Cas, Cs3 are constants depending only on the background solution U, and
particularly,

s-x [0 x
(s — A1) [(1_7_—1&> /\3_,_5} A2

Y P

Ciz= —

(4.6)

U:Qb75:§

Also, C! (1 =1,2,3) are bounded quantities with bounds determined by the background solu-
tion.

Sk+1
-

Uy soun

my

Figure 9: A weak 3—wave (blue solid line) meets the strong shock s, (red solid line) from below and
reflects to produce a 1-wave 1 and a 2—wave (32 (blue dot line), while the strong shock is deflected
(red dot line) to sgy1.

Proof. 1. According to Lemma 3.4, there exists a vector-valued C? function f, such that
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(Sps1 — 8, B2, P1) = f(sp — s, ;). Since

1 1 82
fla) = =100+ f@.0) + F0g) oy [ [ 5Tty aras

and note that f(0,0) = 0, while D?f is bounded, we have

flsk = 5,00) = =£(0,0) + f(sk = 5,0) + (0, ) + Olcvi(sx — 5))

= fls = ,0) + o0+ O(a? + sl — )
= (s — 5,0) + Coy + C'(a? + a;(s1, — 8)). (4.7)

So in the following, we need to calculate

Csz Oz O3

O(Sg41 — 8, Pa,

= (5(2 = %)ﬁl) e (023 Cas 021). (4.8)
37 27 ]. 29U b g 013 012 Cll

Of course we will see that only the first column (Cs3, Coz,C13)" is necessary, because the
other two columns will turn out to be (0,1,0)7 and (0,0, 1), which matches the fact that
a1 and as could never meet the strong shock from below.

2. By chain rule we have

oU_ oU_ 8(3k+1_§762761> ou_ our oU_ oU_ 3(8k+1—§;527ﬁ1)

doy (8111, B2; B1) . oy B (8Uf Osir1’ 0Ba’ OB day;

(4.9)

Evaluating this equality at the state a; = 0, f; = 2 = 0 and s = spy1 = s (S0 g% = I3,
and U” = U_), because of (3.10), we get

oU_ i r an oU_ oU_ a(S].H_l — S, 62, 51)
QU-) da. (Q(U‘)ask+1’Q(U_>a_ﬁz’Q(U‘) a5, ) - e : (4.10)
If we plug the background state U_ = U, into (4.10), it follows that
—QWUy)ri(Uy) = (F(U, = F(U,), —Q(Uy,)r2(Us), QU )r1(Us)) - Cs. (4.11)

Here we have used the fact that U” = Y (sg11, U, ) which follows from U, = Y (s41,U").
For convenience, we write (4.11) all together as

—QU)(rs(U),r2(U),m(U)) = (F(Up) = F(U), =QU)r2(U), =Q(U)r(U)) - €, (4.12)
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which is equivalent to
(F(U) = F(Uo), QU)r2(U), QU ((U)) - € = QU)(r3(U), r2(U), r1()). (4.13)

3. Now we find that the effect of C' is just to convert the first column F(U) — F(Up) to
Q(U)r3(U), while the second and the third column of C' should be (0,1,0)" and (0,0,1)"
respectively. So the first column of C, that is, Cs = (C33, Co3,Cy3) ", is our only concern.

To solve C, we resort again to My (—p) and multiply it to both sides of (4.13) from the
left. This leads to

(M1 (=p)(F(U) = F(Uo)), @' (U)r2(U), Q" (U)r1(V)) - € = Q' (U)(rs(U), r2(U), m1(V)),

(4.14)
which is equivalent to
A . MQQ(S) . M33(/€1(U)(S — )\1)) . C
(4.15)
= B Mll(lig(s - )\3))M22(S) . Mgg(lﬁl(U)<S — )\1))
Here, A is the same as in (3.29), and
(I—)2+w —[1+M*(y=1)] (1-%)%+w
B=1| v U v . (4.16)

—U (% —Uu

Because only (A™'B)q) (which is the first column of A™'B) is necessary, we will not
bother with the rest of columns. In accordance with C, we write A as (As, Ay, A1) and B as
(Bs, By, By), while A; = (as;, ag;, a1;)", Bi = (bsi, bas, b1;) T are column vectors. Notice that
Ay = By and A; = B;. Then

(AilB>(1) = AilBg == AilAl + Ail(B:; - Al) = AilAl + Ail(Bg - Bl)

0 ) —u? — v?
u )\1 )\3 1
o) +a-5E -2 | e
1 cpu o pu AL
— w? (AL _ Azyuito?
(1= — o) A
— _wly(AL Az
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According to (4.16), we can solve C3 out as follows:

U)( )) Me (%) (A7 B) ) (55(U) (s — X))

<A; - 1) ( + 0?)ra(U) (s — o)

A
:H

_ 23) v2R3(U) (s — A3)

From (3.30), we know that

Sl () Y (A ) s
PU U c? pu  pu) pu
u

= 1_;1ﬂ ﬁ_i_i 1__2 M 1_u_2 M A3 s
Yy oop)opu pu 2 ) pu c? pu  pu) pu

:Kl_v_—1ﬂ>ﬁ+i](l_u_j)ﬁ,
Y p)pu pu ) pu

hence,

In Lemma 2.1 we showed that

therefore
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and

11 u )\1 )\3 )
— - (1= = AL A3 B
cu= i (1-5) (u = o) st =)
1 u2 A A ) )
- (1= = Al A3 B
CS3 | ‘ < 02> <pu pu) (U +v )/ig(U)(S )\3>

4.4 On product of reflection coefficients K>C'3

Recall the reflection coefficient Ky appeared in Lemma 4.2, we have that

e [0 )0
S el e

(4.22)

(4.23)

(4.24)

(4.25)

To construct a Glimm functional, it is crucial to have |C13K5| < 1, which means waves are

weakened after consequential reflections.
Note here that, by the Rankine-Hugoniot conditions,

By Lax entropy condition, we also have 0 < s < A3. So

S— A3 al + s
S— A alz+s

) { (s — A3)(ar; + s) < (s — Ap)(ars + s),

In fact, D always holds for s > 0, while

@ & s+ (a—1) 25— arA; > 0.

Let ) )
S,: (u 1) S (U 1)p_p0

pu puw

c2

—(s = A1)(adrs +s) < (s — A3)(ar + s),

and \, = (2—22—1)%. Note that —’\,1;”\("’ = w, N[\ = w?+1—M? so (recall M = (u*+v?)/c* >

1)
@ & %+ (a—NDws —a(w?+1—M?)>0.
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Therefore we see that |C13K5| < 1 holds if and only if u > ¢ and

u? p—10\’ v (p—po\’ I v—=1po\ 5
()R o) - 55

and the last inequality could further be simplified as

(p—m)z ((:2) {1—6—22—(7—1)102} +7(1+(7_1)%) w14+ w?) >0. (4.26)

P u? u

We recall here that pg = p, and p = Py U= Uy, €= Gy W= W, > 0. By Rankine-
Hugoniot conditions, for given U,, we could write the left-hand side of (4.26) as a function
of pressure, namely f(p). Furthermore, entropy condition implies that p > po. So f(p) > 0
holds obviously if p > py and p — py is small (which implies w > 0 small from the p-w
shock polar). Therefore by continuity of f, there is a p, > po so that f(p) > 0 for all
p € (po,p«). Here p, is determined by U,. Then for the background solution (U,,U,), it
holds |Cy3K,| < 1. This estimate also holds for the approximate solution U° constructed
by the front tracking method, since it should be a small perturbation from the background
solution.

4.5 Refraction of weak wave by strong shock

We now consider the case that weak waves meet the strong shock from above (cf. Figure
10).

Lemma 4.4. Suppose that Uy, UL € O.(U,) and U_,U" € O.(U,), for sufficiently small ¢,
with
Uy = O1(o, Po(az, Ps(as, T(sk, U-)))) = T(skt1, P2(Ba, 1 (51, U-))).

Then (with o = (a1, g, a3))

3
sier = sk = Y Cjoy + Cy(laf” + Jal sk — ), (4.27)
j=1
3 — —
Br =" Coja; + Ch(Jaf* + [a|si — s)). (4.28)
7=1
3 — —
B =" Cya; +Ci(laf + |allsi — s)), (4.29)
j=1

for some constants Ci; depending only on U, and U,. Also, C! (i = 1,2,3) are bounded
quantities with bounds determined by the background solution.

Proof. This proof is similar to that of Lemma 4.3, but simpler since we do not need the
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Sk+41

Ut

o U}F

Sk

|

Figure 10: A weak wave «; (blue solid line) of the i-th family meets the strong shock (red solid
line) from above, and then penetrates it to produce a 1-wave 1 and a 2—wave (2 (blue dot line),
and a deflected strong shock sgy1 .

specific expressions of the coefficients C. By (4.7) and (4.8), the goal is to solve

O(Sk41 — 8, B2, B1)

)
a(a?n g, al) (§7070§Qb7ga)

C_’:

which is the Jacobian of (sg11 — s, B2, 51) = f(sk — 8, a3, a, ) with respect to (as, ang, ay).
According to the chain rule, we get

oU oU, O(Sk11 — 8, B2, B1)

5(043,0427041) B 6(8k+1752,51) 8(0437042,041)
. ou, oUy ) our oU. ) E)Ui) ) O(Sk+1 — 8, B2, B1)
© \Ospp OUT 9By OUT 0B o ag, ag,a1)

(4.30)

Multiplying both sides of (4.30) by Q(U,) from the left, then it becomes (using (3.10) and
(3.11))

au,

8(043, a9, al)

Q(Uy)

T r our r our (s —5,B2,
- (F(Ui) N F(U+)’ Q(U*) " 9820 Q(U*) " 9B ) ) (81222,012,50421?1)'

Evaluating this equation at the background state, we get (comparing to (4.12))

Q(Uo)(Tg(UQ), TQ(U()),Tl(Uo)) = (F(U) — F(U()), Q(U)TQ(U), Q(U)’f’l(U)) . é (431)
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As in the derivation of (4.15), direct computation yields that

Moy (po — p) Mo (po) M1 (—po)Q(Uo) (r3(Uo), r2(Up), r1(Uo))

= Mu(k)- A Mas(s) - Mag( (U) (s = M) - C. (432)

Here A is given by (3.29). Since det A # 0, we could solve uniquely the coefficients C. [

5 The Glimm functional

In this section, we will construct a Glimm functional denoted by G(§) which controls the
distance from the approximate solutions to the background solution in the sense of total
variation and show G(§) is decreasing with respect to the ‘time’ £. There are mainly two
classes of terms to handle: one is the total variation, and the other is the interaction potential.

5.1 Definition of Glimm functional

For the total variation, we define the following functionals without weights:

To(€) 2 3 (Jeu| + laz] + |as]),

above

T3(€) 2 sy — s,
T2(6) 2 Y (161 + 1B2] + 18s])

below

Here, ‘above’ (respectively, ‘below’) means the summation is over all the weak waves at the
time & above (respectively, below) the strong shock, and «j means the wave is of the k-th
family. Then we define

To(€) £ T3 () + T3 (€) + TH(E),

which controls the total variation of the flow field at time £ and the perturbation of the
slope of the strong shock-front. It should be small to guarantee the solvability of Riemann
problems in section 3.

To handle the wave reflections/refractions, we introduce the following weighted function-
als:

7€) = Y Ao + laz| + |as]),
T°(€) & Cylsi, — s,
T(€) 2 S (BilBi| + Bolfal + Bsl]),

below
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and

T(€) £ T(€) + T(€) + T*(€).

Here A, Cy, By, By, B3 are positive constants to be chosen. They should depend only on the
background solution.
To handle the wave interactions, we firstly define the sets:

{(
{(
{
{

1>

A B)|a and § are waves above the strong shock approaching to each other},
B(¢
A€
B, (£

1>

a?
a, f)|a and 8 are waves below the strong shock approaching to each other},

1>

ala is a weak above the strong shock},

)
)
)
)

1>

B|6 is a 3-wave lying below the strong shock}.

Here the meaning of two weak waves approaching is the same as that introduced by Glimm
(see |11, p.311] or 13, p.215]). We also see that A, (respectively, By) is actually the set of
weak waves that approaching the strong shock from above (respectively, below).

We then define

QUEOE Y al- 18, Q© = > al-18]

(a,B8)EA (e, 8)EB

to be the (weak) wave interaction potential above and below the strong shock respectively,

and define

QUO =Y ol Isk—sl, Q"€ =D 18 |5 —s

a€hg BEBs

to be the weak wave—strong shock interaction potential from above and below, respectively.
We then define the weighted total interaction potential

Q&) = CaQ™(€) + CHQM(E) + CusQ™ (&) + CraQ™(6).

Finally, the Glimm functional is given by

G(§) £ T(§) + Q(8).

5.2 Changes of Glimm functional

Now our aim is to find appropriate coefficients A, By, Bo, B3, Cy, C,, Cy, C,s, Cys that de-
pending only on the background solution, so that by choosing 75(£) small (this can be
done by requiring that ey, the perturbation of the initial data, to be small), then G(§) is
non-increasing; that is, G(£,) — G(£_) < 0 for any finite time &.
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In the following, we need to analyze five different cases.

5.2.1 Case 1: A weak wave a; hits the boundary.

We assume that at time £, a 1-wave oy meets the boundary {n = 0} and reflects to a 3-wave
B3, see Figure 11. For this case, T%(£), T%(£), Q*(&), Q**(§) experience no change. We then
check one by one the rest of the three terms as follows, where have we used the corresponding
wave interaction estimates established in the previous section.

Figure 11: Case 1.

Bs|Bs| — Bi|ay| < Bs(|Ks|on + O(1)|cu]?) — Bilov|
= (BgKQ — Bl)|041| + BgO(l)lOé1|2,

T'(64) = T"(s-)

Qbs(§+) - Qbs(f—) = [Bs]- |3k —§|
< |Kollaa] - sk — sl + O(D)|ar[’] - [sy, — 5],

Q€ —Q" &) = D ol 1Bl —= D lal- e

(a,83)€B (ov,a1)€B
< Y ol 18] S TYE) - 15
(a753)€B

= T(&)IKsllon| + T5 (O (1) o |*.

Here and below we use O(1) to represent a bounded quantity with the bounds depending
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only on the background solution. Combine the above estimates, we have

G(&+) = G(E-) <

<

(B3> — Bi + G T5(6-) Ks)|an| + (B;0(1) + G I (€-)O(1))|an [
+Cys Kol | - |sp — s| + CpsO(1)|ar]? - sy — 3]

[Bs K, + CyIP(E-) Ky — By + T3 (€-)BsO(1)

+CTF(E-)O(1) + Cos FKTH (6-) + Cos O TF(E-) T3 (€-)] |
{[B?,K2 ~ B+ Th(E) [330(1) + Ok,

FOT(ENO(L) + CpoFs + 0650(1)%(5_)} }|a1|.

5.2.2 Case 2: A weak wave a3 hits strong shock from below

Figure 12: Case 2.

See figure 12, suppose that a weak wave a3 hits the strong shock s, and produces 3, Bs,
and sgy1. In this case, T* and () have no any change, while

TP(&y) —TY(E) = Bi|Bi| + Ba|fa| — Bslas|

To(&y) = T7(€-)

< Bi(ICullas| + Clllas]? + s Is — 5|

1B (|Casllaas| + Ch(lasf? + el — 5| ) — Bla|
(BulCasl + BalCasl = By ) sl + (BiCY+ BaC) s
+(BiCY+ BaCy) s - s — s,

Co|(|8k+1 — 8| — |5k — 8])
Cylserr — sl < Cs[|Cssl|as] + Ch(las]® + || - [sk — s])]
Cs|Csl|as| + CsCilas|? + CsCslas - [, — s

VAVANI
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and

Q"(&+) — Q°(&-)

Q" (&4) — Q™ (&)

Q" (&) — Q™(E-)

IN

IN

IN

| VAN 1B VAN VAN

IN

I IA

> Bl 18I+ X 1Bl -8l = X as] - [A]

(8,61)€B (8,82)€B (B,03)€B
Yo Bl 18I+ X2 [B] 18]

(8,61)€B (8,82)€B

Ty (&) [|Cusllas| + Ci([as]® + |as| - |sx — s])

+[Cas||as| + Cy(|as|® + |as| - |sk — s])]
TH(E)(|Chs| 4 |Cos|)]aws| + TP (E-)(CT + Cy) s
+T5(6-)(Cr + Cy)las| - |sk — s,

[ > lallsker — sl = 32 lallsy —s| = |Bs] - |sk — s]]

a€hg a€hg

To(E) k41 — skl — lel]sy — 3]

T5 (&) [|Casllas| + Ca(las|* + |as|lsk — s])] — [as|ls, — ]
To(€-)|Csllas| + Tg(6-)Calas|* + (T3 (E-)Cq — 1) |as||sk — s
T3 (E)|Cssllas| + Tg (62 ) Calas|* + (To(€-)Ch — 1) |as]| s — s],

> lal(sper — 5| = sk — s])
aEAg

> lol([Ske1 — skl)

aEAs
To(6-)(|Csslles| + Cy(lasl® + |as| - |s, — s])
To(€-)|Casllas| + To(6-)Cslas|® + To (€~ ) Chlas] - | — s].
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Therefore we have

G(&y) —G(E-) = (Bl|Cl3| + By|Cys| — Bs + Cs|C33|> |os)|

+( B1C} 4+ BoCh + C,C% ) |as|?
+( B1C] + BCh + CC% ) |as] - sk — s
+CTE(E-) (IChs] + | Cas]) las| + To(6-)O(1)Cs| s
+CpTo(6-)O0(1)|as|* + CpTo(E-)O(1)|as|| sk — s
+CsTo(E-)O(1)|as| + CosTo(E-)O(1)]as]* + CasTo(E-)O(1)|as|?
+Chs (To(€-)O(1) = 1) |es|[si — 5] + CasTo(§-)O(1)] s[5 — s

= {[BilCusl + BalCos| = By + Ci[Casl| + (BiCY + By + CCH) To(€-)
LOTHENO() + CoTo(E)O(1) + GTo(€120(1) + CuuTo(€)O(1)
+CTH(€ )2 O(1) + CasTo(€-0(1) e
n [Blcq 4 ByCl + O,C% + CyTo(£-)0(1)
+CasTo{€)O(1) + Con(To(€)O(1) = 1) | a5t — 5]

= { [31013 + ByCys — By + 05033}
HTH(€0) [BiCY + BaClh + C.C + CLO(1)
+CosO(1) + CTH(E-)O(1) + CpsO(1)
+CoTo(€)O(1) + CuTo(€)O(D)]
+{BlC{ 4 ByCl + C,C% + CyTo(£2)0(1)
+CasTo(6-)O(1) + G [To(€-)O(1) = 1] flaxs I — s

(5.2)

5.2.3 Case 3: Two weak waves collide below the strong shock

We assume that two waves a;, a; collide below the strong shock and produces i, 52, 83. So
for this case, T Q% Q* and T have no change, but

T(&,) — THE-) < O(L)(By + By + Ba)laucy|. (5.3)

Actually there are five cases for (,7) in (o4, @), namely (1,1),(2,1),(3,1),(3,2),(3,3). We
take (i,7) = (1, 3) as an example:

Tb(&y) —T°(&-) = Bs|Bs| + Ba|Be| + Bi|6i| — Bi|au| — Bslas]
= B3[0(1)|aras|] + B:[O(1)|aras|] + B2[O(1)[aras|]
= 0(1)(B1 —+ BQ + Bg)|0&10&3‘.
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Figure 13: Case 3.

For the rest of the two terms, there hold that

Q" (&) — Q&) < | - oy [[OM)Tg(s-) — 1],
Q"(&+) — (&) = Ol - o[ s — /.

To prove this we also need to consider five cases as above. We take the case (3,3) (namely,
two 3-waves (as,y3) meet and one of which is a shock) as an example:

Q" (1) — Q¥ (&) = [|Bsl|sk — s| — |os||sk — s| — || [sk — s]
= O()]as||ysllsk — 3.

Hence in this case we proved that

G(E) = GE) = [(Bi+ By + By)O(1) + Co(To(6)0(1) = 1) + O(1)CoTo(€)] sy
(5.4)
5.2.4 Case 4: A weak wave hits strong shock from above

We assume that at £, a weak wave «; hits the strong shock from above and produces (1, B2
and sy 1, see Figure 14. In this case, all the seven terms in the Glimm functional experience
changes. We have
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Figure 14: Case 4.

-) = —Alai,
-) = BilBi| + Bs|f|

< Bi[|Cullail + Cillauf? + ol — s1)]
By |Caillou] + Chlail? + laillse — )]
(BiICul + BolCail )l + (BiCY + BoCh ) ol
+(B1CY + BoCh) || sk — s,

TS(5+) - Ts(f—) = Cs’(_’£k+l —§’ - |3k - §|) < Cs\$k+1 - Skl
= O] G| + CsCslai* + CiClay| - |5y, — s.

IN

Here, coefficients like C5; come from Lemma 4.4. It is also easy to see that

Q&) — Q&) =— X laf-fei| <0,

(a,a5) €A

Q¥ (Ey) —Q™(&-) = —lsr — 5| |aul,
and

Q€)= Q&)= X IBl-1Bl+ 3 1Bl 18] < TH(€)(|B1] + 152)

(B,81)€B (B,82)€B

TH6) [(1Cul + 1Cail) ] + (G + 13 Jul? + lasllsi = )
THE-)(Cul + Cal)as] + THE)ICH ]+ Cy) s

T )(CH + ICDlallsi = s,

Q" (&) — Q&) = (Isker — sl —Isu = sl) - 2o [Bs] < [sk1 — sulT5(6-)

B3EBs
T5(6-) | |Callos] + Cyllaf? + el - 51 = )]
= TH(6-)|Cullou| + TY(E-)Cylou? + T (E-) el — 1.

IAIA

IN
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It follows that

G(&y) —G(-) = [ — A+ C|Cs4| + B1|Cli| + Ba|Coi| + CyTy(£-)O(1) + CbsTo(g—)O(l)} |l
+[Cs 05+ BiC} + BoCy + Gy To(€-)(CF + C3) + CrpsTo(6-)O(1) | e
+|C.C4 + BiC] + ByCh + CyTo(6-)(CF + Cf) + Cus Ty (6-)O(1)

= {[- A+ GGyl + BICul + BalCul]
+[ChO(1) + CpO(1) + CsC% + BiCY + BoCh To(€-)
FTo(€)[GO) + CouO()] Hlaul + { [CiC = Cus + BiCY + BoCY)
+To () [CLO(1) + CosO(1)] ¢ - |l sk — s].
(5.5)

5.2.5 Case 5: Two weak waves above the strong shock collide

Assume that at time &, two weak waves «;, a; above the strong shock collide and to produce
B = (B1, B2, B3). In this case, T%,T° Q° Q" have no change, see Figure 15.

Figure 15: Case 5.

For the rest of the three terms, it is not hard to show that

T(&r) —TE-) = A(|Br] + |Ba| + B3] — || — |ay])
< A(fai] + o] + O(D)|ev] - || = o] — |evs])
= AO(1)|av| - |ay,
QUE) — Q&) < (T(8-))O(M)|ev] - [ay| = levi| - |ay])
= (T“(&)Og(l) — D)a] - oy,
QU(&4) —Q™(E-) = |sk —§|(;1 18i] = levi] — |evs)
< TE(€-) - O(1) - o] - ey
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It follows that

G(&) = G(&) = ail - |oy|[{AO(1) + Cu[To(€-)O(1) = 1] + Cos O To(€-) ;. (5.6)

5.3 Determination of weights

Now we solve the coefficients A, By, By, Bs, Cs, Cy, Cy, Cys, Cs and determine Tp(¢_) from
(5.1), (5.2), (5.4), (5.5) and (5.6) to guarantee that G(&,) — G(&-) < 0.

We start from (5.2). Set B; = 1. Since Cj3 < 1 and Ci3K, < 1, it holds C13 < K% Then
we choose 1

Bg c (013, E)

Hence we have By > C3B;. Therefore By and C can be chosen small enough (depending
only on Bjs and constants like Cyg, C33 determined from the background solution), such that

BCi3 4+ ByCys + CsC's3 — By < —0,

where § > 0.
Up to now By, By, B3 and C are chosen and henceforth fixed. Then (5.2) can be simplified
as

G(Er) =G ) < { =0+ To(€)[0(1) + GO(1) + CasO(1) + CpsO(1)]
+T(6-)*[CyO(1) + CasO(1) + CopsO(1)] } ||
+{O(1) + To(E)[ChO(1) + Cos O(1)] + Co[T(E-)O(1) — 1] } s[5y, — s

< A=+ To(6-)M[1 4 Cy 4 Cas + Chs] + To (- ) M[Cy + Cas + Chs] o]
HM + To(6-)M(Cy + Cas) — 5ChsHos |5, — ]
S {_(5 + TO(&*)MU + Cb + Cas + Cbs] + TO(&*)ZM[Cb + Cas + Cbs]}’a?)‘a
(5.7)
provided that
Chs > 2M + 2TH(E- )M (Cy + Cus). (5.8)
Here and in the following, we have written M = O(1), and assumed that
1
To(€)O(1) < 5. (5.9)

Now consider (5.1). Notice that BsKs — By < 0 because By = 1, By < KLZ Then assume
that BsKy — By < —6 < 0, from (5.1) we have

G(&) - G(E-) < [ — 0+ To(§-)M (1 + Cp + Cos) + To(E-)*(Cy + Crs) M || (5.10)
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For (5.4), suppose that Ty(£-) is small enough such that (5.9) holds, and
Cp > 2M (1 + CpsTp(E-)), (5.11)
then (5.4) yields that
G(&s) = G(E) < [M + MG Th(E-) = 5C]asay| <0 (5.12)

as desired.
We then infer from (5.5) that

G(&) —G(&) < [“A+ M+ M(Cy+ Cys + 1)To(€2) 4 (Ch + Chs) MTy (€)% i
)

[
+[M — Cus + To(§- )M (Cp + Chs)]|cvil sk — s
< [FA+ M+ M(Cy+ Cos + DTo(E-) + (Ch + Cos) MTy(€-)?] |
< 0,
(5.13)
provided that
Cus > M—i—To(f,)M(Cb—kas), (514)
A> M+ M(Cy+ Cys + 1)To(E2) + (Cp + Ch) MTy(£2)% (5.15)
Suppose Tp(§-)O(1) < 3, from (5.6) we have
G(&) — G(EL) € [AM — 10, + MO, To(€2)] lauay| <0, (5.16)
if
Cly > 2AM + 2MTy(£_)Cls. (5.17)

We now determine C,, Cp, Cys, Cps and A from (5.17), (5.11), (5.14), (5.8) and (5.15).

Without loss of generality, we may assume that M > 1 and To(6-)M < 5. Then if we

choose
A=Cy=Ch=Cps =3M, C,=TM?,

all the inequalities (5.17), (5.11), (5.14), (5.8) and (5.15) are true.
Finally, for all the weights chosen above, we choose € € (0, 1) small (determined only by
M and 4, hence depends only on the background solution) so that €,/ < 1/12 and

EoM (14 Cpy + Cqs + Chs) + EM(Cy + Cug + Cs) < 6.
Then if
T(¢-) < &, (5.18)

from (5.7) and (5.10), it follows that G(&,) < G(£_). Thus we proved that the Glimm
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functional is always non-increasing.

5.4 Uniform bounds of Tj(§)

We easily see by the choice of weights that there is a constant C' > 1 depending only on the
background solution so that

To(&) < CG(E), G(&) < C(TH(§) + To(8)?). (5.19)

Suppose now that the initial data to problem (L) satisfies |[Up|lrvgee) < €05 With €
claimed in Theorem 2.2 to be specified below. For any positive number 9, we approximate
Us by piecewise constant function U with

|Us — <9

UOHLI((o,oo)) =

and solve locally typical Riemann problems to obtain an approximate solution U° for £ €
(0,&Y). (At &€ = &', one of the five cases considered above occurs. We omit the details on
splitting rarefaction waves and eliminating weak waves of higher generation order in solving
Riemann problems, which does not affect the uniform estimates. See [5, 13| for details.
Without loss of generality, we may also assume that at each time £ when collision occurs,
only two waves interact by changing slightly the speed of one of the wave, see [3].) By
property of Riemann solutions, there holds

To(04) < C(TV (000 U5) < Ceq. (5.20)
We note that it also holds from the property of Riemann problem that

15(€) — 8] + TV (055060 (U (&) = Up) + TV (556),00) (U (&, ) — Uy) < CTo(€).

Here s5(€) is the equation of the strong shock in the approximate solution U° which can be
determined step by step in the front tracking algorithm. We need to choose €, small enough
so that from this inequality each typical Riemann problem studied in section 3 could be
solved.

By front tracking method, suppose then one of the five cases considered above occurs
at &'. By the analysis above, if Cey < €, then Ty(&}) < CG(EL) < CG(EL) = CG(04) <
C*(To(04) + To(04)?) < 2C3gy. Hence we choose

o = E()/(403>,

and it follows that Ty(£}) < €. Therefore we can go on to solve typical Riemann problems
and construct approximate solutions for £ > £!, until at some £ = £2 one of the five cases

above appears. Then we have T(£3) < CG(£3) < CG(€2) = CG(EL) < 2C%¢ < &.
Taking such arguments for next times of collision/reflction/refraction, we infer that we
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can construct approximate solutions U°® by solving typical Riemann problems and still get a
uniform estimate

15(€) = 8|+ TV (05560 (U°(€, ) = Up) + TV (506,00 (U° (&, ) — U,) < Céo.

The estimate claimed in Theorem 2.2 follows from this estimate and the finite speed of
propagation for hyperbolic equations.

We also note that for the above construction to work, we need to show that for any
given T' > 0, there are only finite many times of collision/reflection/refraction happen in
(&,m) € (0,T) x (0,00). This is easy if we eliminate waves of high generation order as for
the Cauchy problem [13, Chapter 6, p.216|, and notice that a wave can only be reflected
by the boundary and the strong shock for finitely many times, since the wave speed has an
upper bound and the distance between the boundary and the strong shock increases (both
determined by the background solution).

What is left is to show that the approximate solutions {U°};-¢ are compact in the space
C((0,00), L*(0,00)) (after modulo a constant state for n — +o0c), and the limit U of a
subsequence {U%}, is actually a weak entropy solution to problem (L). This process is
standard and we omit the details (cf. [5] or [8]). This completes the proof of the existence
part of Theorem 2.2 (hence this part of Theorem 1.1 by Wagnar’s theorem).

6 Uniqueness and stability of solutions

The main goal of this section is to establish the uniqueness of solutions to the free boundary
problem (E) in the Eulerian coordinates, and the L' stability in the Lagrangian coordi-
nates. Towards this aim, first we will prove the L!-stability of solutions to the corresponding
problem (L) in the Lagrangian coordinates.

6.1 The L'—distance functional between two solutions

Given initial data U, let U° be an approximate solution constructed by a front tracking
algorithm, where ¢ is a small parameter measuring the accuracy of the solution, which
controls the following errors generated by the algorithm:

e Errors in the approximation of initial data;
e Errors in the speeds of shock, characteristic discontinuities, and rarefaction fronts;

e Errors from approximating the rarefaction waves by piecewise constant rarefaction
fronts;

e Errors from removing all the fronts with generation higher than N (IV is a positive
integer depending on ).
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The construction of a Glimm functional as in Section 5 provides the necessary uniform
estimates that guarantee the existence of a subsequence of U° which converges to a bounded
entropy solution of problem (L) in C([0,T]; L'(R")) for any T' > 0.

To show that the front tracking approximations, constructed for the existence analy-
sis in Section 5, converge to a unique limit, we estimate the distance between any two
d-approximate solution U and V' of problem (L). To this end, we introduce a Lyapunov
functional ®(U, V), equivalent to the L'-distance:

CTHUE) = V() < (U V) <CIUE,-) = V(E ),
and prove that the functional ®(U, V) is almost decreasing along pairs of solutions:

o <U<£27 ')7 V(§27 )) -9 (U(gh ')7 V(&h )) < C(£2 - 51)7 for all 52 > §1 > 07

for some constant C' > 0.

Following earlier works |2, 14|, with “time” £ fixed, at each 7, we connect the state U(n)
with V() in the state space by going along the Hugoniot curves Sj, Cy, and S3. Depending
on the location of the strong shock in U(n) and V' (n), the distance between U(n) and V' (n)
is estimated along discontinuity/waves in possibly different “directions”, determining the
strength of the j-th Hugoniot wave h;(n) in the following way:

e Suppose that U(n) and V(n) are both in O.(U,) and O.(U,). Then one begins at the
state U(n) and moves along the Hugoniot curves to reach the state V(7).

e Suppose that U(n) is in O.(U,) and V(n) is in O.(U,). Then one begins at the state
U(n) and moves along the Hugoniot curves to reach the state V(7).

e Suppose that V(n) is in O.(U,) and U(n) is in O.(U,). Then one begins at the state
V(n) and moves along the Hugoniot curves to reach the state U(n).

Define the L'-weighted strengths of the waves in the solution of the Riemann problem

(U(n),V(n)) or (V(n),U(n)) as follows:

wh - hj(n)  whenever U(n) and V(n) are both in O(U,),
g(n) = w? - hj(y) whenever U(n) and V/(n) are both in different domains, (6.1)
w§ - hj(y)  whenever U(n) and V (n) are both in O.(U,),

with the constants wé?, wj", and w] above to be specified later on, based on the estimates of
wave interactions and reflections in Section 4.
We define the following Lyapunov functional,

:Z/ lg;(n n) dn, (6.2)

j=1
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where the weights are given by

Wj(n) =1+ r1A;(n) + k2 (QU) + (V). (6.3)

The constants x; and sy are to be determined later. Here Q denotes the total wave interaction
potential, and A;(n) denotes the total strength of waves in U and V, which approach the

j-wave g;(n), defined in the following manner (for  where there is no jump in U or V):

Aj(n) = Fj(nHGj(n)Jr{ r

Dj(n) if j-wave ¢;(n) is small and the j-field is genuinely nonlinear,
. if 7 = 3 and ¢;(n) = B is large.
(6.4)

Next, we define the following global weights G:

G;(n) = | U,V are both in O.(U,) || U,V are in distinct regions || U,V are both in O.(U,)
Gi(n) | B B B
G2 (n) 0 B B
Gs(n) B 0 B

Under the assumption that TV(US(-)) + TV(VP(+)) is small enough with U(E,-), V(£,-)
€ BV N L', one concludes

MUE ) = VEN <Y / 40| dn < MIT(E. ") — V),

j:l 0

1§WJ(77)§M7 jzla"'aga

where the constant M is independent of § and “time” &. Here we define the strength of any

large wave of the 3-characteristic family to equal to some fixzed number B (bigger than all

strengths of small waves), and the concepts “small” and “large” mean the waves that connect

the states in the same or in the distinct domains O.(U,) and O.(U,), respectively.

The summands in (6.4) are defined as follows:

([ + = Ja

aceJ\S aeIJ\S
Na<n,j<ka<3 Na>Y,1<ka<j

(D e T ONSW@)masnbami T 2oae 7 (VNSO s mkams) Y] if ¢;(n) <0,
(ZQEJ(V)\S(V),na<T],ka=j + ZaGJ(U)\S(U),n&>n,ka:j) |Oé‘ if qj (77) > Oa

( > ; > i

aeJ\S aeJ\S
Na<n,ka=3 Na>1ka=3
both states joined by a are located in O (Uy) both states joined by « are located in O (U,)
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where, at each £, « stands for the (non-weighted) strength of the wave o € J, located at
the point 71, and belonging to the characteristic family k,; J = J(U) U J(V) is the set of
all waves (in U and V') and S = S(U)US(V) is the set of all large (strong) shock waves (in
U and V).

Consequently, there holds
CTHUE ) = V(&) < 6(UV) S CIUE ) = VI(E ), (6.5)

for any £ > 0 with the constant C' > 0 depending only on the quantities independent of &:
the strength of the strong shock wave and TV (UZ(+)) + TV(VZ(+)).

We now analyze the evolution of the Lyapunov functional @ in the flow direction £ > 0.
For j = 1,2, 3, we call \;(n) the speed of the j-wave ¢;(n) (along the Hugoniot curve in the
phase space). Then, at a “time" & > 0 which is not the interaction time of the waves either
inU() =U(&,-) or V() =V(&,-), an explicit computation gives

d

d—§¢(U(f)7V(§))

= > > (a0 Wi0n2) = a2 | W) na+Z|q] ) W (b)Y

acJ j=1 j=1
3

=> > (g Witn2) (e = A(02)) = |as (D) W) (e = X))

acJ j=1
3
+ 3 la;(0) W5(b) (i + (b)) , (6.6)
=1
where 7, denotes the speed of the Hugoniot wave o € 7, b = 07 stands for the points close

to the characteristic boundary n = 0, and 7, is the slope of the boundary, which is zero.
We present the notation

=g | W;F (A = 1a) = | | W (A =), (6.7)
Eyj = lq;(b)] Wj(b) (7 + A(b)) , (6.8)
where ¢; = ¢;(nE), W, = W;(n2), and A = \;(n¥).

Then (6.6) can be written as

jg (), v ZZEM +ZEI,] (6.9)

aceJ j=1
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Our central aim is to prove the bounds:

3
ZEQJ- < O(1)0 o]  when « is a weak wave in J, (6.10)
j=1

3
Z E,; <0 when « is a strong shock wave in 7, (6.11)
j=1

3
Z E,; <0 near the boundary, (6.12)
j=1

where the quantities denoted by the Landau symbol O(1) are independent of the constants
k1 and Ko.

From (6.10)—(6.12) together with the uniform bound on the total strengths of waves, we
obtain

d

— @

dg
Integration of (6.13) over the interval [0, &] yields

(U(€), V() <O(1)o. (6.13)

P (U(§),V(€)) < 2 (U(0),V(0)) + O(1)dg, (6.14)

which implies the uniqueness and L' stability as desired.

We remark that, at each interaction “time” ¢ when two fronts of U or two fronts of V'
interact, by the Glimm interaction estimates, all the weight functions W;(n) decrease, if the
constant ko in the Lyapunov functional is taken to be sufficiently large. Furthermore, due
to the self-similar property of the Riemann solutions, ¢ decreases at this “time”.

Next, we establish the bounds (6.10)—(6.12), particularly (6.11) and (6.12), when « is a
strong shock wave in 7 and near the characteristic boundary, respectively.

6.2 L'-stability estimates and the uniqueness theorem

By following the arguments in Bressan-Liu-Yang [2], the case that the weak wave o € J :=
JU)uU J(V), that is, when U and V are both in O.(U,) or O.(U,), the estimate (6.10)
holds, provided that |B/s| is sufficiently small and «; is sufficiently large. In what follows,
we only focus on the other two cases, namely (6.11) and (6.12).

Case 1: The first strong shock wave o in U or'V is crossed. By Lemma 4.1 and Lemma
4.3, we have the estimate:

hi =hy + Ci3h;. (6.15)

Moreover, the essential estimate |Ci3| < 1 given in Lemma 4.3 ensures the existence of the
desired weights w® and w} in the following way.
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Lemma 6.1. There exist w®, wl, and v, satisfying

(6.16)

S‘ <y < L (6.17)
S

With Lemma 6.1, we estimate E; for j = 1,2, 3, starting with E;. By (6.15) and (6.17),

E, = |q17|<)‘17_7'7a>(VV1+_VVf)‘i‘I/Vfr <|Q1 |()‘+ ' ) |fh )
< kB (wi[hf [N = 5a] + wiCuslhg [[AT — 7] — WH(A+ —m)!)
< R B (Wi hFIINT = el + wwilhg [INg = fal — w] |h1+||<A1+ — 1)) -
For j =2
E, = |C] |(/\+ ﬁa)(W2+_W2_)+W2 (|C] |()‘+ ‘ >_ |Q2_|<)‘2__77a))
< —riBlg (I3 = el + O(1) g5 |
< _HlB‘QQ H)\+ — ol +O(1) (|C12 |+ lag |)
For 7 = 3,

E; = BW5 (O —9a) — gz W5 (A3 — 7a)

< O(1)Blgs | — rm1Blgs |(A5
O(1)Blgs | — ki Bwj|hs |(

- na)

)\5 _ﬁa)‘

All together, choose w!* large enough relatively to w?, then

3
Y EB = —(1—wmBublhs A3 — il + O(1)]g5]

J=1

+r1 B ((wi A IAT = 7a] =

wi'lA A = 7al)

—r1Blgg [[A3 = el + O(1) g5 | < 0.

Case 2: The weak wave a between the two strong vortex sheets/entropy waves in U and

V' 1s crossed. For j = 1,2, we have

Ej = i |(W; = W)L =) + Wi (IgF 1A = 1a) = la5 |(A] = 10a))

< walgi [Ny = el + 2Bk (151 = la; DO
< wilgy lladN; = nal + Bra ((lgf | = la DO
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For the case when j = 3, we have

E; = B((W; = W) (X =) + Wi (A = 2F))
< B(=rilol|Ag =1l + O(1)]al) .

In all, we get

3
Z <m0 (= lal + ol Y It [+ lag | + D lad| = lai 1) + O(1)]al.

k#3 k#3

Since ||g7| = lap 1| < g — ¢¢] < O(1)|a| when k # 3, we obtain Z?:l E; <0if Kk is
sufficiently large and all the weights w" are small enough.

Notice that the choice of the upper or lower superscripts depends on the family number
k.

Case 3: The second strong shock wave o in U or V' is crossed. For the case when j =1, 2,
we have that

(]
A

I
]~

(lgy W5 = W) + Wi (lgf | =) = la7 [(A;7 = 1))

7j=1 Jj=1
9 2
< gzmmq]uv—m—ZmBiq]HA ol
j=1 J=1
For j =3,
By = g3 |Wy ()‘+ o) = BW3 (A3 = 9a)
< Bz\qw (51 + O()lg5 11N — )

By Lemma 4.4, we note that

3
DY Ipfl, i=12
j=1

For the weighted L' strength g;(n) in (6.1), when w} (1 < j < 3) are large enough relatively
to w (j = 1,2), we can get (6.11).

Next we note that the estimate (6.12) is done in [6]. We further note that our choice of
weighted L' strength w} > w3} above is consistent with the choice of weights made for 1-wave
and 3-wave near the characteristic boundary n = 0 to acheive the L!-stability estimate in
[6].

Based on the estimates in Sections 3-6, for our problem (L), we can show the existence
of the semigroup generated by the wave front tracking method. Actually we also obtain
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uniqueness of entropy solutions in a broader class, the class of viscosity solutions as defined
in [1]. The only difference is that there is a strong shock in our case; nonetheless, we can
still proceed with the proof as long as the convergence of the front tracking method has
been done (see section 5). We refer the reader to [6] for details. This completes the proof of
Theorem 2.2.

Next, we apply Wagner’s theorem [16] to conclude the uniqueness of entropy solution to
the free boundary problem (E) in the Eulerian coordinates. We still refer the reader to [6]
for details. Thus the uniqueness claimed in Theorem 1.1 is also proved.
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