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CrossMark
Abstract
We are concerned with the well-posedness of an inverse problem for determ-
ining the wedge boundary and associated two-dimensional steady supersonic
Euler flow past the wedge, provided that the pressure distribution on the bound-
ary surface of the wedge and the incoming state of the flow in the x—direction
are given. We first establish the existence of wedge boundaries and associated
entropy solutions of the inverse problem, when the pressure on the wedge
boundary is larger than that of the incoming flow but less than a critical value,
and the total variation of the incoming flow and the pressure distribution
is sufficiently small. This is achieved by a careful construction of suitable
approximate solutions and corresponding approximate boundaries via devel-
oping a wave-front tracking algorithm and the rigorous proof of their strong
convergence subsequentially to a global entropy solution and a wedge bound-
ary, respectively. Then we establish the L>°—stability of the wedge boundaries,
by introducing a modified Lyapunov functional for two different solutions with
two distinct boundaries, each of which may contain a strong shock-front. The
modified Lyapunov functional is carefully designed to control the distance
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between the two boundaries and is proved to be Lipschitz continuous with
respect to the differences of the incoming flow and the pressure on the wedge,
which leads to the existence of the Lipschitz semigroup as a converging limit
of the approximate solutions and boundaries. Finally, when the pressure dis-
tribution on the wedge boundary is sufficiently close to that of the incoming
flow, using this semigroup, we compare two solutions of the inverse problem
in the respective supersonic full Euler flow and potential flow and prove that,
at x > 0, the distance between the two boundaries and the difference of the two
solutions are of the same order of x multiplied by the cube of the perturbations
of the initial boundary data in L> N BV.

Keywords: steady Euler equations, inverse problems,
Lipschitz boundaries of wedges, pressure distribution, stability,
wave-front tracking algorithms, Glimm-type functional

1. Introduction

We are concerned with the well-posedness of an inverse problem for two-dimensional (2D)
steady supersonic Euler flows past wedges; see figure 1. The inviscid compressible flows are
governed by the following 2D steady Euler system:

(), + (pv), =0,
(pu —}—p) (puv), =0,
(puv), + (pv* +p), =0, (1.1)

(pu( ) (pv(E—Fl;j))y:O,

where u = (u,v) " is the velocity, p the pressure, p the density, and E the total energy:

1
= §|u|2 +€(p,p) s
with the internal energy e as a given function of (p,p).
For ideal gases, the relation between pressure p and internal energy e can be expressed as
p:pRT e:CVT (12)

with T standing for the temperature, S the entropy, and v = 1 + =~ > 1 for some constant R > 0.
In particular, using the thermodynamic variables (p,S), we have

RT
p=p(p.S) =rpleSl, o= prleSe = = (1.3)

v—1 v—1
where x and ¢, > 0 are constants. For the isentropic polytropic gas, v > 1, while, for the
isothermal flow, v = 1. The sonic speed of the flow is ¢ := \/p,(p,S). For polytropic gases,

P/ p-
For isentropic and irrotational flow, the governing equations form the potential flow system:

{ (pu), + (pv), =0, 14

Ve —uy, =0,
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Incoming flow|

Figure 1. The inverse problem for two-dimensional steady Euler equations.

obeying the Bernoulli law:

yp? !

2, 2
(u +v)+7_1

=B, (1.5

R =

where we have used the pressure-density relation: p = p” without loss of generality by scaling.
The mathematical analysis for 2D steady supersonic flows past wedges initiated in the 1940s
(cf Courant-Friedrichs [22]). As indicated in [22], when a supersonic flow passes a straight-
sided wedge whose vertex angle is less than the critical angle (i.e. the sonic angle), a supersonic
shock issuing from the wedge vertex can be determined, and both of the constant states con-
nected by the shock are supersonic. Moreover, the opening angle of the wedge completely
determines whether there exists such a supersonic shock. If the wedge is a perturbation of a
straight-sided one, local solutions near the wedge vertex were first studied in Gu [27], Li [35],
Schaeffer [45], and the references cited therein. The global existence of solutions for poten-
tial flows was obtained in [8, 16—18, 50, 51] in different types of setups. For the full Euler
equations, Chen er al [14] first established the existence of global solutions for supersonic
Euler flows past wedges and the stability of the strong shock-front attached to the vertex via a
modified Glimm scheme. Later on, Chen and Li in [12] used a wave-front tracking method to
establish the L!—stability of entropy solutions with strong shock-fronts and obtained the uni-
form estimates for the Lipschitz semigroup S, defined by the limit of the wave-front tracking
approximate solutions, based on which the uniqueness of solutions within a broader class of
viscosity solutions was proved. Recently, Chen et al studied the L' —stability problem for hyper-
sonic similarity laws for steady compressible full Euler flows over 2D Lipschitz wedges via a
wavefront tracking approach and obtained the optimal convergence rate in [9, 10] with large
data. For supersonic Euler flows over almost straight walls, the existence of the full Euler solu-
tions and the stability of large vortex sheets and entropy waves in BV were first established by
Chen et al [15], while Chen and Kukreja [11] established the well-posedness of that problem.
Later on, Zhang [52] made full use of the semigroup corresponding to the Cauchy problems
to prove that, at x > 0, the solutions of the supersonic potential flow system approach that of
the full Euler system at the order of x multiplied by the cube of the perturbations of the initial
boundary data (also cf [3, 44]). See also [8, 17] and the references cited therein.
Corresponding to the stability problems for shocks, vortex sheets, and entropy waves, two
inverse problems have been investigated. One of them is to determine the shape of the wedge
in a 2D steady supersonic flow, provided that the location of the leading shock front is a priori
given. This inverse problem was considered by Li-Wang in [36-38, 48, 49], in which a smooth
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leading shock is assumed and then the characteristic methods are applied for seeking a piece-
wise smooth solutions containing only one discontinuity, the leading shock; see also [34]. The
other inverse problem is to determine the shape of the wedge or the cone with given pressure
distribution on the wedge boundary in a 2D steady supersonic flow or an axisymmetric conical
steady supersonic flow; see [42] for the inverse problem for the 2D case and see [13] for the 3D
axisymmetric case. This inverse problem plays crucial roles in the aircraft design, especially
in the inverse design; see [1, 2, 7, 24-26, 40, 41, 43, 47]. Though some numerical methods
and linearized algorithms to deal with this problem have been developed, it seems that there is
no available rigorous mathematical analysis on the well-posedness of solutions to the inverse
problem for supersonic steady Euler flows past wedges.

Establishing a well-posedness theory, including the existence and stability of solutions to
the inverse problem for supersonic steady Euler flows past wedges, holds transformative poten-
tial for aerospace design. A rigorous mathematical foundation not only ensures that numerical
algorithms converge to physically admissible solutions but also validates the reliability of iter-
ative methods in computational frameworks. Crucially, the mathematical proof of the stabil-
ity of such an inverse problem guarantees that small perturbations of the targeted parameters
(pressure distribution, Mach number, etc) do not lead to rapid oscillation or large deviations in
the wing geometry, which enhances the robustness of optimization frameworks. Meanwhile,
from a computational perspective, the well-posedness allows the applications of some simpli-
fied models (such as the potential flow equations as the leading shock is weak) in preliminary
design phases, reducing computational costs while preserving predictive accuracy. Finally,
some theoretical methods such as the Glimm scheme or wave-front tracking algorithms offer
a reliable algorithmic foundation, based on which a more efficient way may be developed
to achieve the inverse design task. These advantages provide a solid foundation for creating
innovative and high-confidence designs for next-generation high-speed aerospace vehicles.

In this paper, for completeness, we first establish the existence of entropy solutions and
wedge boundaries of the second inverse problem by employing the wave-front tracking
method, given the pressure distribution (whose total variation is suitably small) on the wedge
and the incoming flow (a BV perturbation of a uniform flow); see figure 1. Then we investigate
the L>—stability of the wedge boundaries and the L'—stability of entropy solutions via a modi-
fied Lyapunov functional. Based on these, we are able to deduce a uniformly Lipschitz semig-
roup G, which is defined by the converging limit of both approximate boundaries and approx-
imate solutions generated by the wave-front tracking algorithm. Finally, we use this semigroup
to compare two solutions of the inverse problem in the respective supersonic full Euler flow and
potential flow, assuming the pressure distribution on the wedge boundary is sufficiently close
to the pressure of the incoming flow. As a result, we prove that, at x > 0, the distance between
two boundaries and the difference of two solutions are of the same order of x multiplied by
the cube of the perturbations of initial boundary data, i.e. O(1)x||(Weo, Pp)||3 o0 py-

To be precise, denote U := (u',p,p)" = (u,v,p,p) ", and consider vector functions:
2 2
u-+v
W(U) = (pu, pu” + p, puv, pu(h + N',
u* +1?
H(U) = (pv, puv, pv* + p, pv(h + NI
with h = ﬁ Then system (1.1) is reformulated into the conservative form:

W(U), +H(U), =0. (1.6)
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Our problem is to seek the wedge boundary y=5b(x) <0 and solve (1.6) in the
corresponding domain:

Q={(xy) : x>0,y <b(x)}
with the upper boundary
I={(xy) :x>0,y=>b(x)},
such that
u-nfp =0, (1.7)
with
_p! nr
n=n(x,b(x)) = 0.0
L+ (b (x))*

as the corresponding outer normal vector to I" when b(x) is differentiable.
To solve the inverse problem, we assume that the initial-boundary data satisfy the following
condition:

(C1) Uso(y) := Uso + Uso(y) is the incoming flow at x = 0 such that
(@) Uso = (UL ,P..,Ps.) " is a constant vector with

_ [o] Pos

Uoo >0, Voo>0, My := = = [y | > 1,
i —— - (1.8)
Voo 2 (1+ 25 (Mo — 1) = (2 — 1)
— =tan(f) == — - =] .
foo W, — 241 7+

(b) Uso(y) = (ﬁ;,ﬁgo,ﬁoof (y) € (L' NBV)(R;R*) is a BV perturbation at x = 0 with suf-
ficiently small || Uso ||y := ||Uso I + T.V.(Uso).

(C2) pp(x) := pp + Pp(x) is the pressure distributions on the wedge boundary such that
(a) pp a constant so that

poo < pb < Psonic

where psonic 18 a critical pressure to be specified later in (2.15);
() pp(x) € (L' N BV)(R;R) is a BV perturbation with sufficiently small ||pp||zzv-

With these setups, it suffices to consider the following inverse problem for (U, b):
Incoming Flow Condition:

U‘x:O = UOO (y) ’ (19)

Free Boundary Conditions:

p(xb(x)) =ps(x), (1.10)
(u,v) - (=b"(x),1) =0. (1.11)

We seek entropy solutions of the inverse problem (1.6)—(1.11) in the following sense:

5
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Definition 1.1 (Entropy Solutions). A wedge boundary I = {(x,b(x)) : b(x) € Lip([0,00))}
and a vector function U = (u',p,p) " € BV(Q) form an entropy solution of the inverse prob-
lem (1.6)—(1.11) if they satisfy the following:

(1) U is a global weak solution of (1.6) satisfying (1.9)—(1.11) in the trace sense;
(ii) For any a(S) € C! with a’(S) > 0, the entropy inequality:
(pua(S)),+ (pva(S)), =0 (1.12)
holds in the distributional sense on QUT".

The first main theorem of this paper is B
Main Theorem I (Well-posedness). There exists €, > 0 such that, when ||(Uso,Pp) || Locnpv <
€00, the following results hold:

(i) Global existence: The wedge boundary y = b(x) = [, b/, (£)d¢, with b (x) € BV(R.) as
the right-derivative, can be determined by the initial-boundary conditions (1.7)—(1.11),
which is a small perturbation of the straight wedge boundary y = box, and a correspond-
ing global entropy solution U(x,y) that satisfies the requirements of definition 1.1 can be
obtained, which has bounded total variation:

supT.V.{U(x,y) : —oo <y <b(x)} < o0, (1.13)
x>0
and contains a strong shock y = x(x) = [, s(£)d¢, where s(x) € BV(R) and x(x) is
a small perturbation of y = sox, the straight strong shock corresponding to the straight
wedge.

(ii) Existence of semigroup: There exists € > 0 such that, for any (b(0), Uso (- + b(0)),pp) €
D* (see definition 5.1 below), the solution of the inverse problem determines a uniform
Lipschitz semigroup G,:

(6(0),Uso (- +5(0)),pp) = (b (x), U (x,- +b(x)), xp)
satisfying that

S0 (6(0),Uso (++5(0)),p5) = (b(0),Uso (- +6(0)) ,ps) ,
6X1 ze (b (0> Uso ( + b(O)) 7pb) = 6X1+x2 (b (O) Uso ( + b(O)) 7pb)a

and there exist Lf and L > 0 so that, for (0i(0), Uoo i(- + b:(0)),pp,;) € D® and any x; > 0,
i=1,2,

165, (b1 (0), Uso,1 (+ +51(0)) ,p6,1) — Gx, (b2(0), Uso 2 (+ +52(0)) ,p2) || ¥

<L (B1(0), Use,1 (- +b1(0)) 1) — (52(0), Usop (- +52(0)),pp2) ly + L’ x1 — xa,

where ¢, and || - ||y are given in (5.1) and (5.2) below, respectively.

To compare the difference of the full Euler flows and the potential flows in solving the above
inverse problem, we also need to study the inverse problem for (1.4) and (1.5). Similarly, we
have parallel results for the potential flows: There exist both a wedge boundary y = bp(x) < 0
and an entropy solution up = (up,vp) " in

Qp ={(x,y) : x>0,y <bp(x)}
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with the upper boundary:
Ip={(x,y) :x>0,y=0bp(x)},
satisfying
Incoming Flow Condition:
uP|x:0:u007 (114)
Free Wedge Boundary Conditions:

pe (x,b(x)) =pp (x), (1.15)
uP'np|1‘P =0. (116)

The initial-boundary data are assumed to satisfy the following conditions:

(Cpl) upo(y) :=Uso + U (¥) is the incoming flow at x =0 such that
(a) Uso = (#ino,0) T is a constant vector with

2(7—1)Bw
2028 1z 2 9p (1.17)
y+1

(b) Uno (y) = (fioo, Veo) T (¥) € (L' N BV)(R;R?) is a BV perturbation at x =0 with suffi-
ciently small ||y || o0 npy-

Uoo > 0,

(Cp2) py(x) :=p, + pp(x) is the pressure distribution on the wedge boundary such that
(@) pp = (Z(Jux]))” with
-1 P\ 75
2= (50
0 2
(b) pp(x) € (L' NBV)(R;R) is a BV perturbation with sufficiently small || ||z py-

(1.18)

Meanwhile, in solving the inverse problem for the full Euler equations, we assume that
(Cg1) At x =0, the incoming flow U, (y) = (ul, (Z(Jus|))?,Z(Jus|)) "
(Cg2) The pressure distribution pj(x) := p,, + pp(x) on the wedge boundary satisfies

(@) pp = (Z([us|))?, where Z(r) is defined in (1.18).
(b) pp(x) € (L' NBV)(R;R) is a BV perturbation with sufficiently small ||py ||z nzv-

Remark 1.1. In the above conditions, if p, > (Z(|0|))” but smaller than a critical value,
following the same argument as for the proof of Main Theorem I, we can also obtain the
existence and stability of the solutions of the inverse problem for the potential flow equations
containing a strong shock.

In particular, when only weak waves are involved, we have
Main Theorem II (Comparison of the Two Models). Assume that (Cp1)—(Cp2) and (Cgl)—
(Cg2) hold. Let Ug = (ug ,pg,pe) " be the entropy solution of (1.6)~(1.11) with the cor-
responding boundary function y = bg(x), and let Up = (up ,(%Z(|up|))?,%Z(|up|)) " be the
entropy solution of (1.4)—(1.5) and (1.15)—(1.16) with the corresponding boundary function
y = bp(x). Then there exist ¢, > 0 and C > 0 such that, when ||(Qso,pp) || sy < €, for any
x>0,

(e (x), Ug (x, + be (x)) ,pw) — (bp (x), Up (x, - + b (x)) . 5) |y < Cx | (o, 5) 7 -

7
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In comparison with the previous results on the initial-boundary value problem with fixed
boundary and the Cauchy problem, one of the new main difficulties in solving the inverse
problem is how the unknown wedge boundary is determined, especially in the solution space
of low regularity, L> N BV. In most of the previous works dealing with smooth free boundary
problems such as [20, 35], a transformation that flattens the boundary and changes the free
boundary to a fixed boundary is introduced. Owing to the presence of the weak shock waves
and the discontinuous pressure distribution, we are not able to apply such transformations
directly. Instead, we adopt the idea in [42], constructing approximate boundaries and approx-
imate leading shocks directly in the physical space and then proving that there is a converging
subsequence whose limit recovers the wedge boundary and the leading shock. Moreover, we
have to develop more sophisticated weighted estimates by combining the wave strength amp-
lification on the boundary and the dissipation on the shock, making the modified Glimm-type
functional decrease as x increases.

For the L'—stability of solutions of the initial-boundary value problem with fixed bound-
ary, the only thing that needs to be compared is the difference between two different solutions
in the same fixed domain. Thus, the Lyapunov functional that measures the L'—difference of
two solutions can be designed and then, after a careful analysis of the changes of this func-
tional near the boundary, a group of weights can be chosen to make the functional decrease,
by combining the interaction estimates only involving weak waves and the fact that the total
strengths of weak waves in the other families are dominated by the strength of that strong
leading shock. However, for the inverse problem, new phenomena occur, mainly owing to
the unknown boundaries. To establish the stability of solutions of the inverse problem, we
have to determine a region on which two solutions are compared and the additional distance
between the two boundaries is required to be controlled. At a glance, it is ambiguous whether
a corresponding Lyapunov functional could be constructed, not to mention how it could be
non-increasing.

To overcome this difficulty, our method is to consider the difference of the two solutions and
the two boundaries simultaneously. We first extend two solutions to a larger domain (exactly
the union of the two domains on which the two inverse problems solve). Then we construct
a Lyapunov functional that controls the L°°—norm of the difference of the two boundaries.
Compared to the Lyapunov functional for the fixed boundary case (see [12]), our analysis
introduces new terms, bringing additional interactions near the boundary. To make the func-
tional decrease, we exploit the boundary condition that the pressure near the boundary aligns
with the given pressure distribution on the wedge boundary. This alignment implies the addi-
tional quantitative relations, enabling the precise near-boundary estimates (see (4.14)). These
estimates suggest a proper choice of weighting coefficients for the Lyapunov functional. Then,
employing the interaction estimates only involving weak waves and using the strength of the
leading shock to control the total strengths of weak waves in the other families, we obtain that
the functional is non-increasing in the flow direction in those non-interacting region. However,
the extension brings extra discontinuities (jumps) along the x-direction. So we have to man-
age the potential increase in the Lyapunov functional when traversing such discontinuities.
Luckily, the magnitude of jumps is equivalent to the strength of the weak waves generated
from the boundary, whose total variation is controlled by the decay property of the Glimm-
type functional. Therefore, at each time when such a jump of strength O(1)|a| comes out, the
Lyapunov functional experiences bounded amplification, growing by a factor of 1 + O(1)|«]
(see remark 4.3), but the cumulative amplification remains controlled due to the bounded total
wave strength. Ultimately, the Lyapunov functional is shown to satisfy a uniform bound pro-
portional to its initial value, thereby establishing the stability of the solution.

8
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Furthermore, it seems to be difficult to directly compare the two solutions of the full Euler
equations and the potential flow equations. On the other hand, following [52], we can make full
use of the semigroup &, after taking the boundary influence into consideration. We first com-
pare the difference of the solutions of the Riemann-type problems including the Riemann-type
inverse problems in the two different models, and then establish an estimate of the difference
between the two corresponding approximate solutions locally. Combining the local estimates
and properties of the semigroup (see proposition 6.7), we finally obtain our result as desired.

We organize the rest of this paper as follows: In section 2, we study some basic proper-
ties of the full Euler equations and related Riemann-type problems including the Riemann-
type inverse problems. We also obtain the corresponding nonlinear wave interaction estim-
ates. In section 3, we first introduce a wave-front tracking algorithm to construct approxim-
ate boundaries and solutions. Then an interaction potential Q is given by considering both
the influence of pressure changing on the wedge boundary and the interaction estimates of
wave-fronts together, based on which we design a Glimm-type functional and prove that it is
non-increasing. Therefore, the global existence of entropy solutions of the inverse problem is
obtained. In section 4, a modified Lyapunov functional § for the two solutions is given, which
is equivalent to the L'—distance between the two solutions and the L>°—distance between the
two boundaries. Then we prove that § is non-increasing as x increases, which leads to the L'—
stability of the solutions that contain a strong shock and the L*>°—stability of two boundaries.
Next, in section 5, from the elementary estimates established in sections 3 and 4, we show that
there exists a Lipschitz semigroup &, generating the entropy solutions and boundaries of the
inverse problem. Finally, in section 6, we use this semigroup to compare the two solutions of
the inverse problem in a supersonic Euler flow and a supersonic potential flow, and prove that,
at x > 0, the distance between the two boundaries and the difference of the two solutions in L!
are of the same order of x multiplied by the cube of the perturbation of initial boundary data,

i.e. O(1)x || (Voo P6) 72 pv-
2. Steady Euler equations and Riemann problems

In this section, we first give some basic properties of system (1.6) and then study nonlinear
waves and related interaction estimates that are used in the subsequent development.
When u > ¢, system (1.6) has four eigenvalues:

uwv (—l)jC\/u2+V2 —c?

Aj o forj =1,4,
&:5 fork =2, 3, .1
and corresponding eigenvectors:
Aot —
6= 8= LpOyu— ), 2Ty g,
c
= (M,V,O,O)T, r; = (070707P)T» (22)

where

2 (WP —AN—uv

=4O = T e
v AL v)

Itis direct to see thatr;- VA; = 1 forj = 1,4, and ry - VA = 0 for k= 2, 3.

forj =1,4. 2.3)

9
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The discontinuous wave curves of (1.6) must satisfy the Rankine—Hugoniot conditions:
s[W(U)] =[H(U)], 2.4)

where s is the discontinuity speed.
The contact Hugoniot curves Cy(Up),k = 2,3, through Uy are
Vortex sheets:
1% Vo

G (Vo) : s=-=—, p=po, pP=/po; (2.5)
u Uuo
Entropy waves:
AR
G(Up): s=-=-, u=uy, p=p. (2.6)
u Uuo

Corresponding to the repeated eigenvalues A\, = A3 = *, there are two linearly independent
eigenvectors. Hence, in the physical (x, y)—plane, the vortex sheet and the entropy wave appear
as one characteristic discontinuity, while in the phase space, they need to be determined by two
parameters independently.

The nonlinear j-waves, j = 1, 4, are shock waves or rarefaction waves. In the state space,
the rarefaction wave curves R;“ (Uyp) through Uy are given by

< b ] = 17
R1+ (Up): du=—-Ndv, p(Nu—v)dv=dp, dp=c’dp for p=r J )
p>po, J=4
The speeds of shock waves are
uovo + (—1Y ud + v —¢c3
5= L forj =1, 4, 2.8)
Uy —Cp
where ¢} = ;—‘E % and by = WTH — VT_I % Substituting s; into (2.4) leads to the j-Hugoniot
curve S;(Up) across Uy:
2
C .
Si(Uo):  [ul==s5], [p]= b% [, po(sjuo —vo) [v] = [p] forj=1,4. (29

For a piecewise smooth solution U that contains a shock, each of the following conditions is
equivalent to (1.12) (see also [12, 14]):

(1) The density increases across the shock along the flow direction:

Phack = Pfront- (2.10)
(ii) The speed s; of the jth-shock satisfies

Aj(above) < s; < A;j(below) forj =1,4, 51 <Xy3(above), A 3(above) < sy.
@2.11)

Here, the state above the 1-shock refers to its back state, while the state above the 4-shock
refers to its front state.

In the phase space, we define S| (Up) as the subset of S;(Up) with p > po, and S, (Up) as
the subset of S4(Up) with p < po. In the (x, y)-plane, any state on S; (Up) leads to a shock
connecting to the below state Uy satisfying the entropy condition (1.12) so that S, (Uyp) are
called shock curves. Moreover, curves S; (Up) coincide with R;r(Uo) at state Uy up to the
second order forj = 1, 4.



Inverse Problems 41 (2025) 055016 G-Q G Chenetal

As in [5, 23, 46], we parameterize R;(Up) and S;(Up) by a;— R;j(c)(Up) and a; +—
S;(a;)(Uy), respectively, such that

= iSj (Olj)(U()) :rj(UO)'

d
—R; () (Vo) ™
Ot/':O

do

Ot/':O

Then we define the nonlinear wave curves T;(Up) :Rj*(Uo) US; (Uo) and parameterize
TJ(U()) by Qj = <I>j(aj; Uo) so that

forj =1,4.
Sj(y) (Uo), oy <0,

®; (a3 Up) = {

For the linearly degenerate case, T (Up) = Ci(Up), and we choose parameter oy — Py (o; Up)
such that

do U
d (as; o) =1 (Uy)  fork=2,3. 2.12)
do
With these, we define
O (a1, 00,03, 043 Up) = Py (0145 P3 (033 P2 (a3 @y (13 U0)))) (2.13)

and denote the ith component of ®(ay,an,as,a4;Uy) by @O (ay,as,a3,a4;Up), i =
1,2,3,4.

2.1 Riemann-type problems and Riemann solutions

We now investigate several Riemann-type problems and their solutions, which are essential in
the construction of approximate solutions for the inverse problem (1.6)—(1.11) when carrying
out the front tracking algorithm.

Inverse Riemann problem. Consider an inverse Riemann problem with a boundary I' to be
determined:

(1.6),
Ul =x,y<y} = U—, (2.14)

plr=p+, w-nr=0,

where U_ = (ul,p_,p )T satisfies [u_|> 7=, and T starts at (%,y). Set Up=
(Ju_],0,p—,p—) T and denote the shock polar through Uy by S(Up) = S1(Up) U S4(Up). For
any state U = (u,v,p,p) " on the shock polar S(Up), we use § = arctan(*) to denote the angle
of the flow direction. Then, from [22] (also see [19]), we know that there is a critical angle
Osonic < 0 such that Oy < € < 0. On the (1, v)-plane, ray v = utanf with u > 0 intersects
with curve S| (Up) at a supersonic state U = (u,v,p,p) ", u? +v* > ¢? 1= 2 see figure 2.
Furthermore, from the relation (see [19, 22]):

2ot [0+ Zhe-D-(E-1) | pp
tanf = ———— 5 =1 o My=—"—",
’YMof,erl pf"rﬁ P—-

for the critical angle oy, we can find a corresponding critical pressure:
Psonic :Psonic(|u—\»PﬂP7) (215)

1
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Figure 2. Shock polar and critical angle.

such that, given p_ < p < Psonic, there is a unique supersonic state U = (u,v,p,p) | € ST(UO).
Moreover, as in [22] (see also [19]), recalling (1.8), it can be shown that, when

(275)):(070)7 P+ :ﬁb; U_ :Uooy (216)

there is a unique entropy solution of the above inverse problem, consisting of two constant
states U_ and U, = (uy,0,p4,py) " with us > ci >0, connected by a 1-shock wave of
speed so, and the boundary is thus determined as I" = {(x,0) : x > 0}; see figure 3.

Riemann problem (only weak waves): Consider the Riemann problem:

(1.6),

Ul B U fory<y, 2.17)
U, fory >,

where the constant states U; and U, are the below state and the above state with respect to
line y =y, respectively. Then there exists €, > 0 such that, for U;, U, € O (U-), or U,
U, € O, (U;), problem (2.17) has a unique admissible solution containing at most four waves
(a1, 2,3, 04 that connect U; and U, by U, = ®(«, az, a3, 045 Up).

Riemann problem (containing strong 1-shock): As in [12, 14], we have

Lemma 2.1. If U, is connected with U_ through a I-shock wave of speed sy with
p+ > p—, Le.

so(W(U-)-W(Uy))=H(U-)—-H(Us), (2.18)
then
1
50 <0, uy<u_< (1 + ;)qu,
det(VUH(U+) — S()VUW(U+)> > 0.
In addition, there exists ;>0 such that, for any Uy € O.(U-), ST (Up)NO(U;)

can be parameterized by the shock speed s as: s+ G(s;Uy) near (so,U-) with G =
(G, G ,G® .G T € C* and G(sp; U_) = U,.

12
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Now we give an explicit formula of the solution of the Riemann problem (2.17) in a forward
neighbourhood B ((%,¥),r) of (%,y):

~

=

+((x,y),r) = {(x,y) c(x—%)°+(y—y)? < andx > X for somer>0}.

When only weak waves are involved, assume that U, = ®(a, a2, a3, a4; U;). Then any solu-
tion of this Riemann problem generally has the following form:

Up, = Uy, <oy,
O (=N (Upy);Upy), o0 <E<of,
Urw (x,y) = U UI <&s 72 (2.19)
Upss oy <& <oy,
©4 (6~ A4 (Uni)iUni), 0y <€ <0y,
Un, = Uy, of <&,
where
£ = z_; Up, = 0(a1,0,0,0,0)),  Up, = (0,00,03,0;Up,),
aj+ = aj_ =0y, o; is the speed of the weak shock «; when o;; < 0 for j = 1,4,
ol =N (UmH) , O'j+ =\ (Um/.) when a; >0 for j = 1,4,
oy =0y =X (Un) =3 (Upn,). (2.20)

When a strong 1-shock wave is involved, saying U, = ®(0, an, a3, a4; G(s; Uy)), it suffices to
let U, = G(s;U)) and 0" = 0] =sin (2.19).
2.2. Wave interaction and reflection estimates

In the following estimates, O(1) is denoted to be bounded so that the bound of |O(1)| depends
only on U_, U, and system (1.1). Firstly, we have estimates of the interactions among weak



Inverse Problems 41 (2025) 055016 G-Q G Chenetal

waves, which are classical Glimm’s wave interaction estimates inside the domain used in case
1; see [12, 14].

Lemma 2.2. There is a positive constant €,, such that, for three constant states Uj,
Un U, €0.,(U-), or U, Uy, U, €0, (Uy), with U, = ®(ay,a0,03,a4;U;) and U, =
®(B1, 82,83, Ba; Un), we can find (y1,72,73,74) such that U, = ®(y1,72,73,7; Ur) and

'y,:a,—i—ﬁ,—i—O(l)A(a,ﬁ) fori:1,2,3,4,

where A\(a, 3) = 21<j<ig4 il 5] + 22:1 Ai(a, B) with

0 when oy > 0 and B, > 0,

||| Be|  otherwise.

Ak(aﬁ) = {

To balance the alteration of the pressure distribution on the boundary, we allow 1-waves
emanating from the boundary when solving the following initial-boundary value problem:

(1.6),
U‘{x:X,y<i} = Ui,
plr =p2, u-njpr =0.

When only weak waves involve, we have

Lemma 2.3. There is a positive constant €, such that, for any U = (ul,vl,pl,pl)T S
O, (Uy ) and py, px € O, (p+.), the equation:

™ (8,,0,0,0;U) = pa 2.21)

determines a unique twice differentiable function 6, = 61 (p2, Uy ). Furthermore, there exists a
bounded quantity K, whose bound is independent of §| and p, — pa, such that

01 =Ky (p2—p1)-

Proof. Since &) (0,0,0,0;U;) = py, differentiating (2.21) with respect to d;, we have

293 (5,,0,0,0;U;)
ki =& (U M\ (U - 0.
5, Grm0.Ui—Us} 1(U4) p (M (Ug)uy —vy) #

Then the implicit function theorem gives the result. Furthermore, the bound of K; depends
only on U, and system (1.1). O

Remark 2.1. Lemma 2.3 implies that a discontinuity in the pressure distribution on the wedge
generates a weak 1-wave, whose strength is governed by the magnitude of the jump in the
pressure distribution. This estimate will be applied in case 4 in the proof of proposition 3.1.

Also, with the presence of a strong 1-shock wave issuing from the boundary (see [12, 14]),
we have

Lemma 2.4. There exists ;>0 such that, when p; € O (p4) and Uy € O, (U_), the
equation:

GY (s;U1) =p» (2.22)
determines a unique twice differentiable function s = s(p,, U ) with
s =50+ Kby (Ip2 —p+ |+ p1 —p-1),

14
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where |Kps| has a bound depending only on U_, U, and system (1.1).
Next, we give the estimates of reflections of weak waves on the boundary.

Lemma 2.5. There exists a positive constant €, such that, for any Uy, U, € O, (Uy) with
Uy = ®(0, 32, B3, Ba; U1 ), the equation:

0 (5,,0,0,0;U1) = (0, 82, 83, B4; Un) (2.23)
determines a unique twice differentiable function §; = 6,(52, 83, f1, U1 ) satisfying
01 = K32 + Kp3 33 + Kpa 4,
where Ky;, i =2, 3,4, are C>~functions of (32, 33, B4, Uy ) satisfying
Kiolp,=pg:=p=0,v,=0,} = Kisl(g,=p:=ps=0,v,=v,} =0,
Kal(p,=p,=pi=0,0,=v,} = —1.

Proof. The existence of §; can be proved analogously as in lemma 2.3. Differentiating (2.23)
with respect to 3; gives

99 (6,,0,0,0;U1) ., @) (0,55, 85,43 Ut)
95, " ap;

Using Uy = (u4,0,p4,p1) ", (2.2)~(2.3), and (2.12)—(2.13), we obtain our results. O

Remark 2.2. Lemma 2.5 shows that, when a weak 4-wave impinges on the boundary, a weak
1-wave is reflected, with its strength approximately matching that of the incident weak 4-wave.
This estimate will be used in case 5 in the proof of proposition 3.1.

Furthermore, the following estimates of interactions with the presence of a strong shock
are needed; see [12, 14] for their proofs.

Lemma 2.6. There exists a positive constant 1 such that, for any U; € O, (U_) and U,,
U, € O.,(Uy) with Uy, = ®(0, 2, a3, 4; G(s5;Uy) ) and U, = ®(51,0,0,0; Uy,), the equation:

@ (07627 63754; G(S/; Ul)) = (/81505050; @ (Oa g, (3, (45 G(S, Ul))) (224)

determines twice differentiable functions (s’,0,,03,04) with

s'=s+Kap, =m+Kob, 03 = a3+ Kafh, 04 = g+ K 1.
Moreover,
Kl _ [ A (Uy) =so] [souN—ui Xy (Up) M <1
s4 {ou=p1=0,5=s50,U;=U_} >\4 (U+) — 5 S()M_N+ u+)\4 (U+)M )
and |K;| are bounded fori =1, 2,3, where
2 2
M=—"-Quy—u_)+u} (uy —u_), =——*_<0
—1 v—1
In particular, the following holds:
Kl A (Uy) —so| _ [souN—uyd (U )M <1
4 ay=p1=0,5=s0, U=U_} A1 (UJr) — S50 Sou—N + u+)\4 (U+)M ’

15
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Remark 2.3. Lemma 2.6 implies that, when a weak 1-wave interacts with the approximate
leading shock from above, a weak 4-wave is reflected, with its strength attenuated during the
interaction. This estimate will be applied in case 2 in the proof of proposition 3.1.

Lemma 2.7. There exists a positive constant £, such that, for any U, Uy, € O, (U_) and U, €
O, (Uy) with U, = ®(av1, a0, 3,045 Up) and U, = ©(0, 52, B3, Ba; G(s; Uy)), the equation:

P (0,0,,03,04;G (s";Up)) = @ (0, 82, B3, B4; G (5;® (o1, 2, 03,043 U)))) (2.25)

determines twice differentiable functions (s',8,,03,04) with

4 4 4 4
s'=s+Y Kiai, 6=PF+Y Kuoi, G=P8+Y Kuci, a=ps+» Kucv,

i=l1 i=1 i=1 i=1

where |IA{j,'|, i,j =1,2,3,4, are bounded, depending only on U_, U, and system (1.1).

3. Construction of approximate solutions

In this section, a modified wavefront tracking algorithm is developed to construct approximate
boundaries and solutions. Moreover, some necessary estimates are given for the boundary
value problem (1.1) and (1.6)—(1.11).

We choose

A>sup{\(U) : Ue O, (U_)UO,, (UL}, (3.1)
where € is a small constant satisfying

0 <o <min{ep,&;,6,61,62} . (3.2)
For any > 0, there exist Ax >0 and Ay = 2AAx such that p» and U, are approached by

. . . A .
piecewise constant functions p,"~" and U2, respectively:

PLAY (x) = plo At for (h—1)Ax<x<hAx, h=1,2,---, No,

U&Ax(y) = U&Ax,l fOfAy <x< (l+ I)Ay7 l: _17 _2a Tty _N17
with

T.V.(p} ™) < T.V.(ps) = T.V. (Bp) , P2 () = po () e, <

T.V.(UA) STV (Uso) = TV.(Uso)s U () = Uno () iy < b

We construct approximate solutions U**“*(x,y) of the Riemann problem in a forward neigh-
borhood of the origin. In our construction, we also obtain an approximate strong shock
SHAY = L(x, ") : x >0} and an approximate boundary I'*»2% = {(x,b"4¥) : x > 0} in
the forward neighborhood of the origin.

Then the approximate solutions are piecewise constant vector-valued functions that are
separated by wavefronts. We let every wavefront travel freely until it collides with other wave-
fronts or the boundary. A new Riemann problem arises when different wavefronts collide and
interact at some point. Also, on the approximate boundary, due to the change of p!; A% new
Riemann problems come out at x = hAx for h € N

To construct approximate solutions to those new Riemann problems, following [5, 19, 29],
we introduce two kinds of Riemann solvers, each of which contains shocks, contact discon-

tinuities, rarefaction fronts, and non-physical fronts.

16
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Let § = §(p) > 0 be a parameter that is larger than the maximum strength of rarefaction
fronts, whose value is determined later. Moreover, we define non-physical fronts to be of family
5 of speed X and use U, = Ts (e)(U) to indicate that the below state U, is connected with the
above state U, by a non-physical front of strength € = |U, — U;|. Non-physical waves also
belong to weak waves.

e Accurate Riemann solver. The accurate Riemann solver provides us with an approximate
solution of the Riemann problem (1.6), where the rarefaction region in the real solution of
the Riemann problem is replaced by piecewise constants that are separated by rarefaction
wavefronts. To be specific, suppose that a j-wave o, originated at (X, ), is a rarefaction wave
connecting two constant states Un,_, and Un»j = 1, 4. Taking the minimal » € N such that
a; < né, we then define

Ul (x,y)

1,

= Umj—l +Z(Umj—1,i - Ul"j—hi_l)H(y_y_ )‘j(Umjfl,i—l)(x_X))v J= 1,4,
i=1

where

iy
Un,_,i = Ri(—*
—1, J n

J

)(Umj—l)? i:0717"',n,j:1’47

and H is the Heaviside function. To obtain an accurate Riemann solver Ug(U,, U,;x,y), we
use Uﬁaj (x,y) to substitute R;(F — A\j(Up,_,))(Un,_,) in the real solution (2.19) when (x, y)
belongs to the rarefaction region o, (x —X) <y —y < O'j+ (x—x)forj=1,4.

o Simplified Riemann solver. We have several different cases.

Case 1: Interactions of weak waves. Assume that two weak waves collide at (x,y) with below
state U, middle state U,, = ®;(5;U;), and above state U, = ®;(a; Up,), i,j =1,2,3,4. We
introduce the auxiliary above state

Ul =

r

Q;(8;®i (o Uy)), J>i,
q)_i(a+ﬁ;Ul)7 J:l

Then the simplified Riemann solver in a forward neighbourhood of (x,y) is defined as

US(ULULxy),
Ur7 y_y

%ww={
Case 2: Interactions of a non-physical wave with another weak wave. Assume that a non-
physical wave collides another weak wave at (x,y) with below state U;, middle state U,, =
®s(e;U)), and above state U, = ®;(a; U,) for j =1,2,3,4. We choose the auxiliary above
state as

Url = (I)j (O[; Ul) )
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and the simplified Riemann solver as

US (U, U)sx,y),
U3 (x,y) ={

rs

Case 3: Interactions of a weak wave with the strong shock from above. Assume that a weak
wave collides the strong shock at (x,y) with below state U;, middle state U,, = G(s; U;), and
above state U, = ®;(«a; U,,) for j = 1,2,3,4. We define the simplified Riemann solver as
U[, y—j/<s(x—5c),
US(x,9) =Q Un, A(x—X)>y—3>s(x—%),
U, vy
Case 4: Interactions of a weak wave with the strong shock from below. Assume that a weak

wave collides the strong shock at (X,¥) with below state U;, middle state U,, = ®;(c; U;), and
above state U, = G(s; U,,) for j = 1,2,3,4. We define the simplified Riemann solver as

Uh y—j/<S(X—.7€)7
US(x,y) =4 G(s;U), A(x—3)>y—y>s(x—x),
U, y—y>Ax—x).

Now we can define the approximate solutions inductively. For simplicity of notation, in the

section, we omit superscript 0 and always take || (7, Uso )| 1o~y small enough such that the

conditions of lemmas 2.1-2.7 are satisfied (as we will prove later). Given p}, ’Ax’l, lemma 2.4

provides us with s’ A% such that

3) (A, g, Ax,—1y _ o pAx]
G( )(Sl ’ Uoo )_pb :

For x € [0, Ax), define
A A * A (1)
Uy () = O o), = [
S#’Ax (x) _ s,llL,A)C’ X'LL,A)C (X) — / s,u,Ax (I) dr.
0

Then we solve the standard Riemann problems at points (0,/Ay), [ € N_, with U{Q)AX” and
U&A"”’l being the corresponding above and below states. Thus, we can construct the approx-
imate solutions and the approximate strong shocks on the region:

Al = L(x,y) 1y < b2 (x), x € [0,Ax) } .
Suppose now that our approximate solutions U*+~*(x,y) are constructed on

h h
Jeask = J{(ey) : 3 <62 (x), x € [(k— 1) AxkAY)}
k=1 k=1
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Figure 4. Approximate solutions.

and contain the jumps of rarefaction fronts R, weak shock fronts S, contact discontinuities
C, non-physical fronts NP, and strong shock fronts S;; see figure 4. We also suppose that
the approximate solutions are defined on the approximate boundaries b**2¥(x) as Uj' AT
UMA%(x, b2 (x)) for x € [0,hAx). Moreover, in Q#4%F, the number of these wavefronts is
finite fork=1,--- ,h.

To extend our solutions, we generally let wavefronts travel ahead until they collide with
another wavefront. In order to avoid the cases that more than two wavefronts collide at one
point and that more than one wavefront interact with the boundary or the strong shock, we can
modify the speeds of these wavefronts slightly such that the difference between the modified
speeds and the original speeds is no more than .

When two wavefronts collide at some point (x,¥) for x € [hAx, (h+ 1)Ax), three states
separated by the wavefronts, from below to above, are labeled as U;, U,,, and U,. To make
the number of wavefronts remain finite on region {x < hAx, h € N}, we need to use the
simplified Riemann solver to continue our construction; see [5].

Let v > 0 be a threshold parameter to determine when an accurate or a simplified Riemann
solver is applied. With little abuse of notation, a front itself is denoted by «, while its strength
is denoted by |«

Case 1: o and 8 are weak waves colliding at (x,y). We solve the Riemann problem (2.17) as
follows:

~

e When « and 3 are physical with || > v, we apply the accurate Riemann solver.
e When « and § are physical with |a3| < v, or one of them is non-physical, we apply the
simplified Riemann solver.

Case 2: A weak wave « interacts with a strong shock s at (x,y). We solve the corresponding
Riemann problem as follows:

e When « is physical with |a| > v, we apply the accurate Riemann solver.
e When « is non-physical or |a| < v, we apply the simplified Riemann solver.

19
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Case 3: When the approximate pressure changes at (hAx,b*>¥(hAx)), we solve the Riemann
problem (2.17) as follows: Let

Uy = UMAF (hA)cf,b”’A)r (hAx—) 7) , P2 :pfl"m’h.
Then lemma 2.3 provides us with §; such that
2@ (5,0,0,0;U) = pjr .

We define Ul A% — $(6,,0,0,0; U;) and always apply the accurate Riemann solver.
Case 4: When a weak physical wave « separating states U, (the above one) and U, hits the
boundary:

o If |a| > v, let

A
U=U, pr=py o,

Then lemma 2.5 provides us with §; such that

©(0,0,0,0;U)) = &%) (5,,0,0,0; 1) .

Define U,’f’Ax = ®(61,0,0,0; U;), where an accurate Riemann solver is used.
e If |a| < v, we let « cross the boundary and change UZ’AX from U, to U,.

Case 5: When U, (the above) and U, are separated by a non-physical weak wave that hits the
boundary at (x,b">*(x)) for x € ((h — 1) Ax, hAx), we allow it cross the boundary and define
UAT =y,

Finally, let

X X | ,Ax
XA (x) :/0 sHAX(1)de, bR (x) :/ il (¢)dr for x € [hAx, (h+1)Ax),

and let our approximate solutions U*** have been constructed on the region
QrAnh . — {(x,y) :y< b2 (x), x € [hAx, (h+ 1)Ax)}

with approximate strong shocks S#*2%, where y = b***¥(x) is our approximate boundary. In
addition, on approximate boundaries, we define

URA(x, b2 (x)) = U™ (x)  forx € [0, (h 4 1)Ax).
To show these approximate solutions can be well defined in
QA THAY .= U QuAxh U Fu,Ax,h,
h=1 h=1

via the steps exhibited above, we need to prove that there exists a uniform bound, where
[HASh = £(x bA¥(x)) = (h—1)Ax < x < hAx} for h € N,. Assume that U*** has been
defined on ({J;_, 2%%) J (Uj_, [***") and, furthermore, the following conditions hold:

20
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H; (h): There is a strong 1-shock
SHATE = L (x, "2 (x)) + (k—1)Ax < x < kAx}

in QA% for 1 < k < h, dividing Q2% into Q" F and Q42 where #2%(x) =
fg sHAY(1) dt, and Q’fr’Ax’k is the part bounded by S*2* and I'*4Y;

Hy(h): UPAY|uau € O (U-) and Uﬂvm\gim,k € 0., (Uy) in each Q2% for 1 <k < h,
and UM |p a0 = UP(x) € O, (Us) for x € ((h—1)Ax,hAx), where g9 > 0 is
introduced in (3.2);

Hi(h): U“’AX|UL qu.ark 18 piecewise constant and contains the jumps of rarefaction fronts
‘R, weak shock fronts S, contact discontinuities C, non-physical fronts A'P, and the
number of these wavefronts is finite, saying Nj,.

It suffices to prove that U*A* can be extended to QA% +1 and satisfy Hy(h+ 1),
Hy(h+ 1), and H3(h+ 1). To this end, we introduce a Glimm-type functional and prove that
it is non-increasing, which ensures the smallness of total variations of approximate solutions.
The following lemmas are needed in our proofs.

Lemma 3.1. The following statements hold:
@) IfU2 = @(al,ag,a37a4;U1) with Uy, U, € OEU(U,) orUy, U, € 050(U+), then
Ui = Ua| < Ci (|| + || + [as] + [al);

(11) IfU2 = @(al,az,a3,a4;Ul), U3 = G(S; U]), and U4 = G(S; Uz) with U], U2 S OEO(U_)
and Us, Uy € O, (U.), then

|Us — Us| < Cy(Jau | + || + |3 + |ewa])

where C; > 0 and C, > 0 are constants depending only on U_, U, and system (1.1).
Lemma 3.2. Forany U,, U, U3 € O, (U-) or U, Us, U3 € O, (Uy), suppose that

() Us = ®i(B;; Pi(a;Ur)) and Us = (o + B3 Uy ) fori € {1, 2, 3, 4},
(i) Ur = @;(8j; Pi(i; Ur)) and Us = ®i(ay; ®;(B;; Ur)) fori#jand i, j e {1,--- 5}

Then |Us — U | = O(1)] | Bj].

Definition 3.1 (Approaching). (i) Suppose that two fronts « and § are located at points
Yo < ys and belong to the characteristic families iy, ig € {1,---,5}, respectively. Then
we say that they are approaching if i, > ig or if i, = ig and one of them is a shock. In
this case, we denote the approaching relation by («, 5) € A.

(ii) For any weak front a € |, Qﬁ”fx of family 1, or v € |J,2, QZ’;AX of family i, i €
{1,---,5}, we say that it approaches the strong shock and write o € A; in this case.

(iii) For any weak front « of family 4 or 5, we say that it approaches the boundary and write
ae A

Similar to [12], we define the following Glimm-type functionals. Let the weighted strength
for an i-weak wave « be

K_a  forae U Q2
by = (3.3)

A
« for v € UpZ | Q)7
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where K_ = 2max <i<ap<j<ai |ky|} + 4C, with coefficients IA(,:i in lemma 2.7. Then, for each
x € [hAx, (h+1)Ax) with h € N, the weighted total strength of weak waves in U2¥(x, -)
is defined to be

L) =" [bal.

(e}

The interaction potential is defined as
Q(x) =KoY wi+Ki Y |bal+ D Ibsgl+K > |ballbsl, (3.4)
i>h aEA BeEA, (a,B)eA

where w; = |p}’ AxIFL_ Py %0 Ko, K, and K are constants that need to be specified later.

Definition 3.2. For each x € [hAx, (h+ 1)Ax) with A € N, define
F(x) =L(x) +KQ (x) +|Us (x) = U | +|U° (x) — UL

with IC > 0 to be determined later, where vector U,, (U°) is the below (above) state of the large
shock at time x, and U, (UZ)) is the below (above) state of the large shock at x =0.

When two wavefronts collide (a wavefront hits the boundary or the boundary pressure
changes) at (7,£), we have the following proposition:

Proposition 3.1. There are constants Ky, K, K, and IC so that there exists € > 0 such that,
when F(1—) < ¢,

F(r+)<F(1—).

Proof. Assume that, on x = 7, only one interaction happens. Our proof is divided into the
following five cases, according to the location where an interaction takes place. Let C >0 be
a universal constant that may vary at different occurrences, depending only on U_, U, and
system (1.1).

Case 1. Interior interactions between weak waves. A weak wavefront «; of family i interacts
the other weak wavefront 3; of j-family at (7,&) fori,j € {1,---,5}; see figure 5. Then lemma
2.2 leads to

il Bl

L(t+)—L(7—) < Cla
) <K(—K(1 —CL(T—)) + (K, + 1)C) |l |81,

KO(t+) - KQ(T—
which implies

F(r+) = F(r—) SK(=K(1 = CL(7=)) + C (K, + 1) ) ol || + Clo] | B;]-

Case 2. A weak physical wavefront collides the strong shock. A weak physical wavefront 5,
of 1-family interacts the shock wavefront s at (7, &) from above; see figure 6.
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(a) Accurate Riemann solver (b) Simplified Riemann solver

Figure 5. Case 1. Interior interactions between weak waves.

e When an accurate Riemann solver is used, then lemmas 2.6 and 3.1 imply that

4
L(t+) —L(r=) < > |KallBi] = 154,
i=2

4
KQ(r+) —KQ(r—) < IC(KL(T—)Z|KS,-| Byt |KS4|)|ﬂ1|,

i=2
U (T=) = U | + [U° (7=) = UL | = |Us (T4) = U |[=|U° (1+) = UL |

4
<|Us (=) = Us () |+ |U° (7=) = U° (r0) | < €1 (D |Kal +1) 1.
i=2
Thus, we have
4
F(r+) = F(r=) < CIBi| = K (K, = [Kual = KL(r=) D Kol ) 1]
i=2

e When a simplified Riemann solver is used, then lemma 3.1 indicates

L(1+) = L(1=) = —|p1| + C1| ],
KQ(r+) - KQ(r—) < =KK;| 1],

which gives
F(r+) = F(r=) < = (KK, +1 - C1) |84].

Case 3. A weak wavefront collides the strong shock. A weak wavefront o; of i-family interacts
the strong shock wavefront s at (7,£) from below; see figure 7.
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ay €

(a) Accurate Riemann solver (b) Simplified Riemann solver

Figure 6. Case 2. A weak physical wave collides the strong shock from above.

e When an accurate Riemann solver is used, then lemmas 2.7 and 3.1 lead to

4
L(T+) = L(7=) < |Kyllei| = [ba],
=2

4

KO (r+) = KQ(7=) <K (KL(T=) Y IKillai| = Ibay] + |Katlle),

j=2

[Us (r=) = Uz | +U° (r=) = UL | = [Us (r+) = Uz |-|U° (r+) - U
4
<NUs (7=) = U () |+ U2 (=) = U° ()| < € (D 1Kl +1) e,

j=2

Then we obtain

F(r+)—F(r—

A

4
Zu@,\)mz\—( —KL(r Zlgz|—|1<4,)|ai|
4

—l—C](Z )|a,

e When a simplified Riemann solver is used, then lemma 3.1 indicates

L(t+)—L(t—) = —K_|a],
KQ(14) = KQ(7—) < K(KL(7—) C — K,K— + Ca) |evi,

|Uo (7=) = U |+ U7 (7=) = UL | = [Us (7+) = UL |- |U° (7+) = UL |
S| (7=) = Us (TH) [+ U (7=) = UP (74) | < (G2 + C1) |,

which gives

F(T—l—) —F(T—) < —K_|Oéi| —’C(K_Ks —KL(T—)C2 — Cz)‘Oé,’| =+ (Cz —|—C]) |Oé,“.
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o, s

(a) Accurate Riemann solver (b) Simplified Riemann solver
Figure 7. Case 3. A weak wavefront collides the strong shock from below.

Case 4. A weak physical wavefront is generated from the boundary. A weak physical
wavefront o of 1-family is generated from the boundary at (7,&) = (hAx,b*2*(hAx)); see
figure 8.

e When the accurate Riemann solver is applied, then lemma 2.3 leads to

L(T+)*L( 7): Ia | < |Kp|wn,
KQ(m+) — ) < K( — Kowy + KL(7—) |ei | + Kifeu )
<K (— Ko+ KL(7—) |Kp| + K | Ky ).

Therefore, we have

F(14) = F(1—) < |Kp|wp — K (Ko — KL(7—) |Kp| — K| Kp|)wp

Case 5. A weak physical wavefront hits the boundary. A weak physical wavefront 34 of 4-
family hits the boundary at (7,§).

e When an accurate Riemann solver is used, then lemma 2.5 implies

L(7+) = L(7=) = |61] = |Ba] < (|Kpa| = 1)[Bal,
KQ(7+) = KQ(7—) < K(KL(7=)[01] + Ks[o1] — [ Bal)
< K(KL(7—) |Kpa| + Ky |Kpa| — 1) B4l

which leads to
F(1+) = F(1=) < (|Kpa| = 1)|8a] = K(1 — K;|Kpa| — KL(7—) |Kpa|)|Bal-

To conclude, from lemma 2.5, when ¢ is small enough, we may take

1
max{ ,|Kwu} < Ky < min{1, ol }.
Moreover, we take K, K, and IC large enough, and then take € smaller if necessary to obtain
from the above estimates:

F(r+) < F(m—).
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r = hAzx =T

p,Az,h—1
- Dy pg,Am,h

.
- -
........
- ——
Srmn L immemem
e i

a1

(a) Case 4 (b) Case 5

Figure 8. Cases 4 & 5. Interaction involving a weak physical wave and the boundary.

This completes the proof.

O

Remark 3.1. Indeed, in the proof of proposition 3.1, we apply the estimates in lemma 2.3
to control the increase of the Glimm-type functional near the boundary (see remark 2.1) and
apply the estimates in lemma 2.6 (and then choose proper weights) to balance the total strength
of weak 1-waves and 4-waves between the wedge boundary and the leading shock (see also
remarks 2.2 and 2.3).

Using a similar argument as in [12], we can obtain
Corollary 3.1. If F(0) < ¢, then F(x) < ¢ for any x > 0.

Next, we give an estimate of the non-physical waves. Let €(f) be a non-physical wave of
U4 crossing x = t. Then we can obtain the following estimates of the total strength of non-
physical waves, whose proof will be given in appendix A.1.

Proposition 3.2. For every x > 0, there exists vy > O such that, when the threshold parameter
v € (0,1),

Z e(x) < p.

eENP

By corollary 3.1, applying a similar argument as in [12], we obtain

Proposition 3.3. There exists £ > 0 such that, given ||(By, Uss)||1nsv < &, then, for every
1, Ax, and § > 0, the modified wave-front tracking algorithm provides global approximate
solutions U and the corresponding approximate boundaries T*** and 1-strong shocks
SHAY i QIAY satisfying all Hy (h)—Hs(h) for any h > 1,

T.VAU2 (x,-) : (=00, X" (x))} < CT.VA (B, Uss) }
T.VAU2 (x,-) : (" (x), 6" (x)) } < CT.V (B, Uso) }.

and

B2 (x4 1) — b2 (x) | < “fﬁ' + &),
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A (e 1) = X2 ()| < (Isol +E) 1l

forany x > 0 and t > 0, where £ > 0 and C > 0 are constants depending only on U_, U, and
system (1.1).

Furthermore, we now give estimates about the strong 1-shock and the boundary.

Proposition 3.4. There is a constant M > 0 such that

T.V{o" () 1 [0,00)} = Y |02 (r+) — oA (r—)| < M,

TEA
TVAUSS () 10,00} = Y |USA (r+4) = U (m=)| < M(1+ ),
TEA

where A is a set consisting of all the x-coordinates at which a colliding happens, and M is
independent of |1 and Ax.

Proof. For any 7 € A, we define

mlei]|B;]  for Case 1,

|5 for Case 2,

Eyn.ac (1) := ¢ il for Case 3, (3.5)
N1 |wn| for Case 4,
71|84l for Case 53,

for some 7; > 0. From the proof of proposition 3.1, when 7, is sufficiently small, it can be
verified that

> Epea ()<Y ny (F(r=) = F(r4)) <n; 'F(0).

TEA TEA

Meanwhile, lemmas 2.4 and 2.6 imply that

DIt () = A (7 =) | < Y (1Kol + Kt ) Egoas (7)

TEA TEA
< (sup|Kps| + sup [Ko|)n; ' F(0).

As for the estimates of the boundary, we need to note that there are errors produced due
to non-physical waves. However, those non-physical waves do not change, once they hit the
boundary. Hence, before x =1, the total strength of non-physical waves that hit the boundary
is less than the total strength of all the non-physical waves at x =t, which is less than p, by
proposition 3.2. Then similar argument shows

SN (r4) = U™ (=) | < Cu+ Y CEgpa (1) = Cp+ Cy 'F(0).
TEA TEA

Combining these estimates yields the result. O

Combining propositions 3.2-3.4, we now conclude one of our main theorems (see [14, 15,
51]). For completeness, a proof is provided in appendix A.2.
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Theorem 3.1. There exists € >0 such that, when ||(l~]oo,ﬁb)|\LoomBV < &, there is a sub-
sequence {{y}7°, and corresponding {Ax;}7°, so that

() In any bounded x-interval, (b*»>¥, x*2%1) converges to (b, x) uniformly;
(i) U2 converges to Uy € BV([0,00)) a.e. with b(x) = o 8 a.e. while s*2% converges to
s € BV([0,00)) a.e. with x(x) = s(x) a.e.;
(i) For every x>0, UM converges to U in L], ((—00,b(x)); R*), which is an entropy solu-
tion to problem (1.1) in Q@ = {(x,y) : x > 0,y < b(x)} satisfying (1.6)—(1.11).

4. A modified Lyapunov functional

Relying on the analysis in section 3, we now analyze the well-posedness of this system.
Compared to the problem with the given wedge boundary, our solutions may be construc-
ted on the different regions. As a result, it seems hard to measure the distance of two weak
solutions U and U, in L' directly. However, in this paper, we extend two different solutions
to the same domain and compare the corresponding L'-norm of two extended solutions in
this domain. With this setup, we can introduce a Lyapunov-type functional to measure the
new L!'-—distance, as well as the L>—distance between the two boundaries. We first extend
U*A%(x,y) to

U“’Ax(x,y) forall y < b (x),
U/L,Ax(x7 bl‘vAx (x)) for all y> b/‘7Ax(x)7

Up™(x,y) = {
for all x >0, where b*»~*(x) is the corresponding boundary. As a result, our weak solutions
are extended as

U(x,y) forally < b(x),
UE ()C,y ) = {

U(x,b(x)) forally > b(x).
Notably, the extended functions Ug(x,y) are not weak solutions to the problem in general;
nevertheless, this does not compromise the subsequent estimates.

To simplify the notation, we omit subscript z and superscript 2%, and use U to denote
an extended approximate solution. Given two suitable initial data functions Us,,; and Us 2
with corresponding pressure distributions py 1 and pj,» on the boundaries, according to our
previous construction, for every p > 0, there are two p-approximate solutions U; and U, with
approximate boundaries y = b; (x) and y = b,(x), respectively. Set

Dmax (x) := max {b; (x),bs (x)}, Dmin (x) :=min {b; (x),b, (x)},
and call
Piax := {(x%,bmax (x)) : x > 0}, Thin (x) = { (%, bmin (x)) : x =0}

the outer and inner boundary of U, and U,, respectively. Similar to [5, 6, 12, 28, 31-33, 39],
fixing x and given U and U,, the scalar functions #;(y) are implicitly defined by

o Us(x,y) = H(hi(y),2(y),h3(y), ha(y); Ui (x,y)), Ua € O, (U.), and
U, € 0., (U_)UO0,,(Uy);
o Ui(xy) = H(l (), 1a(y), 1 (3),ha(); Ua(x,3)), Us € O, (Us), and U € O, (U-),
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where
H (hy,ha,h3,ha; U) := Sy (ha) (3 (h3; @2 (k2381 (h1) (U)))),

and §; are i-Hugoniot curves, i = 1,2,3,4. Moreover, hy;(x), i =1,2,3,4, are implicitly
defined by

Us (%, bmax (X)) = H (hp 1 (x) ,hp 2 (%), hp 3 (x) By a (X); Uy (X, bmin (%)) . (4.1)

Furthermore, for an i-wave that connects two states on the i-Hugoniot curve, let A;(x) be its
speed. Then we define the weighted L'—strengths:

C?hl(y) lf U], U2€050 (U+)7
qi(y) =< c'hi(y)  if Uy, U,are in different domains,
chiy)  if Uy, U2 €0,,(U-),

qb,i (x) = cfhp,; (x), 4.2)

where ¢, ¢, ¢} < 1 are constants that remain to be determined based on the interaction and
reflection estimates obtained in lemmas 2.2-2.7. In addition, when k, is a large shock that
connects a state in O, (U_) and the other state in O, (U.), we set g = B, where B< 1 is a
constant larger than the total strength of small waves of the other families, which is regarded
as the ‘strength’ of the strong shock.

For each x > 0, the set of all weak waves in U; and U, is denoted by 7 = J(U;) U J (U>),
and the strength of a k,-wave « € J, located at point y,,, is denoted by |«|. Then we define
the following quantities:

ZOR G SIETED SIEED DI Z))m,

aceJ(Ur) aeJ (Uy) aeJ(Ur) aeJ (U,
Ya<y,i<ka<4 ya<p,i<ka<4  ya>y,1<ka<i  ya>y,1<ka<i

c ( ) (Zaej(Ul),ya<y,ka:i+ZQEJ(UZ),)'a>y,ka:i)|a| lf% (y) <07
i\y)=
(ZaEJ(U2)7)7a<Y7k(v=i+ZQEJ(U1)7YG>Y7ka=i) | if g (v) > 0,

Di(y) =B—Dj(y),

B if i =1 and Uy, U, are in different domains
DS (y) = ori =2,3and Uy,U; € O, (Us),

0 other cases,
ZCR WD SRS Y [

aeJ acJ
Ya >y ka=1 Ya <y ka=1

both states joined by « both states joined by «

are located in O¢ (U4.)  are located in O, (U-)
Let

_ Ci(y) if g; (y) is small,
Ai(y)=Bi(y)+Di(y) + {Fi () ifi= landg(y) = Bis large, (4.3)
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where the ‘small” and the ‘large’ mean a wave connecting both states in either O, (U4) or
O.,(U-) and a strong shock wave connecting a state in O, (U_) and the other in O, (U.),
respectively. Thus, A;(y) equals to the total strength of the waves in U; and U, approaching
the i-wave g;(y). We now introduce the following modified Lyapunov functional:

bmax

X 4
(U (), (9) = b / (s (7) |+ s (7)) dr + 3 / W) gy, (44)

i=1""

where ¢y > 0 to be chosen and

Wi(y) = 1+ r1A; () + k2 (Q(Ur) + Q(U)),

with the two constants «; and k; to be determined later and the interaction potential Q intro-
duced in (3.4). Taking the initial value of the Glimm functional F(0) small enough, we can
prove

1< W;(y) <Co fori =1,2,3,4,

where Cy is independent of x and .

Remark 4.1. The construction of the Lyapunov functional (4.4) involves two stability
components:

(i) L'-stability for entropy solutions with a strong shock—a standard component as in [12,
33);

(ii) L°°-stability for distinct boundary configurations. We extend the framework by introducing
the term:

cp /Ox (5,1 (7) |+ o (7) [) d7

in (4.4), which quantifies the L°°-distance between the boundaries.

Proposition 4.1. Let Fj(t) denote the Glimm-type functional of U;, j = 1,2. For F;(0) suitably
small and K, suitably large, at each x > 0 where two fronts of U or U, interact, or one of the
approximate pressure corresponding to the outer boundary changes, or a physical wavefront
of Uy or U, hits the outer boundary, then

(Ui (x+),Ux (x+)) < T (Ui (x—), Uz (x—)).
Proof. A direct computation leads to
4 bmax
F (U (x+), U2 (x4)) = (U1 (x—), U2 (x—)) = Z/ (Wi (x+,y) = Wi (x—,y) ) lgi (v) | dy-
i=1Y ">

Then propositions 3.1 and 3.4 yield

0 (U (v)) ~ 0(U; () < ~ 3y ().

A; (x+,y) —A; (x—,y) = 0(1) (EUl (x) + Ey, (x)),

where Ey;, j = 1, 2, are given in (3.5). Therefore, if x, is large enough, all the weight functions
Wi(y), i =1,2,3,4, decrease. -

30



Inverse Problems 41 (2025) 055016 G-Q G Chenetal

Proposition 4.2. There are suitable constants k1, k2, B, c¥, cl", cf, and cp > 0 such that the
following estimate holds: If there are no interactions at x > 0, and F;j(0) are sufficiently small
forj=1,2, then

d .
LS, L) <o()p+0(1 ) P () =i (). (4.5)
Proof. We divide the proof into three steps.

1. Denote the speed of the i-wave ¢;(x) and g, ;(x) by A; and X, ;, respectively. Taking the
derivative of (U, (x), U>(x)) with respect to x leads to

§ (U1 (x), Uz (x))

4
= (ot () [+ s ) [) + D> (g7~ —1gf W) ga

acJ i=1

d
dx

+Z“]bt ‘W/l bmdx( ))bmax (X)

= co (|1 () [+ |4 (x) +ZZ g7 Wi ( P = 1T W G = ATT))

acJ i=1
+ Z ‘qbl ‘Wl bmax( )) (bmax (x) - >\b,i ()C)),
where y,, stands for the speed of & € 7, and ¢*= = g; (vo £ ), W= = W; (yo £ ), APF =
Ai(ya £ ), and Ay i (x) = Ai(bmax (x)—) for a € J (U;). Define
_|q |W+(>‘+_).7a) ‘qz_|Wz_ (/\i__ya)a
b7l = |qb l( )|W ( max( )) (bmax (X) - /\b,i (X)),

with g = g%, WE = WoE, and \F = A%, Then

S F W ()02 (0) = (s () |+ s ()]) + 3 ZEQ,+ZE,7, (4.6)

aceJ i=1

2. We need the following lemma to complete the proof.

Lemma 4.1. There are suitable constants k1, k2, B, ¢, ¢, ¢!, and c, > 0 such that the follow-
ing estimates hold:

4
« is a strong shock : ZEQJ <0, 4.7)
i=1
4
« is a non-physical wave : ZEW' <Oo(1)]al, (4.8)

i=1

4
o is a weak wave : ZEQ7,-<0(1)M|04|, 4.9)
i=1
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4

on the boundary : ZE”J +co (|hp,1 ()| + |hp,a (x)])
i=1

O lpps™" ) —pp ™ W]+ 0w, (4.10)
where co > 0 is a sufficiently small constant, independent of the waves and the boundary.

Proof. There are five cases.

Case 1: The states connected by o is a weak wave (either physical or non-physical). In this
case, we choose B suitably small and take ~ large enough so that the estimates can be obtained
by following Bressan-Liu-Yang [6].

Case 2: « is the below strong shock in Uy or Us; see also [12, 33]. Then we have

Eai=BW (AT —3a) = lar Wy (A7 —¥a)
4
DB gy | = k1BA] = Jal,
i=1
and

4 4
Z = (a7 IO =3a) (W = W)+ W, (167 1O = 5a) = lai |\ —3a)))

i=2

<D _O0()riBlg’ IW*yaI**ZmBIq, AT = Jal-
i=2 i=2

When «, is large enough, we have

4 4
Y Eai=Y 0(1)rBlg/ |IA+—ya|—*Zmqu, 1A = Yal-
i=1 i=2

i=1

Recall that the wave curve and the Hugoniot curve passing through U, have the same curvature
at Up. Carrying out similar arguments as in lemma 2.7 (by letting a; = h;, 5; =0, and §; =
), we obtain

I |=0 Z|h | fork=2,3,4.

In (4.2), we take cf, i =1,2,3,4, larger enough than ¢}, i =2, 3, 4, to complete the proof
of (4.7).
Case 3: o is a weak wave lying between strong shocks; see also [12, 33]. When i = 1, we have

Eoy =B((W = W) —30) + WE O\ = A]))
gB(—KZ1|OL||)\?: _ya| +O(1) ‘Oé|)

As fori =2, 3,4, we can obtain

Eoi=|gE| (W = Wi ) (AF =3a) + WF (lgF | (N = 3a) = lai | (N —3a))
<O0(1)(0(1)+#1B)(lgi" —q; | +lg; |le]) +0(1) |al.
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As a result, summing all the estimates obtained above, we conclude

4
Y Eai<B(=rilall AT —jal+0()]al) + (0 (1) +riB)O(1) (I — g | +a; lal) +0(1) ol
i=l1

4 4
< (—meB+0)lal+Br0(1) (Y la" —ar |+ la; lla)
i=2 i=2

= (=" 1 0(1))lal+B( - Llal +mO(1) (im# —q?|+24:\qflla|)),
i=2 i=2

where ¢ > 0 is a lower bound of the difference between the speeds of the strong 1-shock and a
weak shock. Choose «; large enough and all the weights ¢* sufficiently small to obtain

4
> Eai<0.
i=1

Case 4: « is the above strong shock in U, or U,; see also [12, 33]. Similar arguments as in
lemma 2.6 yield

hy = Kuh{ +hj. (4.11)

Due to lemma 2.6, when Fj(O), Jj =1, 2, are sufficiently small, we can choose c¢{ and c}j such
that

u
C
1<,
G

% )\4 (U+) — 80

K < < 1. 4.12
‘ S4|C'f )\1(U+)_ 0 Y0 ( )

Then, when i = 1, we obtain
Eo1=—BW; (A7 —a) +lgi Wi (A =)
< O(1)Blgf | — k1Blgf ||Af —Jal
< O(1)Blgf | — miBei R[N = Jal-
When i =2, 3, we have
Eoi=lg; |(WF =W ) (A7 =Ja) + Wi (Ig | = 3a) = lai [\ —Ja))
< —riBlg; | (A7 = Ya) +O(1) g
< —r1Blg; (A7 =3a) +0(1) (g7 |+ a7 1) -
By (4.11) and (4.12),
Eas=Wilgi (A —va) —lag IWa (A\y —¥a)
< (kiB+0 () |gf | (A —3a) — 1Blag | (Ay —3a)
< (k1B+0(1)) ¢4 (|hy |+ Kalhf ) (A] —Ya) — m1B |hy | (A — Vo)
< (mB+0(1)) (cz|h;| OF = Ja) + 20 T I = Fal = g | (0F —ya)).
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Choosing c} relatively smaller than ¢’ and x, suitably large, we obtain

24: —(1=90) &1Blgi []A] = yal +0 (1) g7 [IA] —3al +0(1) 4] |
B0 (I O —5) — A (O )
+ZS:(—MBI%‘I(AF—&a)JrO(l)\q,-‘I)
<0.i22

Case 5: Near the boundary. First of all, let U = (u,v,p, p) " be in a small neighborhood of U, .
Consider the following equation:

H®) (hy,hy, by, hy; U) = p+1, (4.13)
where H®) (h1,ha,h3,ha; U) is the third component of H(hy,hy,hs,hy; U). Similar to lemma
2.5, we deduce from (4.13) that

hy = hy (h1,hz,h3,r) — h4(0,hp,h3,7) 4 hg (0,h2,h3,7) — hy (0,h3,h3,0)

=h gZ‘* (Ahy,hayhs,r) dA+O (1) r (4.14)
1

for |r| small enough. In addition, we have

! Ohy
ah1

()\h],hz,h3, )dA‘—)l as (l’l],hz,h3,f’)—>0 and U — U+.

From (4.1), considering the effect of non-physical waves on the boundary, we have

H®) (hy 1 (x) o2 (x) 3 (x) 4 (x) 3 Uy (x,B1 (x)))
=Pt () b () =P () + 0 () p

The former arguments tell us that

o1 ()| < 4 (x) [+ O(1) (P (x) = P ™ (x) + 1)

for some 7 close to 1. Note that, crossing a vortex sheet and an entropy wave, the flow direction
does not change. Then we have

. V2 (x,ba(x))  vi(nbi(x)]
b1 (x) — bz( )= w2 (6,07 (x))  wy (x,by (x)) B

Therefore, when the initial values of the Glimm functionals Fj(O), j =1, 2, are small enough,
we obtain

Ep1 =g, (%) W1 (bmax (%)) (Bmax (x) = A1 (x) ) = €A1 |51B|Ap1 | + O (1) [y 1|
O(1) lhwal +0(1) (Ph5™ (x) = ppi™ (x) + 1),
Eyr= |f]b,k (x) |Wk(bmaX(x)) (Z’max (x) - >‘bJ< (x))

O (1) (Jhp,1 () [+ |74 (%) ]). (4.15)
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= cilhp O (1) b1 = Aol = O (1) (IIp,1] + [ho.a])

<O hyal +0(1) (phy™ 2 (x) = phi () + ) fork=2,3,
Ep4 = |44 (%) [Wa (bmax () (Bmax (%) = Ao 4(x))

= —cllhpalr1BIAp1| + clhpal K1 B([ A1 | = Apa) + O(1) [ 4]

< —ch|hpalk1BIAp 1|+ O(1)|hp 4]
In (4.12), we have chosen c{ < cjf with k; suitably large, we conclude

4

> Epi < s1B il Aot + O (1) [y
i=1

+0(1) (P (¥) = ™" (0) + 1) = €41l w1B| N 1|
u u ,Axy JAx
< (e — ) kiBlhpa|lApa | + O (1) ol + O (1) (phs ™ (x) =Py () + 1)

< —Clhpal +0(1) (s (x) — Pl (x) + 1)

for some ¢ > 0. When cy is sufficiently small, we obtain

4
ZEb,i +co (|hp,1 (x) [+ |y (x)])
i=1
< —Clhpal +0 (1) (P () — pot (x) + 1)
+co((n+ D)lhea (x)[+0(1) (b5 (x) = P () + 1))
<o) (phs™ (0) — ™ () + o).

This concludes lemma 4.1.

]
3.Bylemma4.1, (4.15), and (4.6), as long as F(0), F»(0), and ¢, are chosen small enough,
we obtain (4.5). This completes the proof of proposition 4.2. O

Remark 4.2. The proof of lemma 4.1 makes a strategic selection of the weights in the
Lyapunov functional, based on the following criteria:

(i) The nature of the discontinuity (leading shock or weak wave),
(ii) The spatial position of the discontinuity,
(iii) The sign of the wave strength 4;,
(iv) Interaction estimates between waves.

Our approach synthesizes the techniques from [6, 12, 33], together with the boundary con-
dition for the pressure in (4.13). This enables the derivation of (4.10), mirroring the role of the
slope boundary conditions in [12, proposition 5.2].

Proposition 4.3. Ifthe approximate pressures py, ;, i = 1,2, corresponding to the inner bound-
ary, change at some x > 0, or there is a reflection on the inner boundary at x, then

§ (UL (x+), Ua (x4)) < (1+0(1) |a]) § (U1 (x—), U2 (x—)),

where |a| = |pp.i(x+) — pp.i(x—)| or || denotes the strength of the incoming wavefront that
hits the inner boundary.
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Proof. With out loss of generality, denote by (x) = by (x) and byin(x) = b2(x). Then, in both
cases,

U2 (x+) = U2 (x=) | < O(1) |er].
Then

5 (U (X+) Uz(x ) =8 (U1 (x=), Uz (x—))

—Z / Wi (xt.9) i (k) | dy — Z / x—13) i () |dy

Dmax (X
—Z / Wi (e-h,9) g (v4,9) | — Wi (v—,9) i (=) [) dy

Dimin (x)

Dnin (X)

S / (Wi (o) g (o3) | — Wi (=) o= 3) ) dy

i=17 ">

4 fhma(x)
<[ e a0 - Wl a9 6

D[V (x+) = Ua(x=) | [bmax (x) = bmin (¥)|
D] a] [bmax (X) = bmin (x)]

Using the boundary condition (1.7), we have

|bmax( mm |</ | |dS<0(1)/0x(hb~,1 (s)|+|hb,4(s)|>ds
<o) F (U (x ) Uz (x—)).

Therefore, we conclude
(U1 (x+), U2 (x4)) < (1+0(1) [a])§(Ur (x—),Ua (x—)).

O

Remark 4.3. Proposition 4.3 implies that the extension of the approximate solution intro-
duces the discontinuities in the x-direction, resulting in the non-differentiable singularities.
Therefore, at each time where such a discontinuity forms, the Lyapunov functional experi-
ences bounded amplification, growing by a factor of 1 + O(1)|«a|, where |«| denotes the mag-
nitude of the jump of the pressure or the strength of the incoming wavefront that hits the inner
boundary.

To conclude, we have

Proposition 4.4. Under the assumptions of propositions 4.1 and 4.2, for any x > 0,

bmax(x)
/ |by (1) Idf+/ |Ui (x,y) — Uz (x,y) | dy

oo

<0(1)xu+0()\lp"’m2 P o + O () [IUL5™ — UL |1 ((—o0.0))-
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Proof. For any fixed x > 0, let
P;={7 €[0,x) : an interaction occurs at x = 7}, P.={7€[0,x): 7¢Py}.
Then P, is finite, which is written as

Pi={x,ieN:0=x)<x1 <+ <Xy X< Xpy1}-

We may assume that, for each x = x;, there is an interaction or a nonphysical wave «(i) cross
the boundary, or there is a physical wave «(i) hitting the boundary, or the variance of the
approximate pressure on the inner boundary is equal to |«(i)]. If there is no nonphysical wave
or only a nonphysical wave crossing the boundary, we set (i) = 0. Then propositions 4.1-4.3

imply
3 (Ui (x),U2(x)) =& (U1(0),U2(0))

:/m%Sﬂh@%%@Dm+gﬂh@mUMMD*%UAML%UW
O (1) (=) j1+ O () 1Py = P et (oo
+exp (O (1)) § (U (5,-). Ualoa)) — 501 (0),U2(0)

A A
<O(1)exp (0 Z\Oé )x1+O(1)exp (O Z|a ||PH =Py o)

(exp Z|Oz ) ( )»UZ(O))'

i=1

Since propositions 3.2-3.4 give an upper bound of >__, |(i)|, which is independent of our
approximate solutions, we obtain

F (U1 (%), U2 (x) <O(N)xp+0 (1) |py5™" = P 0. + 0 (1) F (U1 (0), U2 (0)).

Finally, the construction of our Lyapunov functional leads to

Dimax (X)
/m w+1 s (5,3) — Us (1,9) |dy < O (1) § (U3 (x,), Us (x,)).

This completes the proof. O

Remark 4.4. Asindicated in remark 4.3, the Lyapunov functional has bounded amplifications
at some time. However, proposition 4.4 states that the magnitude of each discontinuity is con-
trolled by |« (7)|, the magnitude of the jump in the pressure distribution, the strength of a phys-
ical wave or a non-physical wave that hits the boundary, whose total variation is bounded by
the initial value of the Glimm-type functional. This incremental amplification remains globally
manageable due to the a priori bounds on Y |a(i)].

Corollary 4.1. Under the assumptions of propositions 4.1 and 4.2, for any x > 0,

max (X)
\mm—mnH[ U (5,y) — Us (x,9) | dy

oo

<O)xp+0M) Py =P o + 0 (1) F (U (x,7), Uz (x,)).
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5. Existence of the semigroup

Combining all the analysis in sections 3 and 4, we now establish the existence of the semigroup
that generates the solution of the inverse problem.
First we introduce the following definitions:
(i) Forfe L} (x,00), define
by Llloc ()C, OO) - Llloc (RJr) ) (L)(f) (9) :f(e +x) ) (5.1
(ii) for (b;, U ,p))" € R x Lj, (R_) X Liy (Ry),j = 1,2, define

H(bhi];rvpl)—r - (b27UZT7p2)THy
= [b1 = bo| + U1 = Dol ey + Ip1 — 2l v - (5.2)

Definition 5.1. Given € > 0, define
UcPWC, U-U, € L'(R_;R%),

D =cl{ (b,U",p)" : bER, 1
14 GPWC7 D — Db €L (R+aR)7

F(0;,U",p) <€},

where PWC stands for the piecewise constant functions (vectors), U, (y) satisfies

0, (y) = U_ fory <y,
PV} = Uy fory, <y<Q0,

for some x, <0, F(0;b,UT,p) is the Glimm-type functional corresponding to the initial data
U and the pressure distribution pj, (see definition 3.2), and cl represents the closure in || - ||y.

We also need the following lemma (see lemma 2.3 in [5]).
Lemma 5.1. If U : R — R" has bounded total variation, then
o
/ |U(x+1)— U(x)|dx <fT.V.(U) Sforanyt>0.

We now establish the existence theorem of the semigroup that generates the solution of this
inverse problem.

Theorem 5.1. Suppose that € > 0 is sufficiently small. Then, for any (b(0),UL p,)T € DF,
corresponding to the initial data UL_(y) = U (y — b(0)) for y < b(0) and the pressure distri-
bution py, there is a subsequence of p-approximate solutions (b, U*2Y) converging to a
unique solution (b, U) as . — 0. The map:

(b (0) ) U;apbvx)—r = (b(x)v UT(xa -t b(x))abpr)—r = Gx(b(0)7 U;vpb)—r

is a semigroup that generates the solution of the inverse problem so that, for any
(6(0),Ule,ps) ", (bi(0), U, jopv.) " € D7,

andx; >20,i=1,2,
Go(b(0),U%pp) " = (6(0), UL ps)
61,65, (5(0), Usepp) T = Gy (0(0), Uleop)
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Moreover, there are constants L' > 0 and L’ > 0 such that

HGXI (bl (O)’ U;—o,l (')7pb,1)—r - GXZ (b2(0)7 U;,Z(')vpbl)—r Hy
<SLH[(B100), UL 1 ()po1) T = (52(0), U (-)spo2) ||y + L7 |1 = xa].
Proof. Forany p1, po > 0, let U#' and U*? be the p;-approximate solutions of (1.1) and (1.6)—

(1.11), whose initial data are U%! and U2, and pressure distributions are p},"' and p),”, respect-
ively. Fixing x > 0, by propositions 4.1-4.3 and lemma 5.1, we have

[ (B9 (), (UM (- + 0 (0)) Ty app) T = (022 (x), (U2 (x, -+ b2())) T waphy) |l

5(

§ (U (0),U*(0) + 0 (W) lIpy" =Py Ml 0.

O (1) max {1, pa}x + [Py = P[22 (x,00)

b1(0),(U2) T ().py") T = (0"2(0), (U8) T (),p3?) T[]y + Cmax {pur, pa} x.

Thus, as i 20 [|(67 (1), (U (x4 b () T,pl) T = (b (x), (U9 (v, +
b*2(x))) T, p?) ||y tends to zero, which implies that the sequence is a Cauchy sequence
converging to a unique limit, saying (b(x),U" (x,- +b(x)),tpp) " . Then the semigroup prop-
erties follow from the uniqueness.

Finally, for 4 > 0, let U}’ and U} be p-approximate solutions to (1.1) and (1.6)—(1.11) sat-
isfying

N
2

100, +51(0)) = Uson (Ml @y < 1, U510, +52(0)) = Uso 2 ()l Ry < 15
||PZ71(') _Pb,l(')||L‘(]R+) < H, ||PZ,2(') _pb,Z(')||L‘(R+) < H.
Then
(B (x), (UY (x, -+ B () T iy ) — (08 (), (U (- + 05 (0)) T ey
<O(1) (U (x), Uy (x)) + IPh 1 = Phollr o)
<O(1)F(UY(0), U5(0) + 0Py s = Phalle 0. + O (1) o+ 1Py = Pyl o0
<l B (0), (U )T ()ph )T = (B5(0), (Ul 5) T ()op45) Tlly + Cpax.

Taking . — 0, we obtain

|(B1(x), U (x, + b1(x)), tapp,1) T — (b2(x), U3 (x,- 4+ b2 (%)), eepi2) ||,
<L (B1(0), UL 1 (-):p61) T = (02(0), UL 5(-)po2) Tl

for some L! > 0, which gives the Lipschitz continuity. Moreover, from proposition 3.3, (A.13),
and the fact that

et — tpb2llo sy < Pot —Po2lliie,)

we conclude the Lipschitz continuity on x.

Main Theorem I is a direct corollary of theorems 3.1 and 5.1.
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6. Approximate the full Euler equations by the potential flow equations

This section focuses on the comparison between the two solutions of the inverse problem,
which are obtained by solving the full Euler equations and the potential flow equations, respect-
ively. If there is no strong shock, at time x, we show that the difference of two solutions in
the norm || - ||y is up to the third order of the total variation of the initial boundary data,

multiplying x.

6.1. Existence and stability of the potential fow equations

Regarding x as time, when u*> +v* < 2Bog and u > ¢, = \/2Boo(y — 1) /(v + 1), system (1.4)
and (1.5) is strictly hyperbolic, whose eigenvalues are

w4 (—1)jcx/u2—|—v2 —c2

A (u) o , j=1,2, 6.1)
with corresponding eigenvectors (see [50])
Y
ri(u) = (=41 j=12. (6.2)

N YOIR2Y O
Using the same method as we have developed in the previous sections, we have

Theorem 6.1. Let (Cpl)—(Cp2) hold. Then there is &€ > 0 such that, when ||(Uoo,Pp) || Lo nBv <
€, there exist subsequences {jy}7°, and {Ax;}7°, so that

(i) b*2% converges uniformly to b on any compact subset contained in the x-axis:
(ii) ug:,Ax’ converges to u, in BV([0,00)), and b(x) = 228

(iii) for any x > 0, w*"*%converges to u in L}, . ((foo, b(x)); Rz), and u is an entropy solution

of equations (1.4) and (1.5) satisfying (1.15)—(1.16).

a.e.:

Definition 6.1. Let (b, ,p;)T € R x L (R_) x L|

J loc loc

(R4),j=1,2. Define

(b0 ,p1) " — (bz»flzT,Pz)THyp = |br = bo| + ([0 — W[y + [P — P2l ) -

Definition 6.2. Given £ > 0, define
uePWC, u—ueL' (R_;R?),

D =cl (bya' ,p)" : bER, - X
pEPWC, P_PbEL (R-‘MR)?

FP(O;bvﬁTﬂp) g é}7

where Fp(0;b, ul, p) is the Glimm-type functional corresponding to the initial data @ and the
pressure distribution p,, for the potential flow equations, and cl stands for the closure with
respect to || - || y-

Furthermore, we have

Theorem 6.2. For ¢ > 0 sufficiently small, take (b(0),a.,p,)" € 5. Then, with the initial
value ul (y) = (y — b(0)) for y < b(0) and the pressure distribution py, a subsequence
of p-approximate solutions (b %) converges to a unique limit (b,u), as 1 — 0. As a

result,
(b(o)aﬁ;vpbvx)-r = (b(x)vuT (X, -+ b(x))v prb)—r = 650’(0)7{1;’]717)—'—
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is a semigroup that generates the solution to the inverse problem for the potential flow system:
If
(b(o)aﬁ;apb)Ta (bi(o)aﬁ;}iapb,i)T S Dliv

andx; 20,i =1, 2, then

&6 (6(0), 05 (-),pp) " = (5(0),8(-),pw) ",
6}, 6L, (6(0),8,(),p) " = 67,1, (6(0),u (),pn)

Moreover; there exist K > 0 and K > 0 such that
165, (51(0),uly 1 (-),po1) " — & (52(0),u, 5(-),62) " llve
<KH|(b1(0),ul, ,().po1) T = (52(0),ul 5 (-),62) Tl + K |51 — 2]

6.2. Comparison of the wave curves and Riemann-type problems

It follows from (Cpl)—(Cp2) and (Cgl)-(Cg2) that u, = (EOO,O)T and Uy =
(Hoo, 0, (Z(Jus ), Z(Juso|)) T According to [30] (see also [14, 46]), there exists J; > 0
such that, in the neighborhood Os,(Us,) of Use = (U, (Z(|Us|))?, % (|Us|)) ", the jth
wave curve of the full Euler equations through U; € Os, (Us) is parameterized as

OZJHQE;/(OZJ,UI), j:1725 3a47

in the neighborhood Oy, (T, ) of U, the jth wave curve of the potential flow equations through
w; € Os, (U ) is parameterized as

aj— ®pj(aj;w), i=12
such that
dq)p ~(a';u1)
7{1&; =rj(w).
We denote
Og (a1, a2, 03,045 Up) = Pp 4 (a3 e 3 (33 P2 (0025 Pi1 (3 U)))),
Op (a1, 00;m;) = Pp 5 (a2; O 1 (a15wy))
and define
|uf? p
DE::{uTapap 605 ul>c¢,p= P ’ :BOO )
W7 pp)T €05 (Tn) ¢ u 2

2"
_ 2(y—1)Bo
Dp = {ll S 051 (uoo) : ? < |u|2 < ZB }

For u; € Dp, define

Uj(agsw) := (P j(giw) ', (Z(1Pp(cgsw)))7, 2| e j(asm)])) T,
U(a, co5my) i= Uy (an; ¥y (ar;uy)),

41



Inverse Problems 41 (2025) 055016 G-Q G Chenetal

where Z(r) is given in (1.18). We now compare between the wave curves of the full Euler
equations and the potential flow equations. For any U; € Dg, denote

-
Ppj (s Un) := (g (g3 Ur) ,ve (a3 Ur) s pei (53 Ul) s pegj (03 Ur))
First, for ®g;, j = 1, 4, we have the following property:

Lemma 6.1. Fora; > 0forj=1,4,

PE; = (pEJ)’Yv (ME‘/) i J)

—1
N v (py)”

2 v—1

Proof. Let \g be the jth eigenvalue of the full Euler equations. A direct computation leads to

=B. (6.3)

d(pe,;— (pej)7)
JT_,-J = YPE,j ()\EJ”EJ - VEJ) - (PE,}) j VPE,

€ppj (AejUE; — VB,
05 DT V) ().
VPE,j

1 (pey)” (Nejue,; — VE,)

Notice that the first part of (6.3) holds when a; = 0 and p; — p; = 0. Then, since

d ((ugy)’ + (vg,)’ VPE,j ) YEipEj (A jUE ;) — VE,)
— + = —ug & g+ tvE,; + :
doy < 2 (v —1)pE, ST T (v—=1)pE,
i peitQegue —ve))
(v 1) (py)° (ceg)’

and pg; = (pg,)?, we obtain

2 2 —1 2 2
(g)” + (ve)” | v(oe)™  (uey)” + (vEy) YPE,j
+ = +
2 y-1 2 (v—1)pe,y
up v L g
- =Bo.
2 (v=Dp
This completes the proof. O

Next, we have (see also [52])
Lemma 6.2. For U, = (u,—'—,p,,p,)—r € Dg and w; € Dp, when o > 0, then

d d®p s (aj;up) )
a0 (g (g3 Up) v (a3 U) " = %7 j=14 (6.4)
] ]

Proof. By (2.3), it is direct to see
d T
3o, (e (g3 U) ve,j (o5 Un))
j
2 (MR~ Ch )N — U Ve
v+ 1 (1428 ) Ak jue, — ve,)

= (A, 1)" (=g, 1)
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Form lemma 6.1, (2.1)—(2.3), and (6.1)—(6.2), we obtain
Aei(Pe (0 Ur) = Ap, s (uei(as U), ve (s Un) ),

where Ap, \ﬁ(u) is the 1/jth eigenvalue of the potential flow equations. By lemma 6.1, we see
that ¢ ; = v(pe,;)?~" so that

2 (up; —Cfj)ARj — UEVE,

v+ 1 (1+X8) (A jue, — ve,)
_ (=2, 5 (e (a5 Un), v,y U)) ), D) T

(=Ap,yj((up (s Un), ve (s Un) T), 1) - Vg 5((ug (s Uy ve (i Un)) T)

(=g )T

Note that
d‘bp,\ﬁ(aﬁ“l) _ (_)‘P,\ﬁ(‘bp,\ﬁ(aﬁ“l)), 1’
day (e, (P, (s w)), 1) - Vp 4(Pp ()’
and (ug;(0; U;),ve,;(0;U)) " =w = ®p_;(0;w;). Therefore, we obtain (6.4). O

By lemmas 6.1 and 6.2, noting that the wave curves ®g; and ¥; are C? functions, we have
(see also [52])

Lemma 6.3. For U= (0 ,p;,p1)" € Dg and w; € Dy, if aj > 0, then, forj = 1,4,

P (o Un) = Vi (og5wp)

5‘1’/‘ (0;u)
8aj

82q>EJ (O7 Uz) . 82\I/j (O;ll[)

=r (U
5 (U), 804]2 8&}

Proposition 6.1. Assume that U; = (“Taphpz)—r € Dy and w; € Dp. For o sufficiently small,
j = 1,4, the equation:

O (81, 82, B3, Ba; Un) = (P, (s w), (Z(1@p (i3 w))7), 2(| Py, i(aisw)])) T (6.5)
has a unique solution (81, 2, B3, B4) satisfying

Bi=a;+0(1)|aj

Bi=0M) s P, k#),
where a~ = min{a,0} and the bound of O(1) is independent of c; and u.
Proof. Note that

0®g

R CTENNWEN) = det(ry,12,13,14) # 0.
<a(ﬂ1762’ﬂ3764)>’BI_BZ_Bs—B4—O (1 2,13 4)7é

Then the implicit function theorem implies that there exists a unique solution (81, 52, 583, 54),
Bk = Bk(aj,ll[) S Cz, of equation (6.5) with ﬁk‘aj:O =0.
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In order to obtain the expansion of 5, we first differentiate equation (6.5) with respect to
«j and then let a; = 0. By lemma 6.3, we obtain

4
0 .
SO wy=n(), =14
k=1~ 7 ly=0
which imply
9| _
aaj a;=0 "

Next, we take the second-order derivatives in equation (6.5) with respect to «; and then let
o = 0. Therefore, from lemma 6.3 and (6.2), we have

4
o? 0?Pg ;(0: U, 02W;(0;u
Z a7 ﬁzk r(U)) + ]2’;(2 ) = 8]( 5 1)7 j=14,
=1 9% =0 6]’ @
which, together with lemma 6.3, leads to
9 Br
—_— =0. 6.6
5o (6:6)
(Xj:()

Thus, when «; < 0, from (6.2) and (6.6), we obtain the result. When ¢; > 0, from lemma 6.3
and the uniqueness of (51, 52, 83, 84), we see that /3; = &;;c;. This completes the proof. O

Proposition 6.2. For u;,u, € Dp satisfying

u. = dp (051,044;111) s
U, = ®g (51,52, 58, 84, U1),

with U, = (], (Z(Ju,)))", 2 (|u,])) T and Uy = (u] ,(2(Jw]))",2(jw]))T. Then
B=aj+0() (lar|+las )’ =14,
Bi=0() (Jay|+lo5])’,  k=2,3,

where a~ = min{a,0}, and the bound of O(1) is independent of u; and oj, j = 1,2,3,4.

Proof. It suffices to solve

Dg(B1, B2, B3, Ba; Ur) = (b (v, cusmy) T (Z(|Pp (0, auswy)]))?, Z(|p(a, cqsw)])) T

for By, k=1, 2, 3, 4. Carrying out a similar procedure as in the proof of proposition 6.1, there
exist C? functions B = Bi(ay,aq,w),k = 1,2, 3, 4, such that (31, 52, 83, B4) solves the above
system.

As for estimates on 3y, we let

u, = (I)P(alao;ul)u U,= (ll,-ln—va?Pm)T = (u,—ln—v (%(luml))’yv%(‘um‘))7

and consider the equations:
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Um = ‘DE(ﬂLB;ﬁ;BA/b Ul)a
Uy =3:(8) .55 .85 By 1 Un).

Thanks to proposition 6.1, we have
B = +0(1)|ay |, B, = audis+0(1)|ag P, (6.7)

where d;; is the Kronecker symbol. Hence, by Glimm’s interaction estimates (see lemma 2.2),
(6.7) gives the corresponding estimates for 5, k=1, 2, 3, 4.
O

Proposition 6.3. Suppose that v; € Dp and that p. satisfies

pr=(Z(|®p(a1,0;w)|))",
Pr= CD](ES) (/81707050; U1)7

with Uy = (0, (Z(lw|))?,%Z(|w]))". Then
Bi=ar+0(N)|a; P=a+0(1)w ],
where w = p, — p;, a~ = min{a,0}, and the bound of O(1) is independent of o and .

Proof. When w > 0, o and (3| are rarefaction waves. According to lemma 6.1, it suffices to
consider the equations:

=1

\‘I>p(0<1,0;uz)|2+v(w+pz) v

—B... 6.8
: o (6.8)
—1
=(8,,0,0,0:U,) ] Kl
‘ (Bl; ) Yo Vs Z)| +7(w+p1) :Boo7 (69)
2 y—1

where Z(51,0,0,0;U;) = (ug(531,0,0,0;U;),ve(B1,0,0,0;U;)) T. We first take the derivative
with respect to w and then let w = 0 to obtain

8<I>p (0,0;lll) da1 _ 1
N T v =0
ul 8@1 dw w:0+ (p[) ?
EE (0707070; U[) dﬂl _1
P S N S A v =0.
w a5, wl . + (p1)
Thus, by lemma 6.3, we have
doy dsi
— = — 0. 6.10
dw |, dw |, 7 ( )

Next, we first take the second-order derivative with respect to w in equations (6.8) and (6.9),
respectively, and then let w =0 to obtain

(acpp (0.0:m) 92p(0.0:w) 9%y (o,o;u,)) (dal )2

ooy Oay ! 804% dw
w=0
8@13 (0,0;“1) dz()él 1 _ 1ty
. _ = =0
u; 8041 dw? oo v (pl) Rl ;
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0=(0,0,0,0;U;) 0=(0,0,0,0;U)) i 9?=(0,0,0,0;U;) L& 2
ool 0B : Bt dw 0
0=(0,0,0,0;U;) d*B 1 4y
. - v =0.
+u 95, a2 e A Q’z)
Combining lemma 6.3 with (6.10), we see that
2 2

Far| - _ &6 6.11)
dw? |,  dw? | _,

Hence, when w < 0, since aq, 31, and w are the quantities of the same order, we conclude the
result; when w > 0, from the uniqueness of 31 (w) and lemma 6.3, we also obtain the result. [

Remark 6.1. Informally, lemmas 6.1-6.3 show that the rarefaction waves for the full Euler
system and the potential flow system coincide. Moreover, since the Hugoniot curve and the
rarefaction wave have a tangency of second-order, propositions 6.1-6.3 demonstrate that the
Hugoniot waves of the two systems differ at third order in the jump strength parameter.

6.3. The proof of Main Theorem Il

To compare the p-approximate solutions, we need to establish the estimate involving different
types of wave fronts. To this end, it suffices to consider the case that there is only one wave-
front. Let b and p,, be constant functions, and let U be a piecewise constant vector. For any
W(xo,-) € D* with W(xo,y) = (b(x0), U(xo,y + b(x0)), tx,Pp), When x > xy is sufficiently close
t0 X0, (Rr_xy W) (- + (S,_, W)(I) is an entropy solution that connects all the solutions of the
Riemann-type problems solved at which U has a discontinuity, where

RW = (81—, W)@, (81—, D, (8, W, (&1 D) T,

and (&, W) stands for the ith components of &, W fori = 1,--- ,6.
Case 1: Suppose that u;,u, € Dp with w; and u, sufficiently close to each other. Let U; =
¥(0,0;w;) and U, = ¥(0,0;u,). For any s € R, xo > 0, and yy < b, let

U, fory —yo < s(x—xo),
Ulx,y) =
U, fory —yo > s(x—xp).

In what follows, we denote U(7) = U|,= and U(7)(y) = U(,y). Then we assume that

U, fory > Yo,

U(xo) (v) = {

U for}’<y07

and pp|x=x, = Pr-

Proposition 6.4. Suppose that there exists o such that u, = @P’ﬁ(aj;uz) foreachj=1,4.
Let s be the speed of o. Then, for h> 0,

() if o5 <O,
81 W (x0) — W(xo+h) ||y < O(1) hloy[*;
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(i) if ;> 0,
&3 W (x0) — W (xo+ k) ||y < O (1) hloy]?,

where the bound of O(1) is independent of xo, h, and o

Proof. We only consider the case when j = 1, since the proof for j =4 is similar.
(a). a; < 0.Then «; is a shock with speed s. Let (81, 32, 83, 84) be the solution to the equation:

U, = @k (61, 52,83, 84 U1) -
R, W(xo) contains waves S, k = 1,2, 3, 4. According to proposition 6.1,
Bi=adu+0M)|anf’,  k=1,2,3,4,

which gives 3; < 0.
In addition, since

1 1
o=2g1(U)+ 551 +O0(1)|Bi] = Ap,1 (U)) + So1+ 0 (1),

1
s=Xp (W) + S +0(1)]ay]?,

we obtain
o=s+0(1)]ay|*

Denote g; = min{s,o }, g = max{s,c}, and \yy = max{|Ag4(U)| : U € Dg} + 1. Therefore,
q1 and ¢, are bounded, and

a2 —q1=0(1)|a]*.

Furthermore, for w(h, -) := R, W(xg), we can obtain

(1) if y < g1h+ yo, then w(h,y) = U(xo + h,y),
(i) if g1h+yo <y < g2h + Yo, then w(h,y) — U(xo + h,y) = O(1)|cv |,
(iii) if gah 4+ yo <y < Amh + yo, then U(xg + h,y) = U,, and
@ (h,y) = U(xo+ h,y) = @ (h,y) = U, = O (1) (|Ba] + B3] + |Ba]) = O (1) |ews [,
(iv) if y > Ayh + yo, then w(h,y) = U(xo + h,y) = U,.

Now, the boundary corresponding to &, W(xy) and the boundary corresponding to W(x, -+
h) coincide, and the pressure on the boundary is p,. Then

AMthy()
||6hW(x0)—W(x0+h)||Y=/ | (h,y) = U(xo +h,y)|dy
q2h+yo
q2h+yo
+/ | (h,y) — U(xo +h,y) |dy
qih+yo
<O |ou | Ay — g2+ 0 (1) | |lgz — g1 |h
<o(1)|ay*h.
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(b). a; > 0. Then « is a rarefaction wavefront with characteristic speed s. Let (51, 52, 83, 54)
be the solution of the equation:

U, = (I)E (517/62aﬂ3764;ul) .

By proposition 6.1, we have

B1=ai, Br=pB3=0,

which means that 2R, W(xj) contains a fan-shaped wave §;. In addition, at xo + &, the width of
the fan-shaped wave 3 has an upper bound O(1)h|c;|. Therefore, we obtain

16sW (x0) = W (xo +h) ||y < O(1) hloyP?,

which gives the result. O
Proposition 6.5. If U(x,y) contains nonphysical waves only, then

161W (x0) = W(xo +h)[ly < O (1) hlu, —wy,
where O(1) has an upper bound independent of xo, h, and the strength of the wave.

Proof. From the construction of the u-approximate solutions, we have
(R W(x0)) (v) = Ulxo + b,y + (G, W(xo)) D) = U, fory > yo+sh — (&, W(x))!".

Thus, by proposition 6.2, carrying out similar arguments as in the proof of proposition 6.4
leads to the result. O

Case 2: Suppose that w;, u, € Dp with w; and u, sufficiently close each other. Let U; =
U (0,0;u;) and U, = ¥(0,0;u,). For any s < * and xo > 0, set

U, fory—b <s(x—x),
Ulx,y) =
U, fory—b>s(x—x).

Moreover, we assume that
U(xo,y) =U, fory < b,

and pp|x=x, = pr-

Proposition 6.6. Suppose that there exists «; such that w, = ®p ; (a1;W;) and that the speed
of ay is s. Then, for h > 0,

(1) if oy <O, then

&, W (x0) — W(xo+h) ||y < O (1) hlou [*;
@i) if a1 = 0, then

&, W (x0) — W(xo+h) ||y < O (1) hlou [,

where the bound of O(1) is independent of xo, h, and o
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Proof. We divide the proof into two steps.
1. Case: a; < 0. Then «; is a shock whose speed is denoted by s. Let 31 be the solution of

pr= ‘1)](53)1 (Bi;Un).
Using proposition 6.3, we obtain
Bi=ai+0(1)]a; P,

which implies 8; < 0.
For the estimates of o and (3, since

1 1
o=X1(U)+ 551 +O0(0)|B1* = Xet (U) + S +0(1)|ay %,

1
s=Ap,1(w)+ i +o(1)|ey |,

we obtain
o=s4+0(1) ||

Let g1 = min{s, o}, ¢ = max{s,o}, and \yy = max{|A\g4(U)| : U € Dg} + 1. Then ¢; and ¢»
are bounded and satisfy

a2 —q1=0(1)|a]*.

Furthermore, denote w(h, ) := R, W(xp). Using lemma 6.3 and proposition 6.3 yields

(i) if y < g1h+yo, then w(h,y) = U(xo + h,y);
(i) if g1h +yo <y < g2h + yo, then w(h,y) — U(xo + h,y) = O(1)|ev1 [
(iii) if g2ht +yo <y < b+ i*h, then U(xo +h,y) = Uy,
@ (h,y) = U(x0 + h,y) = @ (h,y) = U, = O (1) |u |,
‘I’](;Zi (B1;Un) Vr

—_— = =0(1)|at]’.
o) (Bi:Uy) W
; . @é23(/31;U1) v ; <I>(E2?(61;U1) v L.
Set by := mm{m, 17} and b, := max{w7 ;} Then, by lemma 5.1, similar
to the proof of proposition 6.4, we have
[S,W (x0) — W (xo+h) ||y
. X bih+b
<O(1)h(by—by) +0(1) | l|g2 —611|h+/ | (h,y) = U(xo +h,y)|dy
qh+b

<Oo(1)|ay)’h.

2. Case: a; > 0. Then o is ararefaction wavefront whose speed is s. Let 31 solve the equation:
3
pr= L) (Bi; U).
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Using proposition 6.3, we have

ey, TEABRU)
1 = &, (P(l) U - u .
XCHY r

That is, 23, W(xo) contains a fan-shaped wave (1. Furthermore, at xy + &, the width of the
fan-shaped wave /31 has an upper bound O(1)%|«|. Thus,

164 W (x0) = W(xo +h) |y < O(1) hley|*.
This completes the proof. O

With those preparations, we are about to prove the following estimates for &.

Proposition 6.7. Suppose that u" is a p-approximate solution to the potential flow
equations (1.4) and (1.5) satisfying (1.15)~(1.16) and by is an approximate boundary. Let
WE (x) = (bh(x), ¥ (0,0;u (x,-)) T, tupp). Then, at x>0,

1
liminf . |6, Wy (x) = Wy (x-+ 1)l < O(1) (TV.” (u” (x,)))" +0(1)
where T.V.” (u*(x,-)) is the total strength of the shock waves, and the bound of O(1) is inde-
pendent of x and (.

Proof. Note that u* is a piecewise constant vector, and the number of all wavefronts is finite.
From propositions 6.2-6.3 and 6.4—6.6, when % is small enough, we have

S () = W (x )
<o) Y Ja@F+o() > 18(x) 2

«is a shock at x [1is ararefaction wave at x

+0(1) > le(®)]

€(x) is a nonphysical wave at x
<o) ((TV.™ (@ (x,) + TV (0 () )
where T.V." (u#(x,-)) is the total variation of the rarefaction wavefronts in u”(x, -), and |a(x)],

|B(x)], and |e(x)]| are the strengths of waves «, (3, and € at x, respectively. This completes the
proof. O

Definition 6.3. For an interval /,
UAGER4
Lip,(LY)=qW: W(r) €D, rel, supM <00 p.
t#T ‘t - 7-|
To obtain a uniform estimate for the u-approximate solution, we need the following pro-
position (¢f [21, lemma 6.2] and [5, theorem 2.9]):

Proposition 6.8. For T* >0, assume that w:[0,T*] = D° is a map such that w—
(O,U;,ﬁb)T € Lip,_ ([0, T*]; Y). Then there exists L > 0, independent of ¢, such that

T J—
||67W(0)—W(T)||y<L/ 1iminf||w(t+h) GV'W(t)||ydt forany T € [0,T7].
0

h—0+ h
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By the construction of approximate solutions, we know that
WE—(0,UL.ps)T €Lip.([0,00):7),  W(x) €D forx>0.
Therefore, we obtain
Theorem 6.3. For any T> 0, W5 (x) € D® satisfies
167Wp (0) = Wp (T) [|y
_ 3

<SOMT((TV. @ (0,9) +TV. (pf () + pw (04) = p" (0,0-) ) +11) . (6.12)

where the bound of O(1) is independent of T and .

Proof. From (6.7) and propositions 6.7 and 6.8, we have

S © = Wi (<o) [ ((0v ' w)' +a)ar @13

Note that
T.V.” (0" (x,-)) < O(1) (T.V.(u"(0,)) + T.V.(py () + |ps(0+) — p*(0,0=) | + 1), (6.14)
and the result follows from (6.13) and (6.14). O

Finally, we have the following theorem.

Theorem 6.4. Assume that (Cpl)—(Cp2) and (Cel)~(Cg2) hold and that Uy = (u] ,py,p;) T is
an entropy solution of (1.6) satisfying (1.9)~(1.11). Let Uy = (u, , (Z(|wa|))?,Z(Juz|)) " be
an entropy solution of (1.5)—(1.4) satisfying (1.16)—(1.15). Moreover, let by and b, be corres-
ponding boundaries. Then there existe. > 0 and C > 0 such that, when ||(Woo, P ) || L2 v < €

(b1 (x), Ur (x,) s eapp) = (b2 (x) U2 (x, ) xp) Iy < Cx[| (Wo, Bb) 7o rpy — for any x> 0.

Proof. Using U (x,-+ b;(x)) = R, U and the properties of p-approximate solutions, and
then letting 1+ — 0O+ in (6.12), we obtain the result by carrying out a similar argument as in
[4-6, 52]. O
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Appendix. Proofs of proposition 3.2 and theorem 3.1

In this appendix, we give the proofs of proposition 3.2 and theorem 3.1, respectively.

A.1. Proof of proposition 3.2

We first show that the magnitude of each non-physical wave satisfies
e=0(1)v, ec NP.

Indeed, a new non-physical wave e comes out at x=¢, when a weak physical wave « inter-
acts with another physical wave 8 with |a||8| < v, or a weak 1-wave « collides the strong
shock with |a| < v. In both cases, the interaction estimates show that e = O(1)v. Consider the
quantity

Le(x):= Y |al,

acAle)

where A(e) is the set of wavefronts which approaches e. Suppose that the interaction occurs
atx=t.
Case 1: The interaction does not involve €. From the interaction estimates, we conclude

Ae(r)=0, AL (t)+KAQ(r)<0. (A.1)

Case 2: The non-physical wave € collides another weak wave «v. Again the interaction estimates
imply

AL (t)=—|a], AQ() <0, Ae(r)<O(1)le(t—)]|cl- (A.2)
By (A.1) and (A.2), the map:
x> e(x) exp{C(Le (x) + KQ(x))}

is non-increasing in x, where M; > |O(1)]| is a constant. Therefore, for x > xo, we have

€ (x) < €(xo) exp{M; (Le (x0) + KQ (x0))}
< O(1)vexp{M;(L:(0) +KQ(0))}
<o(1)eMcy
< Moy, (A.3)

where € > 0 is the constant given in proposition 3.1.

Next, we assign each wavefront in U*“* an integer number, counting the number of inter-
actions that occur to give birth to such a front. To be specific, we define the generation order
Od(«) of a front « inductively as follows:

e Fronts generated from x = 0 and on the boundary (on points (hAx,b**¥(hAx)) forh € N, )
have generation order m = 1.
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e The boundary and the strong shock are always attached with generation order m = 1.

e When two incoming fronts (including the boundary and the strong shock) of the families
i1,ip € {1,--+,5} and of generation orders m; and m, interact, then the outgoing fronts have
a generation order

mi, i:il7il7éi2a
ny = iz i1 iz
m=q a7 (A4)
max{m,my}+1, i#i,i#is,
min{ml,mz}, i = i] = iz,
where i € {1,---,5} indicates the ith family of the outgoing wave-fronts.

Form > 1, let

Ly)= Y ba,

Q crossesx=t,
Od(a)>m

and let

Lin()= Y by  fori=1234.

acdis of family i
and crosses x=t,
Od(a)>m

Moreover, we write Ly(#) = L(¢). For m > 1, define

On() =Ky > |bal+ > |bsl+K > [ballbsl,

a€A,, BEA,, (a,B)EA,
Od(o)2m 0d(B)zm max{0d(c),0d(B)}=m

and Qo(7) = Q(¢). In addition, when m > 1, let I, be the set of x-coordinates at which two
waves of order m,, and mg interact, with max{mq,mg} =m, and let Iy = {hAx : h € N}.
Similar to the proof in proposition 3.1, tracking the generation order of the wavefronts in a
subsequent of interactions, we obtain

AL, (x) = xelgU---Ul,_», m>2,
ALm x) KAQ,,— 1()() 0, xel, UL, ULy, m>=21,
AQy, (x) + KCAQ(x) Ly, (x—) <0, xelyU---Ul,_ o, m>2,
AQm(x)—l—lCCAQm 1 (x)L(x—) <0, x€l,_1,m>1,
AQ, (x) € x€l,Ulyy1---, m>=0. (A.S5)
Estimates (A.5) imply
x) <K Z (Amel (0)77
0<r<x
On(x) < D (A0 ()"
0<r<x
<KC 3 (AQ) supLn (1) +KC 3 (AQu-1 (1)) supL(x), (A6)
0<r<x x 0<r<x x
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both of which are valid for every x > 0 and m > 1. Furthermore, we have

0<0n(®) = 3 {(A0n (1)~ (A1)}

0<r<x
Since F(x) := L(x) + KQ(x) + |Us(x) — Uy | +|U°(x) — UL, | is non-increasing, we have
Ly (x) <L(x) <F(x) <F(0), > (AQ(1)” <Q(0)<F(0). (A7)

0<t<o0

Recalling

ém = Z (AQm (x))Jr ) Zm = Sume (X) )

x>0 x>0

from (A.4)—(A.7), we deduce the sequence of the inequalities (valid for m > 1):

{Em <Kn-t, _ _ _ (A.8)
O < CKF(0) Ly, + CKQp—1F(0) < C(K* 4+ K) F(0) Q1.
For F(0) sufficiently small, we obtain

n:=C(K*+K)F(0)<1. (A.9)
In this case, for every x >0 and m > 1, by induction, (A.8)—(A.9) yield

On(X) SOn<en”,  Ln(x) <Ly <Keyf"". (A.10)

Meanwhile, the number of wavefronts of the mth generation can be counted as follows: Since
the wavefronts of generation 1 are generated at x = 0, as well as from the change of the pressure
distribution, the number of the first-order fronts is less than N ,. From each interaction between
the fronts of first-order, recalling that each of the rarefaction fronts has size < ¢, the second-
order front is generated and its number is less than O(1)§ . Therefore, the number of second-
order wavefronts is O(1)(N,,)*§~. Inductively, it is clear that the number of fronts of order
< m is bounded by some polynomial function of (N,,,d~ '), say

Pu(N,, 67 1. (A.11)

The particular form of P, is not interested here.
Next, we establish the total strength estimates of non-physical waves. We track of the fronts
of generation order > m and < m, separately. Using (A.3) and (A.10)—(A.11), we obtain

D et D

eENP,0d(e)>m eENP,0d(e)<m
< [total strength of all fronts of order > m]

+ [number of all fronts of order < m| x [maximum strength of non physical fronts]

< Ken™ + MavP, (N, 67 1). (A.12)

For any 4 >0, recalling 7 < 1, take m large enough such that Ken™ < &. Then we choose v
small enough so that MovP,,(N,,,6~") < . For all x > 0, we conclude

Z €+ Z e<u,

eENP,0d(e)>m eENP,0d(e)<m
This completes the proof. g
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A.2. Proof of theorem 3.1

The proof is completed as follows: Results(i)—(iv) are deduced easily from propositions 3.3
and 3.4, together with the Arzela—Ascoli Theorem.
We now prove (v). Firstly, from the previous analysis, we have

0
/ | U5 (e, y 4 b2 () = UP A (o, y + 512 (x)) | dy

< O(1)|x; — x3| [maximum speed] X [total strength of wave fronts]
<Ly —xa, (A.13)

with L being a constant independent of . Then there exists a subsequence (still denoted)
{U"A+} that converges to a limit function U € L] ((—00,b(x)); R*), guaranteed by the Helly
Theorem.

To show that U is a weak solution, it suffices to prove that, for every ¢ € C!(R?) and v €
Ce(),

oo prb(x) 0
/0 | G om aacs [ 00upmdy=o
b(x) 0
/0 [ (1x(pu® + p) + ypuv) dydx + [ (0,y) (poctta, +Psc) dy =0,
b(x) 0
/0 / (1hxpuv + ¥y (pv? + p)) dydx -+ /_ 1 (0,¥) poollocVeo dy = 0,
% rb(x) u? 12 vp w12 yp
/ /_ (szpu( 2 —l)p)+w"pv( 2 " (v—l)p))dydx

io WPos B
/wa -+ CEnre ———)dy=0. (A.14)

We only give a proof of the first equality in (A.14), since the remaining part can be obtained
analogously.
Since ¢ is compactly supported, it is required to verify

X pb(x) 0
/ / (¢xpu+ dypv) dydx + / $(0,y) oo pocdy =0 (A.15)
0 —00 — o0
for some X > 0. To calculate the term
pH Ax
/ / Bep U 4 oy AV AY) dyd, (A.16)

we fix 1 and assume that, on any level set x =1, y, (¢) is a jump for a € SURUNP. Let

APt A%) = (S0 (1, o) = (S5 (1,30 -),
AP A0 = (A 1y ) = (SR 1y ).
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Observe that the polygonal lines y = y, (x) divide stripe [0,X] x R into regions D; on which
Ut is constant. Define

b, = (¢pu,Axuu7Ax’ (bpu,Axvax) )

By the divergent theorem, (A.16) can be written as

> // dive, (x,y) dydr =Y / @, -nds, (A.17)
i D ;7 oD;

where 0D; is the boundary and n is the unit outer normal. Since, on the polygonal line y =
Yo (x), nds = £(34,—1)dx, while ¢(x,y) =0 on line x=X. Therefore, (A.17) is computed

32 G0 ) A1) ) = A5 1,30) 6 .30 (5) s
X

b [ (B S S 1,50 (0) — (A 1,4 (1) ) b))
0

0
—~ / (P2 ute ) (v) 9(0,y) dy. (A.18)

— 00

If the discontinuity « is physical, then

Va (x) AP U2 (x,ya) — A(p SV (x,ya) = O(1) plal.
On the other hand, if the wave at y,, is non-physical, then

Yo (0) A(p" 22 (x,ya) = APV (x,ya) = O(1) [al.
Moreover, on the approximate boundary, from the construction, we obtain

A (1) (3 (1, DA (1)) — (A0 (o, A (1)) =0,

Therefore, by proposition 3.2, we have

limsup| > (Ja (¥) AP MU (x,y0) — AP V) (x,50)) 6 (X, Vo (x))‘
1=0 T e SURUNP

<n;§;<|¢(x,y)|limsup{ > o) ulal+> 0(1) Ia}—o. (A.19)
’ NP

=0 aesur

Moreover, from (i), (iii), and the loc convergence of {U“’Ax}, the Dominated Convergence
Theorem implies

X
lim sup / (5“’“ () (" 2 (x, 2 (x)) — (P“’AXV“’AX)()C,b“’AX(X))) B(x, b2 (x))dx
AX—>(§), 0

n—

X
= [ (b0 b ) = (16 (b ) . (A.20)
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Again, the Dominated Convergence Theorem yields

lim sup/ / pH Ay Ax o pmAxvu,Ax) dydx
Ax—0
n—0
oo rb(x)
= / / (¢xpu+ dypv) dydx. (A21)
0 —o0

Finally, noting (A.18)—(A.21), we conclude
oo pb(x) 0
/0 / (¢xpu+ dypv)dydx + / ¢ (0,) oo pocdy

b A (x)
= lim sup/ / qu p,u,Axu/L,Ax + ¢y p;L,Axvu,Ax) dydx
Ax—)O

+ limsup / $(0,y) utsA B dy, (A.22)
Ax—0

By (A.18) and (A.19), we obtain (A.15).
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