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Abstract. This paper concerns continuous subsonic-sonic potential flows in
a two-dimensional, convergent nozzle, which is governed by a free bound-
ary problem of a quasilinear degenerate elliptic equation. It is shown that for
a given nozzle perturbed from a straight one, a given point on its wall where
the curvature is zero, a given inlet which is a perturbation of an arc centered at
the vertex, and a given incoming flow angle perturbed from the angle of the in-
ner normal of the inlet, there exists uniquely a continuous subsonic-sonic flow
whose velocity vector is along the normal direction at the sonic curve, which
satisfies the slip conditions on the nozzle walls and whose sonic curve inter-
sects the upper wall at the given point. Furthermore, the sonic curve of this
flow is a free boundary, where the flow is singular in the sense that the speed is
only C!/2 Holder continuous and the acceleration blows up. The perturbation
problem is solved in the potential plane, where the flow is governed by a free
boundary problem of a degenerate elliptic equation with three free boundaries
and two nonlocal boundary conditions, and the equation is degenerate at one
free boundary.
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1 Introduction

This paper concerns subsonic-sonic flows in curved convergent nozzles. Such
problems naturally arise in physical experiments and engineering designs, and
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there are many experiments and numerical simulations and rigorous theories in-
volved in this field [2,6]. A two-dimensional steady isentropic inviscid compress-
ible flow is governed by the following Euler system:

0 0

a(ﬁ”)*‘@({)v) =0, (1.1
d d

g(P—Fpuz)Jr@(puv) =0, (1.2)
0

9 2
a(puv)-l-@(P-l-pv )
where (#,v), P and p represent the velocity, pressure and density of the flow, re-
spectively, and P =P(p) is a smooth function. In particular, for a polytropic gas
with adiabatic exponent y >1,

0, (1.3)

1
P(p)=_p" (1.4)
v
is the normalized pressure. Assume further that the flow is irrotational, i.e.
Ju Jv
S == 1.5
dy ox (1.5)

Then, the density p is expressed in terms of the speed g according to the Bernoulli
law [2]

_ 1/(r=1)
p(q2)=<1—771q2) , g=Vur+v?, 0<g<y/2/(y-1). (1.6)

The sound speed c is defined as c>= P'(p). At the sonic state, the sound speed is

) 1/2
C* == 4 7
<7+1>

which is called the critical speed in the sense that the flow is subsonic when g<c,
sonic when g = c«, and supersonic when g > c,. The system (1.1)-(1.6) can be
transformed into the full potential equation

div (p(|Vq0|2)qu) =0, (1.7)

where ¢ is the velocity potential with V¢ = (u,v), and p is defined by (1.6). It
is noted that (1.7) is elliptic in the subsonic region, degenerate at the sonic state,
while hyperbolic in the supersonic region.
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Subsonic and subsonic-sonic flows past a profile or in a nozzle have been stud-
ied for a long time. Frankl and Keldysh [12] first established the existence and
uniqueness of the subsonic flows past a two-dimensional profile with sufficiently
small Mach number at infinity. In the significant work, Bers [1] showed that there
exists a unique subsonic flow past a two-dimensional profile if the free stream
Mach number is less than a critical value; furthermore, the maximum flow speed
tends to the sound speed as the freestream Mach number tends to the critical
value. The same results for multi-dimensional cases were obtained in [7,11]. In
these works, the flow with the critical freestream Mach number was not consid-
ered. By the compensated compactness method, it was shown in [3] that the two-
dimensional flows with sonic points past a profile may be realized as weak limits
of sequences of strictly subsonic flows. However, their regularity and unique-
ness remain unknown. A similar situation occurs for subsonic and subsonic-sonic
flows in an infinitely long nozzle. It was proved in [29] that there exists a critical
value such that a strictly subsonic flow exists uniquely as long as the incoming
mass flux is less than the critical value, and subsonic-sonic flows can be obtained
as the weak limits of strictly subsonic flows associated with the incoming mass
fluxes increasing to the critical value. The multi-dimensional cases were dealt
with in [5,10]. There are also many studies on rotational subsonic flows, we refer
readers to [4,8,9,30,31] and references therein.

For a straight convergent nozzle, there are symmetric continuous subsonic-
sonic flows, whose potential depends only on the distance of the position to
the vertex of the nozzle. A natural question is whether this radially symmet-
ric subsonic-sonic flow is stable. The structural stability of such flows was first
studied by Wang and Xin [23], where they considered the perturbation of the in-
let. Precisely, for a given inlet, which is a perturbation of an arc centered at the
vertex of the nozzle, and a given incoming mass flux, it was shown in [23] that
there exists an open interval depending only on the adiabatic exponent and the
length of the arc, such that a unique subsonic-sonic flow, which is a perturbation
of the radially symmetric subsonic-sonic flow from the arc as the inlet with the
same incoming mass flux, exists as long as the incoming mass flux belongs to
this interval and the perturbation of the inlet is sufficiently small; furthermore,
the sonic curve of this subsonic-sonic flow is a free boundary, where the flow is
singular in the sense that the speed is only C!/2 Holder continuous and the accel-
eration blows up at the sonic state. There are also some studies on perturbational
problems [13,16-18,20,22,28]. Recently, Wang and Xin [27] studied the Lipschitz
continuous subsonic-sonic flow in general two-dimensional finitely long sym-
metric nozzles. Moreover, Wang and Xin [21, 24-26] studied smooth transonic
flows of Meyer type in de Laval nozzles.
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In the present paper, we investigate the structural stability of symmetric con-
tinuous subsonic-sonic flows when the inlet, the incoming flow angle and the
nozzle wall are perturbed. It is shown from [23] that the existence of continu-
ous subsonic-sonic flows depends on the geometry of the nozzle. The authors
prescribed the incoming flow angle and the incoming mass flux, which are two
physical quantities, to formulate the continuous subsonic-sonic flow problem in
a straight nozzle; furthermore, the sonic curve of the continuous subsonic-sonic
tflow is a free boundary where the velocity vector is along the normal direction.
It is obvious that, for a continuous subsonic-sonic flow whose velocity vector is
along the normal direction at the sonic curve, the second derivative of the nozzle
wall at the intersecting point with the sonic curve must be zero. Therefore, it is
not suitable to prescribe the incoming flow angle and the incoming mass flux to
formulate the continuous subsonic-sonic flow problem in a general nozzle. In this
paper, we fix the intersecting point between the sonic curve and the upper wall
to replace the incoming mass flux condition. As in [13,16-18,20, 22,23, 27, 28],
it is also assumed that the sonic curve of the continuous subsonic-sonic flow is
a free boundary where the velocity vector is along the normal direction. It is clear
that the curvature of the nozzle wall at the intersecting point with the sonic curve
should be zero. Therefore, the considered problem is as follows: For a given noz-
zle which is a perturbation of an straight one, a given point on its wall where
the curvature is zero, a given inlet which is a perturbation of an arc centered at
the vertex, and a given incoming flow angle which is a perturbation of the an-
gle of the inner normal of the inlet, we seek a continuous subsonic-sonic flow
whose velocity vector is along the normal direction at the sonic curve, which sat-
isfies the slip conditions on the nozzle walls and whose sonic curve intersects
the upper wall at the fixed point. As shown in Fig. 1, it is assumed that that
Py(x0,—xptandy) (x0<0,0<8 < 7/2) is the fixed intersecting point at the upper
wall with the sonic curve, and the upper and lower walls of the nozzle are given

by
Copw:y=f(x)>0, x<x<xp and TI},:y=xtandy, x;<x<0,
respectively, where x; < xy,

f(xo) = —Xxptandy, f’(xo) = —tandy, (1.8)
" (x)] <02 (xg—x)V2,  x€[x1,x0), (1.9)

where 6 >0 be determined. The inlet is given by

Tin:x=g(y), xtandy<y<f(xq),
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Figure 1: Continuous subsonic-sonic flows in a convergent nozzle with a fixed point.

which is orthogonal to the walls at (x1,f(x1)) and (x1,x1tandy) and is a small
perturbation of the arc centered at the origin, i.e.

8(f(x1)) =g(x1tandy) = x1,

g (f(x1))=—f"(x1), (1.10)
¢ (x1tanty) = —tandy,
18— 80l11,1;(x1 tando, f(x1)) <6 (1.11)

where

o(y)= —\/ (x1/cos89)2—y2, xitandy <y < f(x1).

Then, give an incoming flow angle ®;, € C!([x;tandy, f(x1)]) satisfying

Oin(x1tandy) =0, O (f(x1))=arctanf(x1), (1.12)
|@in+arctang’||o 1;(x, tansy, f(x,)) < O- (1.13)
The outlet is chosen to be the sonic curve of the flow, which is a free boundary

from the fixed point Py at the upper wall to a point at the lower wall and is de-
noted by

Cout:x=5(y), xptandy<y<—xptandy,

where
S(—xotanﬂo) =Xy, S(xztanﬂo) =X73, Xp€ (xl,O).

Then, as in [13,16-18, 20,23, 28], the continuous subsonic-sonic problem is for-
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mulated as
div(p(|Ve[*)Ve) =0, (xy)€Q, (1.14)
d d
a—j (x,xtandy) —tanﬂoa—z (x,xtandy) =0, x1<x<x, (1.15)
JIg 99
@(x,f(x)) —f’(x)g(x,f(x)):O, x1 <x <X, (1.16)
Y .
P(gy)y) :/f(x )|Vq)(g(r),r)| (sin®jn (T) +cosOin(7)g’ (7)) dT,
1
xitandy <y < f(xq), (1.17)
IVo(S(y),y)|=c«, @(S(y),y)=Cout, xptandy <y < —xptandy, (1.18)
IVo(xy)| <cs, (xy)€Q, (1.19)

where () is the domain bounded by I'wpw, I, Tin and Tout, (@,S,Cout) is un-
known. Generally speaking, there are three types of perturbations for the sym-
metric flow: the perturbation of the inlet, the perturbation of the incoming flow
angle and the perturbation of the walls. Wang and Xin [23] studied the case in
which only the inlet is perturbed. Nie and Wang [16] studied the case in which
both the inlet and the incoming flow angle are perturbed. In [16,23], the nozzle
is straight and the incoming mass flux is prescribed. When the wall is perturbed,
Gai et al. [13] considered the case in which the upper wall is perturbed away from
the sonic state, and the sonic curve intersects the upper wall at a free point, but the
inlet is an arc centered at the vertex of the nozzle. Later, based on this work, Nie
et al. [18] considered the case in which the inlet is also perturbed. In [13,16,18,23],
the incoming mass flux is prescribed. It can also consider the assumption that
the sonic curve intersects the upper wall at a fixed point instead of a free point.
Structural stability was proved for the case that both the inlet and the wall are
perturbed in [17], whose sonic curve intersects the upper wall at the fixed point
and the mass flux is free. Moreover, some subsonic-sonic flow problems in a con-
vergent nozzle whose cross section changes slightly were considered in [20, 28],
where the sonic curve is assumed to intersect the upper wall at a fixed point. This
paper considers the case in which the inlet, the incoming flow angle and the wall
are perturbed, and the sonic curve intersects the upper wall at a fixed point. As
in [17], it is shown in this paper that if x; satisfies some conditions, the problem
(1.14)-(1.19) admits a unique solution as long as the perturbation is sufficiently
small. Moreover, the flow is singular in the sense that the speed is only C!/2
Holder continuous and the acceleration blows up.

The problem (1.14)-(1.19) is a free boundary problem of a degenerate ellip-
tic equation with three free boundaries. Furthermore, the degeneracy occurs at



Y. Nie and M. Zhou / Commun. Math. Res., x (2025), pp. 1-35 7

one free boundary and the degeneracy is characteristic [19,32]. We solve such
a free boundary problem in the potential plane as in [13,16-18,20,23,28]. The
reason lies in that for the sonic curve of such flows, both its form and its loca-
tion are unknown in the physical plane, while its form is known although its
location is unknown in the potential plane; furthermore, it is more convenient to
estimate the speed of the flow in the potential plane than in the physical plane
since it is a solution in the potential plane, while it is the absolute value of the
gradient of a solution in the physical plane. In the potential plane, the problem
(1.14)-(1.19) is transformed into a free boundary problem of a degenerate elliptic
equation with three free boundaries and two nonlocal and unfamiliar boundary
conditions. Moreover, the equation is degenerate at one free boundary. There
are three perturbations in this paper: the perturbation of the inlet, the pertur-
bation of the incoming flow angle and the perturbation of the nozzle wall, and
the sonic curve is assumed to intersect the upper wall at a given point where
the curvature is zero. For the problem (1.14)-(1.19) in the potential plane, the
difference of the velocity potential between the sonic curve and the inlet is free,
and the mass flux is free, and the boundary condition at the inlet and the upper
wall are nonlocal and unfamiliar, and the inlet is also free and both its form and
its location are unknown. Furthermore, the optimal estimate of the flow on the
upper wall is needed. We have to overcome some new technique difficulty in
this paper. We use the Schauder fixed-point theorem to prove the existence of
subsonic-sonic flows: for a given speed at the inlet and the upper wall in a suit-
able space, we first formulate and solve a related free boundary problem with
known boundary conditions and then show that the fixed-point theorem can be
applied to find a solution to the problem (1.14)-(1.19). It is noted that the speed at
the inlet is a perturbation of a constant, while the speed at the upper wall is a per-
turbation of a function. As mentioned in [23], we have to prescribe a Neumann
boundary condition at the inlet instead of a Robin one since the problem with
the latter boundary condition may be ill-posed. The key is precise estimates of
solutions to boundary problems of a degenerate elliptic equation. Different from
works in [13,16-18, 20, 23, 28], we should overcome some difficulties of the new
technique of the three perturbations and obtain more elaborate estimates than
the ones in [13,16-18,20,23,28] to get the desired solution. For the uniqueness
of the subsonic-sonic flow, as mentioned in [23], not only the degeneracy and
free boundaries but also nonlocal terms bring essential difficulties. One can fix
the free boundaries into fixed boundaries and transform the nonlocal boundary
conditions into common boundary conditions by a suitable coordinate transfor-
mation. Then, the uniqueness of the continuous subsonic-sonic flow is proved by
the method of energy estimate and a series of complicated calculations.
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The paper is arranged as follows. We formulate the problem in the poten-
tial plane and state the main results (existence and uniqueness) of the paper in
Section 2. Then we prove the existence and uniqueness results in the last two
sections, respectively.

2 Formulation in the potential plane and main results
As shown in [23], if
f(x)=fo(x)=—xtandy, x1<x<xg

and
g(y)=30(y), Oin(y)=—arctangy(y), xitandy<y<f(x1),

respectively, then there is uniquely a symmetric continuous subsonic-sonic flow
in the nozzle such that it is sonic at Py. Precisely, the speed of the symmetric
continuous subsonic-sonic flow is given by

]Vgo(x,y)]:QA<—\/x2+y2), x5 < (¥ +y?)cos? B <xf, xtandy<y<—xtandy,
where
Qe C®([x1/costy,x0/ costy)) NC?([x1/ cosdy,xo/ costy])

solves

(VP(QZ(Y))Q(V))/=O, x1/costy <1< xy/cost,
Q(x0/ costy) =cx.

In particular, on the upper wall, it is
Qup(x) =|Ve(x,—xtanty)| =Q(x/costy), x3 <x<xo. (2.1)
For this symmetric continuous subsonic-sonic flow, the mass flux is

_ 28pxpcxp(c3)

mn—=
0 costy

(2.2)

In this paper, we solve the problem (1.14)-(1.19) under the assumption that
feC?*([x1,x0]) satisfying (1.8) and (1.9), g€ C>*([x; tandy, f (x1)]) satisfying (1.10)
and (1.11), and Oy, € C4([x; tandy, f(x1)]) satisfying (1.12) and (1.13), where a €
(0,1) and 6 >0.
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2.1 Formulation in the potential plane

In the potential-stream coordinates (¢,1), as in [23], the system (1.1)-(1.5) can be

reduced to 2 ) 2 )
Alg B(q) _
32 T agr
where
_ [7p(s*)+25%0' (s%) _ [7p(s%) SN
A(q)—/c* 2 B(q)—/c*Tdsf 0<q<y/2/(r-1),

furthermore, A(-) and B(-) are both the strictly increasing functions in (0,c.].
Assume the speed of the flow at the inlet and at the upper wall to be denoted by

9(8(W)y) =Qiny),  xtandy<y<f(x1),
q(x,f(x)) = Qup(x)/ x1 < x <Xy,
respectively. Let the angle of the velocity at the upper wall be denoted by
Oup(x)=arctanf'(x), x3<x<xq.
And the incoming mass flux is given by
f(x1) 2 . ,
Min = /x . Quu()p(Qin(y)) (cosOin(y) —sin®in(v)g' (v))dy>0. (2.3)
1tandy

At the inlet, the stream function is expressed as

¥(8(y),y) =Y¥in(y), xitandy<y<f(x1)
with

)= [ Qn©)p(Qh(6) (cosOin(s)—sin®in(s)g'(5)) s,

x1 tandy

xptandy <y < f(xq). (2.4)

Based on the above assumptions, the potential at (x1,f(x1)) is zero, the potential
at the inlet is given by

(W), y)=Pin(y), xitando<y<f(x1)
with
Sun(y)= [

" )Qm(s)(sin@in(s)—i—cos@in(s)g'(s))ds, x1tandy <y < f(x1). (2.5)
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It follows from (1.12) and (1.10) that
@{n (x1 tanﬁo) =0, q)i/n (f(xl)) =0.
The potential at the sonic curve is given by

o Qup (x)
= —d :
91 v COSOyp(X) x>0

At the upper wall, the potential function expressed as

X Qup(s)
, :CI)u = 7(1 , <x< .
¢(x,f(x)) p(x) 2050 (5] s, x1<x<xg

The inverse functions of ¥y, and ®yp are denoted by
Yin($) =¥, (), 0<¢p <y,
Xup(90)=<1>55(</)), 0=%in(min) <9< g1,

respectively. Set

%n(lP) =®in (Ym(lp)) , 0<yp<mijp.
Owing to (2.6),

Gin(min) =0, g{n(o) :gi;(min) =0.

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

2.11)

(2.12)

Then, similar to [13, 16-18, 20, 23, 28], the subsonic-sonic flow problem in the po-

tential plane can be formulated as follows:

9*Alq) , 9*B(g)

a7 oyt (¢.9)€D,
Ba_tqp(qo’o) =0, 9 € (%n(0),1),
O, (%) cosOyp (x
ag—(q)(qofmin): p(Q)up(X) P( ) x:Xup((p)’ pe (gin(min)/ﬁol)/
22D i)~ ) L ()9
Oin ()

Qin(¥)p(Q%, (1)) (c0sOin (y) —sin®in (¥)8' (V) |y—v,, ()

(2.13)

(2.14)

(2.15)

’ 0§¢’§min/ (216)
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q(1,9) =cx, ¢ € (0,min), (2.17)
Qin(y) :‘7(% (¢)/¢) ’szin(y)’ y € [xitandy, f(x1)], (2.18)
Qup(*) =a(@min)| g5, (xr X E[x1,30, (2.19)

where (g,91,Min) is unknown,

D={(¢,9)I0<p <nin, Zn($) <9< 1}. (2.20)

Remark 2.1. For the domain D, the right boundary is free although its form is
known (a segment parallel to y-axis), while the left boundary is also free. Fur-
thermore, the left boundary depends on the solution and both its form and its
location are unknown.

Remark 2.2. For the special case that ®y, is the angle of the inner normal of the
inlet inclination to the x-axis, i.e. @i, = —arctang’, then

gi (lp)zol ¢€ [Olmin]/
and the left boundary of D is fixed, which is just {0} x [0,m;y].

Remark 2.3. A natural boundary condition at the inlet seems to be

22 (Gnl)) ~ ) 50 (Gn(9)9)
_ O'(y) (2.21)
9(%in (), ) (% (% (),)) (cosO(y) —sin®@(y)g' (v)) |, v, ()

instead of (2.16), where 0 < ¢ <m;,. However, since

d ( 1 ) .

— [ ——=~ ] <0 in g€(0,c4)
dq \qp(4%) !

and g”(y)/((l—i—(g’(y))2)3/2)]y:nn(¢) is a small perturbation of —x;/cosd, it

seems difficult to obtain the uniqueness of the solution to the problem (2.13)-

(2.15), (2.21), (2.17). So, similar to [13,16-18, 20,23, 28], we use (2.16) instead of

(2.21).

Remark 2.4. In this paper, the flow is expected to be a small perturbation of the
symmetric continuous subsonic-sonic flow. As discussed in [23], in the potential
plane, the symmetric continuous subsonic-sonic flow is

200 (¢ —¢1)

my

q(sv,tﬁ):ﬁ(sv):A‘l( ) 0<9<¢1, 0<yp<my,



12 Y. Nie and M. Zhou / Commun. Math. Res., x (2025), pp. 1-35

where (7o)
. moA(qo
=" (222)
with g € (0,c,) satisfying
( 2) _ _mocosﬂo (2.23)
qop(qgo) = 2010 .

Here we need to extend the function 4 to (—oo, 4], i.e.

i . 20 )
q(p)=A 1(A(qo)+m—°;”), 9 < 1. (2.24)

Remark 2.5. As discussed in [17], the problem (2.13)-(2.19) admits a unique solu-
tion if the perturbation is sufficiently small and x; satisfies some conditions. For
the existence,

csp(c3)
q+0(q%)

where g, € (0,c.) satisfying p(q2)|A(g:)| =1,

2
<l_<1+p<qo>[A<qo>|>¢>d¢, o~
2g01

xo<x1<x9, L(x1)<xo, (2.25)

P Alqo)
o A'(4(9))d(e)
) (o(9) +2450'(45))

L(x1)=

Ko = )) (2.26)

For the uniqueness, these exists a constant £; < xg such that when
X1 <x1<xp, (2.27)
there exist v; >0 and v, > 0 such that

2 91 cos? ¥
dop (%) cosdy— (”70)?1361 0

(x0—x1)8gcos® N 2(xg—x1)/ 282 cos?

4y x3¢2gotandy V1126144

>vp+ (2.28)

Co 1%) COS2 190
qop(q3)costy 4vqx3

, (2.29)
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where
1= V/4p(c2) +c20%(2)| A(qo)| — cxp(c2)| Algo) |2 costy (2.30)
(1—(y—1)g3/2)7/ (=1 qop(q3)(—x1)’
2\ ( _
gzzpz(czi)ci \/qop(qoci( ) 231)

Remark 2.6. The case that only the inlet is perturbed was studied in [23], where
the incoming mass flux is given instead of the sonic curve intersecting the upper
nozzle wall at Py. In [23], the restrict on x; is the first formula of (2.25). Other-
wise, the linearized problem of the symmetric continuous subsonic-sonic flow is
unstable ([23, Proposition 2.1]).

2.2 Main results
One of the main results in this paper is the following existence theorem.

Theorem 2.1. For given g€ (0,71/2), a € (0,1), x9 <0, and x7 satisfying (2.25), there
exists 81 > 0 depending only on vy, 8, xo and x1, such that for f € C*>*([xq,xo]) sat-
isfying (1.8) and (1.9), g € C*>*([x1tandy, f(x1)]) satisfying (1.10) and (1.11), @i, €
Cl%([xytan®y, f (x1)]) satisfying (1.12) and (1.13), if 0< 6 <d1, then the problem (2.13)-
(2.19) admits at least one weak solution g€ C®(D)NC (D) with g1 >maxg ,, 1%n(¥),
and (q,¢1,Mmin) possesses the following properties:

(i)
19(%Gin (), 9) —qo| <V3, Ppe[0,mpn],
/xoq(unp(x),min) 14 (f(x))2dx — Xo Qup;x)dx

. x; costh

S KO\/SI

—2x180400%(95) A’ (90) Vé+118

costy

91— 1| <koV/3,  [min—mo| <
where qo, Pup, Qup, Ko, ¢1 and my are given by (2.23), (2.8), (2.1), (2.26), (2.22)
and (2.2), respectively, and x1 >0 depends only on -y, ¢y, xo and x1.
(ii)

9(0, ) —G(9)| < MaVo(p1—9)'/?, (p,9) €D,
‘ ( )’<Mz S(p1—9)%, (g 9)€D,
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(iii)

(iv)
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Mi(p1— )2 <co—q(p, ) <Ma(91— )", (¢,9)€D

where

_ 9
oy an ((medcos)
1(9) ( x1q00(q3) p=n

where § and 1 are given by (2.24) and (2.22), and 0 < My < M, depending only
on vy, 8o, xg and x1.

g€ CP(D)N C/2)(w), A(q) /9¢,0q/ 0y € L®(w) and

ﬁD<M
B
9, . /2
W ¥) M<§iﬁ> 200, (91-9) (p4)€w,

900" ) —ale” ¥ <M (I ="+ 19/ —¢"]), (@' 4).(¢" ") €w

where 0<<1/2 and M >0 both depending only on vy, 8, xo, x1, &, || f[|2,4;(x, xo)-
HgHZ,oc;(xltamﬁ‘,f(xl)) and H®in||1,pc;(x1tam9,f(x1))/

w={(gP)|0<yp<min, §<@<@1}, ¢=(max%n+¢1)/2.

/min

g€ CH({(@9)|0 <y < min, %in(p) < ¢ < ¢1}), and for each 0 <e <1-
(max(g | %n)/ ¢1,

Hﬂ@#ﬁ—é(%ﬁo

M) (VE+112 = 8ollaas(xrtansy, 1))+ L () + X420 80 | 455, 20

+ ||®in +aTC’fang/ ||1,zx;(x1 tanﬂo,f(xl))> ’

1,0, D,

where
De=1{(9,$) |0< 9 <min, %in(¢) <@ < (1—€)g1},
M(e) >0 depends only on 7y, &, xq, x1, O and e.
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Remark 2.7. The subsonic-sonic flow to the problem (2.13)-(2.19) is singular in the
sense that the speed is only C!/2 Hélder continuous and the acceleration blows
up at the sonic state.

To establish the uniqueness theorem, we need restrict a suitable space of so-
lutions for the boundary value problem of (2.13). Due to Theorem 2.1, for each
feC?*([x1,x0]) satisfying (1.8) and (1.9), each g€ C>*([x;tandy, f (x1)]) satisfying
(1.10) and (1.11), and each @;, € C¥*([x; tandy, f(x1)]) satisfying (1.12) and (1.13),
if x1 satisfies (2.27), and ¢; is sufficiently small, then the problem (2.13)-(2.19) ad-
mits a solution (g, ¢1,min) with g € €, where

%:{qGCZ(D NCHD\{ g1} x[0,min])NC(D )(901>[Ig1axgm)

mm

)
|q(Pup (x),m ) Qo () |l oo ((xy,x0)) T 119 (Fin (¥), %) — ol Lo ((0,my)) < T(S),
Hq(qv, )—

K

1
<7(6) forany 0<e<l—— max%p,,
,1; D, @1 [0,min]

SM —M(qvl —9)<A@q) (9, 9) <=M (p1—9),

OO

9B _
and aqu)<¢,¢>\3r<5><¢1—¢>l/z forany (p.p)€D,
where 0<M<M and lim 7(6)= lim Tg(é):O}.
o—0t 6—0t

In fact, such a solution is also unique.

Theorem 2.2. Assume that 9y € (0,71/2), a € (0,1), x9 <0, and x; satisfies (2.27).
There exists 8, > 0 such that for any f € C**([x1,x0]) satisfying (1.8) and (1.9), g €
C%*([xytan®y, f(x1)]) satisfying (1.10) and (1.11), and @y, € CV*([x1tandy, f(x1)])
satisfying (1.12) and (1.13), if 0 < <y, then the problem (2.13)-(2.19) admits at most
one solution (q,¢1,min) with q €€, where 6, depends only on vy, 0, xo, x1 and M, M,
T(+), Te(-) in the definition of €.

In terms of the physical variables, the above two theorems can be transformed
as

Theorem 2.3. Assume that 9y€(0,71/2), a€(0,1), x0<0, and x1 satisfies (2.25). There
exists 81 >0 depending only on 7y, 89, xo and x1, such that for any f € C>*([x1,x0]) sat-
isfying (1.8) and (1.9), g€ C¥*([x1tandy, f (x1)]) satisfying (1.10) and (1.11), and @y, €
CU%([xytan®y, f (x1)]) satisfying (1.12) and (1.13), if 0<6 < &1, then the problem (1.14)-
(1.19) admits at least one solution (p,S,Cout) with p€C*(Q)NCH*(Q\S)NCL1/2(QY).
Moreover, as a function of (¢,9), q=|V ¢| possesses the estimates in Theorem 2.1.
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Theorem 2.4. Assume that 9y € (0,7t/2), a € (0,1), x9 <0, and x1 satisfies (2.27).
There exists 8, > 0 such that for any f € C**([x1,x0]) satisfying (1.8) and (1.9), g €
C2*([x1tand, f(x1)]) satisfying (1.10) and (1.11), and @i, € CV*([x1tandy, f(x1)])
satisfying (1.12) and (1.13), if 0 < <y, then the problem (1.14)-(1.19) admits at most
one solution (¢,S,Cout) with € C3(Q)NC?(Q\S)NC(Q) and g=|V 9| €% as a func-
tion of (@, ), where & depends only on vy, 0y, xo, x1 and M, M, T(-), T(-) in the
definition of €.

3 Proof of the existence theorem

In this section, we prove Theorem 2.1 by the Schauder fixed point theorem.

3.1 A fixed boundary problem

We study the following fixed boundary value problem:

92A d9’B

a¢(2q)+ alp(zq) =0, (p,9) €D, (3.1)
2o p0) =0, PE (@n(0)91), (3
0
22 1) =hap (), PE (Ginlrin) 1), (33
0A 0B
% (%n(w). %) —%’nwf)% (%)) =hin(y), o € (0,min), (34)
q(@1,) =cx, € (0,min), (3.5)

where mi, >0, %, € Ct ([Olmin] )/ ¢1> maxig,m;,] Gin, 0<hin € C( [Olmin] )/ and hup €
C(]0,¢1]). More generally, (3.5) is replaced by

(o1 )=V (), $e(0min), (3.6)
where V € C!([0,my,]) satisfies
0< V() <cy, 0<1p<my.

Solutions to the problem (3.1)-(3.4), (3.6) are defined as follows.
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Definition 3.1. A function g€ C(D) (¢1 > max(q ,, 1%n) is said to be a weak superso-
lution (subsolution, solution) the problem (3.1)-(3.4), (3.6), if

0<infp g <suppg<cs, (3.7)

/ m/ ( )a;€(¢,¢)+3(q(fpf¢))a;€( ¢))d¢d¢

N /’” ©i, ()
0 Qin(y)e(Q2 (v))(cosOin(y) —sinOin(y)g' (v))

- [ Ave) S [

C(Gn(p), ) dy

.]/:Ym(lp)

d

7= (sin@up(x)) (@ min)de

x:Xup((P)

Qup
e A(q(gmmw))S—g%(ww)dtp

Min ’ J
= [ B (0)0)) ) 35 (i) )9 < (2, =)0 69
for each nonnegative { € C?(D) with
ag _ag
(- Min) =0, C(¢1,) =0.
W N0y OF (nl110). 1) o

The following comparison principle follows from [23, Proposition 3.2].

=-(-/0)

Lemma 3.1. Assume that q and q_ are a weak supersolution and a weak subsolution
to the problem (3.1)-(3.4), (3.6), respectively. Then

g+ 9)=q-(e.9), (9 9)€D
Below, we establish the well-posedness of the problem (3.1)-(3.5).
Proposition 3.1. Assume that
llghin(Lp)ng/ ’gm(LP)’ §l35/ ’%;(Lp)’ §l35/ 0<’~P<min/
hup| <1382 (p1— )2, 0<@<@1, L<@1<l5, le<mn<ly,

where 0<d<min{1,l1/2,14/(213)}, [;>0 (1<i<7) satisfy I <Ip, 14<I5, 4 <I7. There
exists 69 > 0 depending only on «y and 1; >0 (1<i<7), such that if 0 <6 <y, then the
problem (3.1)-(3.5) admits uniquely a weak solution. Furthermore, the solution satisfies
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(i) g€ C®(D)NC(D) satisfies

9-(@ ) <q(e9) <4+ (9.9), (p,9)€D, (3.9)
Mi(g1—9) 2 <c.=q(p9) <Ma(p1—9)"% (p9)€D,  (3.10)
where 0 < M1 < My depend only on y and 1; >0 (1<i<7),

. | 5 5/ 25y?
9+ (pp)=A 1((qv—svl)((olg,f)hin—5>—§(q02—sv%)+ ¥ (qvl—sv)>,

Zmin

3/2 2
7 (pp)=A! (<¢—¢1>< sup Jiy +6) 5 (¢~ )~ 5 2 <¢1—¢>),

(0,min) 2Min

here (¢, ) €D

(ii) There exist B (0,1/2] and M >0 depending only on «y and 1;>0 (1<i<7), such
that q c CE(D)NC1/2)(@), and 0A(q) /9¢,dq/dp € L= (w),

ﬁD<M (3.11)
H <M, (3.12)
W ¥) M(??iﬁ 20| (-0 (op)ew, 613
9(¢"9) —a(e",y")]

<M(lg'—¢"|"2+1¢'=y"1), (/). (¢" ¥ €w, (314)

where

w={(pP)|0<p <min, p<@<¢1}, ¢= ([ma><]%n+(p1)/
0,min
Proof. The uniqueness follows directly from the comparison principle. We estab-
lish the existence result by using a method of elliptic regularization. For each
positive integer 1, consider the following regularized problem

92A(q,) 9*B(gy,

B;ZU a;z)=0/ (¢ ¢) €D, (3.15)
%(9”’0) =0, 9 <€ (%n(0),91), (3.16)
9B(dn
BUn) (o min) = hap (9), 9 € (Fnln) 1), (3.17)
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aA(Qn) / aB(qH)

:hin(lp)/ pe (Olmin)/ (3.18)
gu (@) = n”i*l, pe(0,mp). (3.19)

Note that (3.15) is a uniformly elliptic equation provided that 0<cy <g,, <cy<c for
some c1 and cp. Therefore, to get the existence of the weak solution to the problem
(3.15)-(3.19), it suffices to construct suitable supersolutions and subsolutions. For
(¢, ) €D, define

a1 ey o PPyt 8,
Gn+ (9 ) =A <A<n+1)+<(oﬁfﬂ>hm o | (@91 =5 (9" 1) |,

_ a1 nes AT O, 9
o to=A <A<n+1)+<<§i§>hm+ 2 ) OO0 ) ).

Similar to the discussion in [16,17], there exists y > 0 depending only on 7 and
1;>0 (1<i<7), such that if 0 < <4y, gn,+ and g, — are super and sub solutions
to the problem (3.15)-(3.19). Due to Lemma 3.1 and the classical theory [14], the

problem (3.15)-(3.19) admits a unique solution g, € C*®(D)NC(D) satisfying

0< (9. 9) <4u(9.0) <qu (9 9) S (919) =5, () €D (3.20)

Lemma 3.1 yields that

Gy, 4 (@) <y, + (@, 9),  Gny (9,9) <qny (@ 9), (9, 9)€D, n1<n,.

Set

q+(e,¥)= lim qu (@), q(e, )= Lim qu(e,¥), (@, ¥)€D.

n—-+o0o n—+o0o

Thanks to the classical theory on elliptic equations and (3.20), one can get that
g € C*(D)NC(D) satisfying (3.9) and (3.10) is a weak solution to the problem
(3.1)-(3.5). Due to (3.9), (3.1) is uniformly elliptic away from the right boundary
{®1} x[0,min]. Then, the Harnack inequality established in [15] shows that g €
CP(w) satisfying (3.11). Finally, dA(q)/9¢,dq/9¢ € L®(w), g € C1/21) (w) with
(3.12)-(3.14) can be proved by the same argument in [23]. O
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3.2 Proof of Theorem 2.1

In order to prove the existence theorem (Theorem 2.1) by a similar fixed point
argument as in [23], one chooses Qjin € C([x1tandy, f (x1)]) satisfying

HQin_qo||L°°(x1tam90,f(x1)) <o, (3.21)

and Qup € C([x1,x0]) satisfying

[ Qupay i (e [ e

X1

<xo0, (3.22)

where 0<o<min{1,q0/(2xo),q0/2}, while gqq, Qup and xp are given by (2.23), (2.1)
and (2.26). Define

S = {(Qin,Qup) € C([x1tando, £ (x1)]) x C([x1,%0])

Qin satisfies (3.21) and Qyp satisfies (3.22)}

with the norm

H (Qin/Qup) ||y(7 :max{ ||QinHL"O(xltanﬂo,f(xl))/||QUPHL°°(x1,x0) }/ (Qin/Qup) €.

For0<dé<1and 0<a <1, define

Hs={ (£,8/Oin) € C¥* ([x1,x0]) x C¥*([x1tandy, f(x1)]) x C*([x1 tando, £ (x1)):
f satisfies (1.8) and (1.9), g satisfies (1.10) and (1.11),
©,, satisfies (1.12) and (1.13)}.

Proposition 3.2. Assume that 99 € (0,71/2), 0<a <1, x9 <0, and x1 satisfies (2.25).
There exists 50 €(0,1) depending only on -y, 8y, xo and x1, such that for each (f,g,Oin) €
Hs with 0 < 6 < by and each (Qjn, Qup) € S with o = /6, the problem (2.13)-(2.17)
admits a unique weak solution g€ C® (D)NCP(D)NCV/ 2V (@) with ¢y >max(g . | Gins
@1 and my, given by (2.7) and (2.3), and

—2x1904900%(93) A’ (q0)

V+x19,
costy

|1 — 1| <KoV,  |min—mg| <

|q<gm(lp),lp) _q0| < \/5/ lp € [Olmin]/
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[ a0t [ ] <0

X1

'q(qw)—c? (%fp) ’ <MaVé(pr1—9)'"?, (¢.9) €D,
Mi(91—9)'?* <c.—q(9,9) <Ma(91—9)', (¢.9) €D,
9A(q)

. <M, Y SM/
Al <M H 09 || 1o(w) 2
9q ‘<M 99 ~" _\1/2
g 0| <M sup (350, (010", (o) €w,
9(e" ) —a(e" 4" <Mz (lo'— 9" 2+1¢' —9"1), ('), (9" 4" €,

where ¢1, mo, 4o, Pup, Qup, Ko and § are given by (2.22), (2.2), (2.23), (2.8), (2.1), (2.26)
and (2.24), respectively, and 0 < <1/2, k1 >0 and 0 < My < M, depend only on -y, Oy,
X0 and x1,
w={(gP)|0<yp<min, §<@<¢@1}, ¢=(max%n+¢1)/2.
e

7N

Proof. For (f,8,0in) € Hs and (Qin,Qup) € -7, it is clear that

/
®1n(y) / + cos o < Nyd,
cosOin (y) —sin®in (v)8' (v) X1 L% (xy tan®, £ (x1))
f”(x) < 2</x0 )1/2
< Npé up(8)\/ 14+ (f'(s))?%ds ,ox<x<x,
(1+(f’(x))2)3/2Qup(X) 0 . Q P( ) (f'(s)) 1 0
1%in () [l0,1;(0,m5) < No9, |arctan f(x) +8 | < Noé?, x1 < x <X,

where Ny >0 depends only on 7y, ¢y, xg and x1. From (3.21) and (3.22), there exists
51>0 depending only on 7y, ¢y, xp and x1, such that for 0 <6 < 61 with 6 =072,

—2x1l90q0P2(‘75)A/(‘70)g+x o2
costy o

|p1—¢1] <koo, |min—mp| <
6 <min{1,—cosdy/(2x1Np) },
o<min{qo/2,¢1/(2x0),mo/ (4x1),(mo/ (4x1))/?},

where x1 >0 depends only on 7, ¢y, xp and x1. Set

1 (cost?o
qo+0)o((q0+0)?) \ x1

g+ (@) =A"" <( +N05) (p1—9),
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Nao3/242 o
= Fo=9), (p¥)<D,

o 1 costy
02— (p. ) =A ((qo_g)p((q0—0)2)< X1

053/2¢2

)
—§(¢2—€U%)+

—No5) (p1—9)

(¢1—¢)>, (p,9)€D

I\JIQ«:

+5 (0" = 91) 5
It follows from Proposition 3.1 that there exists Y= (0,51] depending only on 7, 9,
xg and x1, such that for each 0<5<é, and ¢=+/3, q; ; and g»,_ are a supersolution
and a subsolution to the problem (2.13)-(2.17), respectively. Note that (2.22) and
(2.23) yield

costy

A

Algo) =%
= (@) ™

Therefore,

e a9 p) g+ PINADON L 002) 4 006) 40062,

1+0(q5)|A(q0)]
2

92, (%in($),¥) 2 90— 7+0(0?)+0(8)+0(6%),

uniformly on [0,m;,] as 0 — 0" and 6 — 0. In the proof of this proposition, O(-)
always depends only on v, 9y, xo and x;. Owing to 0 < p(43)|A(q0)| <1 from
(2.25), there exists &3 € (0,0,] depending only on 7, 9o, xo and x;, such that for
each0<5§53 and 0':\/3,

qo— \/g< q2,— (gm(l/))/lp) < q1,+ (gm(L/J),LP) < q0+ \/E/ LP < [Ormin]' (3'23)
For x € [x1,x¢], one gets from (2.8) that
A(q1,4(® uP( X),Min) )
= [ Quplo)y/ 1+ (7/(5)) s

1 costh
<qo+a>p<<qo+a>2>( X *NO‘S)

</ Qup(s)y/1+(f'(s) 2ds-|—/ Qup(s) \/1+ (f'(s) 2ds)

n N053/2min]

X

2
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2, (Pup (%), mm))
—/ Qup(s)y/ 1+ (f(5))2ds

1 cost
x[(% D00 oy (o)

——</ Qup(5)y/1+(F(s) 2ds+/ Qup(s)y/ 1+ (F/(

_ N053/2mm
5 .

st)

It is noted that

costh o Qup(S)
xlqop(q%) x cost

A(Qup(x)) =

ds, x€&[x1,x].

Therefore,

[ e @) 1 o) e~ [ e

<o s <(1+P(q5)lAf‘70)|)A’(qo) %0 Qup (¥ ) i (LZO)K())dx
v A'(Q(x))costy 294 x costy P1
+0(c?)+0(9)
o A'(q) (1+p(q5)|A(q0)) (91 —¢) | 1—p(45)|A(40)]

=7y Af(c?(qo))@(qo)( 21 T )‘“”
+0(?)+0(6), (3.24)

[ @uplnma) 1 (e [ L

S <(1+P(q5)lAf‘70)|)A’(qo) %0 Qup (¥ ) i (LZO)K())dx
v A'(Q(x))costy 294 x costy ¢1
+0(c?)+0(9)

+

o —Aq)  [(+pgd)AG)])(91—9) do
)4 ()

“7 )y A 261
+0(e?)+0(5)

1—P(q%)!A(qo)l>
2

(3.25)
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uniformly on [x1,%] as ¢ — 0" and 6 — 0". Similarly, one can get from (2.25)
that there exists dy € (0,03] depending only on 7, 9, xg and x1, such that for each
0<6<dpand o=/,

/XO 7QUP (x) dx—Ko\/g

. costy
< [ @up()m) 15 ()2
< "1 (@up ) m) 1 (£ ()

< /xxo Qup E;C) dx—i—Ko\/E. (3.26)

. costy

Then, the result of the proposition follows from (3.23)-(3.26) and some similar
arguments in [13,16-18,20,23,28]. O

Below, we prove Theorem 2.1 by using the Schauder fixed point theorem.
Proof of Theorem 2.1. Choose
o =min{do,q5, (. ~q0)*},
where &) is determined in Proposition 3.2. Let
0<6<d, o=Vo.

Give (f,8,0in) € Hs. From Proposition 3.2, for each (Qin,Qup) € -#, the problem
(2.13)-(2.17) admits a unique weak solution (g,¢1,m;,) with g€ C®(D)NCPF(D)N

C(D). Set

Qin(y) =4 (Pin(y) ¥in(y)), xtando<y<f(x1),
Qup(x)ZEI(q)up(x)/min)/ x1 <x <xp.

Then, it can be verified from the estimates in Proposition 3.2 that
Qin € C([x1tandy, f(x1)]) satisfies (3.21) and Qup € C([x1,%0]) satisfies (3.22).
Therefore, one can define a mapping | from .7 to itself as follows:

]((Qin/Qup)) = (Qin/Qup)/ (Qin/Qup) €S-
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Similar to the proof of [23, Theorem 4.1], one can show from Proposition 3.2 and
Lemma 3.1 that | is compact and continuous. The Schauder fixed point theo-
rem yields that ] admits a fixed point (Q},,Qfp) € 7. Hence, the weak solution
(4,¢1,min) to the problem (2.13)-(2.17) with (Qin, Qup) = (Q;,, Qiyp) is just a weak
solution to the problem (2.13)-(2.19). The properties of (q,¢1,min) follow from
Proposition 3.2 and a similar discussion as [23, Theorem 2.1]. O

4 Proof of the uniqueness

As mentioned in [23], not only the degeneracy and the free boundaries but also
the nonlocal terms in (2.15) and (2.16) bring essential difficulties for the unique-
ness theorem. Although these nonlocal terms arise from the coordinates trans-
formation from the Cartesian coordinates to the potential-stream coordinates, it
is not convenient to prove the uniqueness theorem in the Cartesian coordinates
since the inlet, the upper wall and the outlet of the problem (1.14)-(1.19) are free
whose form and location are unknown.

In order to prove Theorem 2.2, we first introduce a suitable coordinates as
in [17,20] transformation to transform (2.15) and (2.16) into usual boundary con-
ditions and to fix free boundaries into fixed ones. Let (g, ¢1,miy, ), which is a small
perturbation of the symmetric continuous subsonic-sonic flow (4, ¢1,myp), be a so-
lution to the problem (2.13)-(2.19). Introduce the coordinates transformation

e P1(¢—%n(¥)) B
{ X‘”’( P1—%in (1) ) (¢.9)€D
y=Yin(¥),

and

Dyp (x) .
Bop (0) ) P () e o) x [ tando, f(x)],

¢=Dyp(x)+ (1—
p=Yin(y),

where Yi,, ®in, Pup, Yin, Xup, %n and D are given by (2.4), (2.5), (2.8)-(2.11) and
(2.20), respectively. Define

w(x,y)=A (q (<I>up(X) + (1 - 5;5((;0)) ) Pin (y),‘I’in(y)) ) ,

(x,y) € [x1,%0] X [x1tandy, f (x1)].
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Then, w solves the problem

< q)up(XO)l(x) a_w
(q)up (x0) —Pin(y))h(y) ox dy Dyp (x0

(x,y) € (x1,%0) X (x1tandy, f(x1)), 4.1)

_(x/xl tanﬂO) =0, xe (xlle)/ (42)

! l
(x,f(x1)) = %@E (x1,%0), (4.3)
Pup o)l (11) (L (P () PK @)y y) w0
(@up (x0) —Pin (1) (Y) ox Y
~ i) % (1
= _®i/n(y)’ ye (x1 tanﬁo,f(xl)), (4.4)
w(x9,y) =0, y € (x1tandy, f(x1)), (4.5)

where

K(s)=B(A7!(s)), s<0,

1
AN w(x,y))e (AN (w(x1,y)))?) (cosOin(y) —sin®@in(y)g' (v))
ye [Xl tanﬂo,f(xl )],

cos@up(x) 1
A (@(x f(x1)) A ((w(x,f (1)) T+ (F(x)?
The problem (4.1)-(4.5) has common boundary conditions in a fixed domain.

Next following from the method of energy estimate and a series of compli-
cated calculations, we prove Theorem 2.2.

I(x)=

X € [x1,%0].

Proof of Theorem 2.2. In the proof, we always assume that O(-) depend only on v,
8o, X0, X1, M and M, where M and M are given in the definition of €. Moreover,
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it is assumed that 7(0) > ¢ without loss of generality. Let (qx, @1k, minx) (k=1,2) be
two solutions to the problem (2.13)-(2.19). For k=1,2, denote ¥i, x, Pinx, Pup ks
Yin ks Xupx and % x to be the associated functions by (2.4), (2.5), (2.8), (2.9), (2.10)
and (2.11) and set

wuts)=A (4 (@0 (1 250 ) st st ) ),

1
M) = AT g (o, ) (A (10 (51,)))2) (€05 (1) — 5inOin ()5 (1))

cos@yp(x))
A~ (wi(x, f(x1)))

where x € [x1,x0], y € [x1tandy, f (x1)]. Let

Ik(x)=

w(x,y) =wi(x,y) —wa(xy), (xy) € [x1,x0]x [x1tanBo, f (x1)].

Owing to (4.1)-(4.5) for wq and w,, w satisfies

Pup,1(x0)11 (%) dwY 3 ((Pup1(x0) = Pina (W) y) ) dw
<<q>up,1<xo B (1)) (y) ax) ay( Bupr ()~ “ay)

9 ((Pup1(x0) = Pup,1 ()P 1 ()M (Y (x) ,  dw
+£ < q)upl(x )(q)upl(XO) 1n1( )) K (M)g)
_i( Dyp,2(x0)12(x) Pup,1(x0) 11 (x) )82w2
9x \ (Pup2(*0) —Pin2(y))h2(y)  (Pup,1(x0) —Pin1(y)) 1 (y) ) 0x
—I—%(x,y)—!—aaiz (x,y)= (x,y) € (x1,%0) X (x1tandy, f(x1)), (4.6)
and
ow 9) — 4
@(x,xltan 0)=0, x € (x1,X0), (4.7)
hl E{((;C)l)) aK{g;Ul) (X,f(x1))
= hzng((;c)l)) aKg;UZ) (x/f(xl)) :®{.1p (x)/ xe (x1/x0)/ (4'8)

q’up,1(x0)l( x1)(1+(P m1(y)h1(y))2K'(w1)(x1,y))awl(x )
(Pup,1(¥0) = Pin1 ()11 (v) ax K1Y
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( 1)

y)

Jialy) PR (os) (1) g
2 ) ox Y

@i () (y ) (x1,
¢up2(x0)lz(x1)(1+( 2y
B (@ upz(xo) o

~ B )a ) 2 1)

=-0,(y), ye(xitandy,f(x1)), (4.9)
w(xo,y)=0, y € (xptandy, f(x1)), (4.10)

where

(O Dup,1 q);n
T e e e e et S )
) 2

1
n (@ upl(xO) upl(x) ml( )
upl(XO)(q)up ( ml( ))
 (Pupa(x x)

A

2 0) upZ( ) 1n2( )) )
P p2(x0)(q)up2(x0) Dina(y))
< () (0) 222 (5,

((Pup,2(x0) = Pup2(x)) D}, »

q)up Z(XO)((I)uPZ(xO) q)mz
x (hy ()11 (x) =ha(y)lo
_ (q)up,l (XO) —q)up,1(x
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P pl( ) CI)up,Z(XO)

( D@ up,1(%0) = Pin1(¥) q)up,Z(xO)_q)in,Z(y))hl(y)aK(WZ)
N upz(xo) Din2 (v )<h1(}/)_h2 }/))aK(wz)(

R A
Dyp,1(x0) = Pup,1(x))PL 1 (¥)h
_( p,l( 0) q):;ll((xo)) 1,1(3/) 1( o1 (2,9 w(xy)
q)“p1(x°)$iii(<§if¢¢;§ifi§§’)¢“"1(x)¢1n1<y>hl<y>aK§f”<x y)
- (2= P02 (01 ) 1)~ Sl ) G )
1

palx )= 52 e) [ K (o) + (1 Al

with (x,y) € [x1,%0] X [x1 tandy, f (x1)]. From the definition of ¢, direct calculations
show that for x € [x1,x¢], y € [x1tandy, f(x1)],

“Hwe(x1,)) =q0+0(2(6)), k=12,  (411)

“Hwe(x,f(x1))) = Qup(x) +0(7(5)), k=12, (412)

c0s®in(y) ~sin@in(1)g' (v) = —= _’2‘1 —+0(x(9)), (4.13)
x{ —Yy=cos*ty

[@up (¥)+80| O(7(6)),  |®p(x)| <O(7(8)) (xo—x)"?, (4.14)

hi(y) = ! +0(7(9)), k=1,2, (4.15)

qop(q3) (cosOin (y) —sinOin (y)g' (v))

1
12610~ (e ey OO e, 610
lk(x)zgjig-l—O(T(é)), k=12, (417

cos@yp

e Cowrrrimey

+O(T(5))>w(x,f(x1)), (4.18)
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1/2
%0 Qup(
Qup ( Cozﬂo ) , (4.19)
Dp i (v (7(9)), @ixy)=0(z(9)), k=12, (420
f(x1)
[Pins (1)~ @ina(y)| <O(x(0)) [ folxwy)ldy, @21)
| @1 (V) = Pin2 ()| SO(T(8)) [w(x1,y)], (4.22)
’q)up,l( Xx)— up2(x)|
< / x°< L +o(7(5))> w(s, f(x1))|ds, (4.23)
“Jx \ costh A (Qup(x))
K’ (w1(x,)) > ga2(x0—x)~/24+0(7(6)), (4.24)
1 ()| <O(1)(xo—x)"*"%,  |pa(x,y)| <O(7(8)) (xo—x) "3, (4.26)

and for (x,y) € [x1,x0—¢] X [x1tandy, f (x1)],

Jwa +0(7(9)), (4.27)

where 0<e<min{1,xp—x1}, ¢1 and ¢ are given by (2.30) and (2.31), respectively,
while 7(-) and 7(-) are given in the definition of 4. Owing to (4.10), one gets
from the Holder inequality that

2= [ Lie)

xOQup(x) _ [*0 cos®y [OJw z
S/x cos ax x Qup(® )( : ]/)) 4

X 2
x1 Qup( x)
) 1 f(x1) ’
w (x,f(x1)) Sf(xl)—_9(,'1’(3_1’1190 /xltanﬂow (x,y)dy
+2/f(x1) ( )8w( )‘d el ] (4.29)
w(x,y) - (%, , X E X1, X0]. '
x1tandy / ay i v
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Multiplying (4.6) by —w and then integrating over (x1,xg) x (x1tandy, f(x1)) by
parts and using (4.7)-(4.10), one gets that
ow 2
(o) dxdy

/XO/ upl(xO)ll(x)
X 1tanl90 upl xO 1n1(y))h1 (]/)
(), Jw

"0 up,1 (X0) — Din1 1(y 2
/x /1’[311190 . CI)upl( [ (x) K (wl(x’y)) (@(X’y)) dXdy

x0)h
/xo/ CI)up (x0) — CI)up,l X )q){nl(y)yhl(y) (x)
X1 1 tandy xO)((Dup,l(XO) 1n1( ))

upl(
ow

x K (wi (x,y)) (g(%}ﬁ) 2dxdy

:/xo/f(xl) < q)uplz(xO)lz(x) _ @upll(xo)ll(x) )
s Jxtandy \ (Pup2(xX0) = Pin2(y))2(y)  (Pup,1(x0) = Pin1 ()11 (y)

aw ow
x 52 (x,y) 5 (xy)dxdy
%o ow
/ / (El x y ( ,y)—i—Ez(x,y)a—(x,y)) dxdy. (4.30)
X1 1tandy Y

Each term in (4.30) will be estimated by using (4.11)-(4.29). First, it follows from
(4.15), (4.17), (4.20) and (4.25) that
ow 2
(G xan) dxdy

/XO/ up 1(x0)ll (x
X 1tanl90 up 1 xO Din 1 (}/ )hl (}/
)

)
%0 Dyp,1(x0) — m1(y h1( ) Jw 2
/x /1’[311190 - q)upl(XO)ll(x) K ( 1(X,y)) (@(X’y)) dXdy

/XO/ ((Pup,1(x0) = Pup,1 (%)) P}y 1 () F1 ()1 (x)
x1 Jxjtandy Dyp,1 (xO)(q)up,l (x0) = Pin1(y))

~— | ~—

/ 9 ?
<K' (w1 (x,y)) %(w)) dxdy
G2
> (QOP (EI%) COS&O‘FO(T(‘S))) L1+ <W +O(T(5))) Ly, (4.31)
where
Yo rf(¥1) cosOi,(y) —sin®in (y)g' (y) [ ow 2
L ‘/x / tandy Qup(x) (ﬁxn‘/)) dxdy, — (432)
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0 xo— x)72Qup () dw 2
/x /1tan190 cosO (y) —sin®i, ()¢’ (v) (ay( }/)) dxdy. (4.33)

Second, consider the first term on the right side of (4.30). Owing to (4.11)-(4.29)
and the Holder inequality, through a series of precise estimations similar to those
in [16,20,23], it is obtained that

/xo/ < upz(xO)lz(X) B CI)up,l (xO)Zl (x) )
x1 Japtandy \ (Pup2(¥0) = Pin2(¥))h2(y)  (Pup,1(x0) = Pina (¥))h1 (y)
<2 o) G o)y

/ / up 1 xO)q)in,Z ) — (I)up,2 (XO)q)in,l )
xtandy ( up 1(x0) — Din1 (v)) (q)up,Z (x0)— Din 2 (v))

(
N /Xo /f(xl) (q)up,1 (x0)Pina(y)) — Dup2 (x0)Pin1(v))
x ¥1 tand ((I)up,l (x0)— Din1 (v)) ((I)up,2 (x0)— in,2 (v))

0—¢&

p1(%0) (x)  h(x)
+/ /xltam% D1 (X —qinl(y) (ZZ(y)‘iill(y))

up,1(¥0) (x)  h(x)
+/x /xltanl90 upl x(fl q())m,l(]/) (IZ(]/) _;111(3/))

0(q5) p1cos? _H/l_i_(xo—x1)190<3082190_|_2(x0—x1)1/2195<3052190 I
- —X1 4le%g%q0tam90 1/11/29%6]%
0/
+(0(e)+0(7(8)) ) L1 + <”§;/°zz° +o(r(5))> L,  (434)
141

where ¢ € (0,min{1,x9—x1}), v1, v >0 will be determined. Then, for the second
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term on the right-hand side of (4.30), one can get that

/xxo /1tanﬂ0( g (x,y)—i—Ez(x,y)g—Z;(x,y)) dxdy'
<O(7(6)) (L1+Lo). (4.35)

Substitute (4.31), (4.34), (4.35) into (4.30) to get

(qop(q%)cosﬁwo(r(é))) Li+ (WJFO(T((S)) ) Ly

- 0(43) §1cos? 8y . (x0—x1)8gcos? N 2(xp—x1)1/2093cos? 8y ”
- —X1 4v1x2g%q0tanl90 1/11/29%6]%

vpcost

+(O(s)+O(T(5)))L1+< +0(t (5))>L2.

41/1x1
Choose v1 and 1, to satisfy (2.28) and (2.29). Thus, there exist € € (0,min{1,xo—

x1}) and 6, >0 depending only on v, 8, xo, x1, M, M, 7(-) and 7(+) such that for
any 0<6 <4,

X %) cosOjn(y) —sinOin (y)g' (v) (8_w )2
/x/lta N e (x,y) | dxdy

n Qup(x)
(x0—2) "2 Qup(x) ow 2
/xltanﬂo cosOin (y) —sin®in (v)g' (v) (@(x,}/)) dxdy <0.

This, together with (4.10), shows that

w(x,y)=0, (x,y)€[xq,x0] % [x1tandy, f(x1)].

Therefore, (91, 91,1, Min1) = (92, 91,2, Min2)- ]
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