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Abstract: In this paper, we study the global C* regularity of solutions to the boundary layer equations
for two-dimensional steady compressible flow under the favorable pressure gradient. To our knowledge,
the difficulty of the proof is the degeneracy near the boundary. By using the regularity theory and
maximum principles of parabolic equations together with the von Mises transformation, we give a
positive answer to it. When the outer flow and the initial data satisfied appropriate conditions, we prove
that Oleinik type solutions smooth up the boundary y = 0 for any x > 0.
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1. Introduction

In this paper, we study the 2D steady compressible Prandtl equations in {x > 0,y > 0}:

9:P(p)

1
udu + voyu — —8§u = - ,
p p
d.(pu) + 0y(pv) = 0, (1.1)

uly=0 = up(y), limu = U(x),
y—00

u|y=0 = v|y=0 =0,

where (u, v) is velocity field, p(x) and U(x) are the traces at the boundary {y = 0} of the density and the
tangential velocity of the outer Euler flow. The states p, U satisfy the Bernoulli law

9:P(p) _
o

Ua,U + 0. (1.2)

The pressure P(p) is a strictly increasing function of p with 0 < pg < p < p; for some positive constants
po and py.
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In this paper, we assume that the pressure satisfies the favorable pressure gradient 0, P < 0, which
implies that
0,0 <0.

The boundary layer is a very important branch in fluid mechanics. Ludwig Prandtl [14] first proposed
the related theory of the boundary layer in 1904. Since then, many scholars have devoted themselves to
studying the mathematical theory of the boundary layer [1,7-9,11,12,17-19,21-24,26,27]. For more
complex fluids, such as compressible fluids, one can refer to [19,20,28] and the references therein for
more details. Here, for our purposes, we only list some relevant works.

There are three very natural problems about the steady boundary layer: (1) Boundary layer separation,
(i1) whether Oleinik’s solutions are smooth up to the boundary for any x > 0 and (iii) vanishing viscosity
limit of the steady Navier-Stokes system. Next, we will introduce the relevant research progress in these
three aspects. The separation of the boundary layer is one of the very important research contents in the
boundary layer theory. [17]. The earliest mathematical theory in this regard was proposed by Caffarelli
and E in an unpublished paper [25]. Their results show that the existence time x* of the solutions to the
steady Prandtl equations in the sense of Oleinik is finite under the adverse pressure gradient. Moreover,
the family u,(x,y) = ,u‘%u(x* — Ux, ,u% y) is compact in C' O(Ri). Later, Dalibard and Masmoudi [4] proved
the solution behaves near the separation as d,u(x,0) ~ (x* — x)% for x < x*. Shen, Wang and Zhang [18]
found that the solution near the separation point behaves like d,u(x,y) ~ (x* — x)% for x < x*. The above
work further illustrates that the boundary layer separation is a very complex phenomenon. Recently, there
were also some results about the steady compressible boundary layer separation [28]. The authors found
that if the heat transfer in the boundary layer disappeared, then the singularity would be the same as that in
the incompressible case. There is still relatively little mathematical theory on the separation of unsteady
boundary layers. This is because back-flow and separation no longer occur simultaneously. When the
boundary layer back-flow occurs, the characteristics of the boundary layer will continue to maintain for
a period of time. Therefore, it is very important to study the back-flow point for further research on
separation. Recently, Wang and Zhu [21] studied the back-flow problem of the two-dimensional unsteady
boundary layer, which is a important work. It is very interesting to further establish the mathematical
theory of the unsteady boundary layer separation.

Due to degenerate near the boundary, the high regularity of the solution of the boundary layer equation
is a very difficult and meaningful work. In a local time 0 < x < x* < 1, Guo and Iyer [6] studied the
high regularity of of the Prandtl equations. Oleinik and Samokhin [13] studied the existence of solutions
of steady Prandtl equations and Wang and Zhang [23] proved that Oleinik’s solutions are smooth up
to the boundary y = O for any x > 0. The goal of this paper is to prove the global C* regularity of
the two-dimensional steady compressible Prandtl equations. Recently, Wang and Zhang [24] found the
explicit decay for general initial data with exponential decay by using the maximum principle.

In addition, in order to better understand the relevant background knowledge, we will introduce some
other related work. As the viscosity goes to zero, the solutions of the three-dimensional evolutionary
Navier-Stokes equations to the solutions of the Euler equations are an interesting problem. Beirdo da
Veiga and Crispo [2] proved that in the presence of flat boundaries convergence holds uniformly in time
with respect to the initial data’s norm. For the non-stationary Navier-Stokes equations in the 2D power
cusp domain, the formal asymptotic expansion of the solution near the singular point is constructed and
the constructed asymptotic decomposition is justified in [15, 16] by Pileckas and Raciene.
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Before introducing the main theorem, we introduce some preliminary knowledge. To use the von
Mises transformation, we set

i(x,y) = p(u(x,y), Wx,y)=pxX)v(x,y), io(y) =p0uy(y),

then we find that (i, ) satisfies:

s
10t + 70, — 07t — pp @ = —pd P(p),
0yt + 0,V = 0, (1.3)
il = B0, lim 7= p()U ()
aly:O = 17|y:0 =0.
By the von Mises transformation
y
x=x, Yy = f i(x, 2)dz, w =10, (1.4)
0
0y w0, 0 Wl w
= 20 WOV WY s Ve, , (1.5)
2Vw 2w 2 J 2
and (1.3)—(1.5), we know that w(x, ¢) satisfies:
- Vwd;, = —=2p0.P(p), (1.6)
with
w(x,0) =0, w(0,¥) = wo¥), wlim w = (p()U (X)), (1.7)
—+00
In addition, we have
20,0t = Oyw, 2000 = \wiw. (1.8)

In [5], Gong, Guo and Wang studied the existence of the solutions of system (1.1) by using the von
Mises transformation and the maximal principle proposed by Oleinik and Samokhin in [13]. Specifically,
they proved that:

Theorem 1.1. If the initial data u satisfies the following conditions:

e C2([0, +00))(@ > 0), u(0)=0, 8u(0)>0, duy)>0 for yel[0,+o0),

lim u(y) = U©) >0, p™'(0)32u(y) - p' (0)3,P(0) = 0G?) (19
y—+00

and p € C*([0,Xy]), then there exists 0 < X < X, such that system (1.1) admits a solution u €
C!([0, X) x R,). The solution has the following properties:
(i) u is continuous and bounded in [0, X] X R.; 0yu, 8§u are continuous and bounded in [0, X) X R,
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v, 0y, O.u are locally bounded in [0, X) X R,.
(i) u(x,y) > 0in [0,X) X R, and for any X < X, there exists yo,m > 0 such that for all (x,y) €
[0, x] X [0, yol,

Oyu(x,y) > m > 0.

(iii) if 0,P < 0(0,p < 0), then
X = +o0.

Remarks 1.2. u € CZ’“([O, +00))(a > 0) means that u is Holder continuity and bounded.

This theorem shows that under the favorable pressure gradient, the solution is global-in-x. However,
if the pressure is an adverse pressure gradient, then boundary layer separation will occur. Xin and
Zhang [26] studied the global existence of weak solutions of unsteady Prandtl equations under the
favorable pressure gradient. For the unsteady compressible Prandtl equation, similar results are obtained
in [3]. Recently, Xin, Zhang and Zhao [27] proposed a direct proof of the existence of global weak
solutions of the Prandtl equation. The key content of this paper is that they have studied the uniqueness
and regularity of weak solutions. This method can be applied to the compressible Prandtl equation.

Our main results are as follows:

Theorem 1.3. If u is a solution for equation (1.1) in Theorem 1.1, assume uy satisfies the condition
(1.9) and the known function p and 0P are smooth. Then, there exists a constant C > 0 depending only
on &g, X, ug, P(0), k, m such that for any (x,y) € [&, X] X [0, +o0),

1040 u(x, y)| < C,

where X, € are positive constants with € < X and m, k are any positive integers.

Remarks 1.4. Our methods may be used to other related models. There are similar results for the
magnetohydrodynamics boundary layer and the thermal boundary layer. This work will be more difficult
due to the influence of temperature and the magnetic field.

Due to the degeneracy near the boundary ¢ = 0, the proof of the main result is divided into two parts,
Theorem 1.5 and Theorem 1.6. This is similar to the result of the incompressible boundary layer, despite
the fluid being compressible and the degeneracy near the boundary. Different from the incompressible
case [23], we have no divergence-free conditions, which will bring new terms. It is one of the difficulties
in this paper to deal with these terms. Now, we will briefly introduce our proof framework. First, we
prove the following theorem in the domain [g, X] X [0, Y;] for a small Y;. The key ingredients of proof
is that we employ interior priori estimates and the maximum principle developed by Krylov [10].

Theorem 1.5. If u is a solution for equation (1.1) in Theorem 1.1, assume u satisfies the condition

(1.9) and the known function p and 0P are smooth. Then, there exists a small constant Y, > 0 and a

large constant C > 0 depending only on &, X, Y1, uy, P(p), k, m such that for any (x,y) € [&, X] X [0, Y1],
k am

where X, € are positive constants with € < X and m, k are any positive integers.
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Next, we prove the following theorem in the domain [, X] X [Y>, +0c0) for a small positive constant Y.
The key of proof is that we prove (1.6) is a uniform parabolic equation in the domain [g, X] X [Y;, +00) in
Section 4. Once we have (1.6) is a uniform parabolic equation, the global C* regularity of the solution
is a direct result of interior Schauder estimates and classical parabolic regularity theory. The proof can
be given similarly to the steady incompressible boundary layer. For the sake of simplicity of the paper,
more details can be found in [23] and we omit it here.

Theorem 1.6. If u is a solution for equation (1.1) in Theorem 1.1, assume uy satisfies the condition
(1.9) and the known function p and 0, P are smooth. Then, there exists a constant Yy, > 0 such that for
any constant Y, € (0, Yy), there exists a constant C > 0 depending only on €, X, Y, uy, P(0), k, m such
that for any (x,y) € [&, X] X [Y3, +0),

1040 u(x, y)| < C,

where X, € are positive constants with € < X and m, k are any positive integers.

Therefore, Theorem 1.3 can be directly proven by combining Theorem 1.5 with Theorem 1.6.

The organization of this paper is as follows. In Section 2, we study lower order and higher order
regularity estimates. In Section 3, we prove Theorem 1.5 in the domain near y = 0 by transforming back
to the original coordinates (x,y). In Section 4, we prove (1.6) is a uniform parabolic equation by using
the maximum principle and we also prove the Theorem 1.3.

2. Lower order and higher order regularity estimates

2.1. Lower order regularity estimates

In this subsection, we study the lower order regularity estimates using the standard interior a priori
estimates developed by Krylov [10].

Lemma 2.1. If u is a solution for equation (1.1) in Theorem 1.1, assume uy satisfies the condition (1.9)
and the known function p and 0, P are smooth. Assume 0 < € < X, then there exists some positive
constants 61 > 0 and C independent of W such that for any (x,¥) € [&, X] X [0, 0],

|0:w(x, Yl < Cyp.

Proof. Due to Lemma 2.1 in [5] (or Theorem 2.1.14 in [13]), there exists 6; > 0 for any (x,¢) €
[0, X] % [0, 611, such that for some « € (0, %) and positive constants m, M (we assume d; < 1),

0w < CY?™, 0<m<dw<M, my<w<My. @2.1)
By (1.6), we obtain

2
3xaxw — \/v_vaiaxw — (8xW) n 2p(9xP(9xw + (9xp

0,
Ow + 20, ( P ) W = 28,[pd,P].
2w 2w e, Jo,
Take a smooth cutoff function 0 < ¢(x) < 1 in [0, X] such that

6() = 1,xe[sX], ¢ =0,xe 0, g],
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then

0, [0.wd(x)] — \/Waj [0.wé(x)]

2
- @;—W)ab(x) 2000 oy L O 5 )
w 2w Jol

+ 20, (6;,0) wp(x) — 20x(p0. P)p(x) + 0w p(x) := W.

Combining with (2.1), we know
W] < CY™ + Cy™ 7 + Cy™* 1 + Cyr + C < Cy 1. 2.2)
We take p(yf) = p — uop' P with constants 1, i», then by (2.1) and (2.2), we get
0, [B.wh(x) — ] — VW8, [0,we(x) — @] < W] = i VWB( + By
< CyYt =y (1 + By
By taking p, sufficiently large and a = g, for (x,¥) € (0, X] X (0, 8;), we have
d: [0.:w(x) = p] = VW [0.wd(x) — ¢] < 0.

For any ¢ € [0, 9,], let ; > o, and we have

(0w — ) (0,9) <0,
and take u; large enough depending on M, 6, u, such that

@uwd — ©) (x,61) < M6} ™ = 18, + 6 < 0.

Since w(x, 0) = 0, we know that for any x € [0, X],

(0we — @) (x,0) = 0.
By the maximum principle, it holds in [0, X] X [0, 6;] that

(0w — @) (x,¢) < 0.

Let 6, be chosen suitably small, for (x, ¢) € [g, X] X [0, 6,], and we obtain

O y) < g - oy < By

Considering —d,w¢ — ¢, the result —d,w < %'ﬂ in [g, X] X [0, ;] can be proved similarly. This
completes the proof of the lemma.

Lemma 2.2. If u is a solution for equation (1.1) in Theorem 1.1, assume u satisfies the condition (1.9)
and the known function p and 0,P are smooth. Assume 0 < € < X, then there exists some positive
constants 6, > 0 and C independent of W such that for any (x,¥) € [g, X] X [0, 9],

10,0 w6, )| < C,  1Pw(x, )l < Cy™2, [P Aw(x, )l < Cy.
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Proof. From Lemma 2.1, there exists 6; > 0 such that for any (x, ¢) € [%, X] X [0, d,],

|0xw(x, )| < Cy.

Let ¥, = min{%él, £}, for any (xo, ¥o) € [&, X] X (0, o], and we denote

3 1 3
Q = {(x,¥)lxo — ¥ < x < xo, Elﬁo <Y< EI/IO}-
By the definition of ¥y, we know Q C [£, X] X [0, §,], then it holds in Q that
|0,w] < Cy. 2.3)

The following transformation f is defined:
~ 11 .
Q_>Q = [_I’O]J?X[_Ey E]J;&a (xaw) g (xaw)9

where x — xo = Y2 %, 0 — o = Y.
3
Since 0z = ¥, 0y, 05 = Yody, it holds in Q that

0

8x (o' w) — vy Va2 (wo'w) - 2 ;p(wglw) = —2pd:Py;".

_1 —_
Combining with (2.1), we get 0 < ¢ < ¢,* Vw < C, |y;'w| < C, and for any 73,2, € Q,

Lo w(Z) —w(Z) < Yo lZi — 2ol

o2 VW(ED) = ¥, VW(Z)l = ¥, 2 VWED + VW) Yo

=ClZ) — 2of.
This means that for any @ € (0, 1), we have
_1
|¢02 \/wlca(ﬁ) < C.
Since P and p are smooth, we have

-1 -1
lo™ dspleoiq-1,010 + lPOxPYq leoi-1,010 < C.

By standard interior priori estimates (see Theorem 8.11.1 in [10] or Proposition 2.3 in [23]), we have

-1 2 -1
Wy loe -1 01x1-1. 1) T 105W¥0 lewq-L o141, < € (2.4)

1

Let f := d,wy,", which satisfies

0w
w 6; _ (955 _
o - L po B 0% g aepiyy! + 2ax( a )(wolw)
¥ 2 Vwysg P P
By (2.3), we have |f| < C in Q. Due to

1 1 1 w(Z)-w(Z2)

o1 [ 1 w(Zw(Z2) - -
oW (@) - yiw 2 (2| = v — <Clz -2l

W @) + W (R)
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we have

~ <C. (2.5)

Since

which along with (2.4) and (2.5) gives

2
' %w
1
2vwy;

As before, by (2.4) and the density p and P are smooth, via the standard interior a priori estimates, it
yield that

Co([-3,01ex(-1.51p)

~ 2
105 flq-3 o=t b1 105 L=y o1oxi-1. 4190 + 105 F L=t 01x1-4.41) < €

Therefore, we obtain

-1
07w (x0, ) | < Cy s 18,000 (xo,00) | < C,  183,05w (x0, ) | < Cif

This completes the proof of the lemma.

2.2. Higher order regularity estimates

In this subsection, we study the higher order regularity estimates using the maximum principle. The
two main results of this subsection are Lemma 2.3 and Lemma 2.7.

Lemma 2.3. If u is a solution for equation (1.1) in Theorem 1.1, assume u satisfies the condition (1.9)
and the known function p and 0P are smooth. Assume 0 < € < X and k > 2, then there exists some
positive constants 6 > 0 and C independent of  such that for any (x,¥) € [g, X] X [0, 6],

1wl < Cy, 10,00 < C,  18;0w < Cy".

Proof. By Lemma 2.1 and Lemma 2.2, we may inductively assume that for 0 < j < k — 1, there holds
that in [%,X] X [0, 03] (assume 03 < 1),

0,00w] < C, 1200wl < Cy™', 100wl < Cy, 1LVl < Cyt, 10wl < Cyh (2.6)
We will prove that there exists 94 < 93 so that in [g, X] X [0, d4],

0,0 < C, 120wl <y 10wl < Cy, 10wl <y, 19w < CyTE (2)
The above results are deduced from the following Lemma 2.4, Lemma 2.5 and Lemma 2.6.
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Lemma 2.4. If u is a solution for equation (1.1) in Theorem 1.1, assume uy satisfies the condition (1.9)
and the known function p and 0, P are smooth. Assume that (2.6) holds, then there is a positive constant
M, for any (x,¥) € [%,X] X [0,03] and 0 < B < 1,

0wl < My, 185 VWl < My
Proof. Take a smooth cutoff function 0 < ¢(x) < 1 in [0, X] such that

px)=1,x¢€ [%,X], o(x) =0,x € [0, %].

Asin [23], fix any h < §. Set
Q={(x,YI0 <x<X,0 <y <ds},

and let

() f = EChDB Dy 4 MyTng, (5 ) € [, X] X [0, +00),

(i1) f = My Iny, (x, ) € [0, %) X [, +0),
so we get f(x,0) =0, £(0,¥) < 0. We know

£ (x,83) < C(63)°% + M&31nd; <0,

where M is large enough. Then, by choosing the appropriate M, we know that the positive maximum of
f cannot be achieved in the interior. Finally, the lemma can be proven by the arbitrariness of /.

Assume that there exists a point
Po = (xo,¥0) € Q,
such that

f (po) = max f > 0.

It is easy to know that

X0 > g, 6’;_1w(x0 — l’l, lﬁo) < 6];_1W(XO, lﬁo)

By (2.1), denote & = +/m, we have

~ WMy Ing) = M Nwy™" < —EMy . (2.8)
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By (1.6), a direct calculation gives
0,05 'w—w 62 o w

~297(pd, P)+ZC’" (01 Vw) B2 3w + (9" Vw) B w

+2Zcm & m( x")a’"

= 20\ (p0,P) + Zc (65 vw) G arw + 0w o
24w Vw
6)(,0
ak 1 2 P ak—l 2=E
( ) pa ( ) P +22Cm 6klm( Xp)am
29w/ Aw o\ 24w =
k=2 1
m 92 m+1 k—2—m
+ Z: Ck_zc')l//wc'); w@x m
4
= Z I,'
i=1
and
k=2 -
O wow
= =20 (pd Py + > CL (8" VW) 800w + F—=—=,
e S
P
12 pa ak 1
axp k—1 S m ak—1-m axp i
L=-=20" w2y o a2,
p = P
k=2 1
Iy = Cf_zaiwa)’erlwa’;_Z_m—.
For x > 2 % » we consider the following equality
w(p1) = AW(p) 5 1
dcfy = W (D33 fi = v = v GO W)+ ) — L)~ Lp).  (29)
i=1
where

1
= — (@ w(p) - 8 wip)),

fi==

with p; = (x = h,¥), p = (x, ¥).
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For any x > %‘9 by (2.6), it is easy to conclude that

1 |
— (Vw(p1) = W(p)F0 " wip)| < Cyr,

1 1
—, i) — 1 (p))‘ <Cy2, (2.10)
4

1
2, = Upn) = 1(p))

i=3

<Cy s,

where C is dependent on the parameter 4.

Since
1 0. P _ 1 pd.P 0, P
—(L(p) = b)) = fi - [ ()] + 8 (i) — (2= o) - =),
-h w -hw w
combining with (2.6), fi(po) > 0 and 0P < 0, it holds at p = p, that
1
_—h(lz (p1) — L(po)) < C. (2.11)
Summing up (2.10) and (2.11), we conclude that at p = py,
dufi = VW, fi < Coy™>.
This along with (2.8) shows that for x > 32, it holds at p = py that
Ouf — VWP [ < Cy™* — My 2. (2.12)

By taking M large enough, we have 8, f (py) — \/v_w?j/ f (po) < 0. By the definition of py, we obtain

0.f (po) = Nway, f (po) = 0,
which leads to a contradiction. Therefore, for M chosen as above and independent of /2, we have

max f < 0.
Q

We can similarly prove that ming f > O by replacing My Iny in f with =My Iny. By the
arbitrariness of A, for any (x,¥) € 7{, X] x (0, 03] we have

10 w| < —My Iny.

Due to
k—1
2wk + > CR(@ Wk Vw) = 3 (Vw V) = Fhw, (2.13)
m=1

which along with (2.6) shows that in ({&, X] X (0, 53],
| Vwé: V| < —CyrIny.
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Lemma 2.5. If u is a solution for equation (1.1) in Theorem 1.1, assume uy satisfies the condition
(1.9) and the known function p and 0,P are smooth. Assume that (2.6) holds, then for any (x,¥) €
[%89 X] X [0’ 63])

9wl < Cy, 19kl < Cyt.
Proof. Take a smooth cutoff function ¢(x) so that
15 7
6x) = 1, x € [0, X],  (x) = 0,x € [0, ],
16 8
Set
3_
f=0we -y + py?
with constants uy, i,. Let 5 be small enough in Lemma 2.4. Then it holds in 7878, X] % [0, 65] that
0wl < Cy' P, 188wl < Cyr P (2.14)

We denote
Q={(x, Y0 <x<X,0 <y <0ds3}.

As in [23], we have f(x,0) = 0, f(0,¢) < 0 and f(x,d3) < 0 by taking u, large depending on u,. We
claim that the maximum of f cannot be achieved in the interior.
By (1.6), we have

0,0 w— \/Waié?];w

k-1 k
Iy,
= ~20"(00,P) + E CL(O" N W3, 0w + 2 § cgaf;'"( pp )ayw,
m=0 m=0

and

ow 2p0,P 20,0 )
+ - Vw].
Vw o A p

For any x > %,Osjsk—landOSmSk—1,fr0m(2.6)and(2.14),weget

0,00w = ' d,w = a'"(

X

Biwl < Cy,  |0*w] < Cy' P, 185 | < Cyr P
Then let 8 < %, forO<m<k-1and x> %, we obtain
0207wl < Cy? P + Cy% + CyP < Cy 2.
Therefore, we conclude that for x > %,
0.0w — Nwdydw < C+ Cy P + Cy'* < Cy”.
By the above inequality and (2.1), it holds at p = p, that

Ouf = VW f = 3.0w — VWL w + Fwdp — VW~ + pap> )
< Oy — &y,
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where & = (‘ _,3) (% - ,3) \/m > 0. Then we have ,f — vwd,, f < 0 in Q by taking u, large depending
on C,. This means that the maximum of f cannot be achieved in the interior. Therefore, we have

max f < 0.
Q

In the same way, we can prove that

max 3w — iy + > <0.
Q
So, for any (x,¥) € %8, X] % [0, 63], we have

0wl < g — o < .
Combining with (2.6) and (2.13), it holds in [%8, X] % [0, 65] that
0Vl < Cye.
This completes the proof of the lemma.

Lemma 2.6. If u is a solution for equation (1.1) in Theorem 1.1, assume uy satisfies the condition
(1.9) and the known function p and 0, P are smooth. Assume that (2.6) holds, then for any (x,) €
[8’ X] X [Oa 64]’

0,0l < C, 120wl < Cyt, 105wl < Cy2
Proof. By Lemma 2.5 and (2.6), for any (x, ¢) € [ &, X] X [0, 03],
Biwl < Cy, 13 \wl < Cy?, 0<j<k (2.15)

Set ¥y = min{363, £}, for (xo, ¥o) € [&, X] x (0, ¥y], we denote

3 1 3
Q = {(x,¥)lxo — ¥ < x < xo, Elﬂo <Y< 5%}-
A direct calculation gives
w— VWL dw = - 20" (09,P) + 8 NwPw + Z Cy (% vw) aw
ow 0.p
+Ck1 W aZakl +2 Cmak m( Xi )am
k 9 \/— ;) k 0
By (1.6), we obtain
850w = 0o,

ow  200,P _Op )
=97 ( + Vw
Vw o A P

¢ 200, P 0.p
§ —I+1 ! mn [
¥ n? WO \/W aX( \/W)_ax(zp w),

=1

am+1
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and

1
o — 9! 0w C 6k—1—l+1 Y ’
V= 2\/— Z YO

then
0.0 w—\wa, dw

k=2

== 204(00,P) + ) CL@ " VW) I w
m=1

k-1
1

2 I ak=l-l+1 ol 2

wa+ E C,_,0; +wax(2w)6ww

0y 0"
+C]I§1 w zzcmak m( Xp)am

w

200, P
+ i1 9 [Z c;_laf;—lwa;T + ot (_Pax ) ~ ! (2‘97” «/w) .
— w

2w |45

The following transformation f is defined:

1 .
Q- Q:=[-1,0:x[- 2 Sl (Y = (&),

where x — xo = wéi,l// — o = Yol
Let f = dwy', we get

1 3
oif- Yo 1 gy

w %f
¢% 2w Yo
0

)
= ~20,04p0.P) + Uy Y CLE W
m=1
S I k-1 . 2
+ Z cl 0w (axm) Aw
+ 2'7[/() Z Cmak m( Xp)am

+¢§2i/w_[Zc wal. \/_+a’;;1 (—\/w )—afgl (2‘%’) W)
=F.

From the proof of Lemma 2.2 and Lemma 2.6, we know that in Qforae 0, 1),

IfISC 0<c<y’ VWw<C I, VWlog < C.
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By (2.6), (2.15) and the equality

a am+l 6 am+l m
W W Oyw : Z C}lna? 1+1a w@l
Ve 2(Vw) \/—

+ZC1 o 141 01 Oyw + " (p0 POy w —ar (aLpa‘/’_W),
F=2(Aw)? (Vw)? P Aw

we can conclude that for j <k—-1andm < k -2,

3y (G 0w) =

V.30l V| < Cyz, |V waf(—)| <yt |Veadlamw| < Cuyt.
Combining (2.4) with (2.5), we can obtain

Ow 3
| 6¢WW0 W w() |Crr(§) + |F|C"(ﬁ) < C

\/_

By the standard interior priori estimates, we obtain
_ 2

103 f Lo torexi=3 4150 + 100 L= orexi=1.41p) + 105 - Loya-L 41y < €

Therefore, this means that
1
e+ 1 -2 k 2 Ak -1
105 W (o, o) | < Cy s 18y85w (xo, o) | < Co 18205w (xo, o) | < Cp

Since (xo, ) is arbitrary, this completes the proof of the lemma.

Lemma 2.7. If u is a solution for equation (1.1) in Theorem 1.1, assume u satisfies the condition (1.9)
and the known function p and 0, P are smooth. Assume 0 < € < X and integer m,k > 0, then there exists
a positive constant 6 > 0 such that for any (x,¥) € [, X] X [0, 6],

00w < Cy' . (2.16)

Proof. From Lemma 2.1, (2.1), Lemma 2.2 and Lemma 2.3, a direct calculation can prove that

1 | 1 3 1 s
d—|<cy2, |0bo,—|<cy:, |00 —|<cCy2,
x W| Y | Yy \/\/_Vl v | xYy W| v
and (2.16) holds for m = 0, 1,2. Then for 0 < m < j with j > 1, we inductively assume that
1
ol < cy', ok —| < cyTT (2.17)
w

In the next part, we will prove that (2.17) still holds form = j + 1.
By (1.6), we obtain

o) okw = o dkogw

akaf l(axw 200, P 2axp w
Vwoo AW e e
1 £ 1— 1
= ok > Ci0, T owd,— +2paPa“——2 =N C) Tl —
(3 = 25 ot il |
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Combining with (2.17), we get
j+1 ok 5-J 3J 3= 37
0, 0wl < CY>™ + Cy>™ + CyY2™ < Cy> ™. (2.18)

By straight calculations, we get

; 1 1
o:akaf+1(—— )
AT

Combining the above equality with (2.17), we can conclude that
|aka]+1 L| < Cw—%—j.
g/} \/W —
This completes the proof of the lemma.

3. Proof of Theorem 1.5

In this section, we will prove the regularity of the solution « in the domain
{(x,Ple<x<X,0<y<T1}.

Proof of Theorem 1.5:

Proof. For the convenience of proof, we denote

"y
(X, ¥) = (x, f ﬁdy) .
0
A direct calculation gives (see P13 in [23])
1 Voo,
6), = \/wal/,, ax = 6); + axl//(.x, y)@l/,, axlﬁ = 5 \/W w zanglp
0

By (2.1) and Lemma 2.3, we have [0,/| < Cy. Due to d, = \/wd,, we obtain

320, = (05 + 0,03, ) dyw,

0';26§~ = (612 + axl//&p)k (E);Cw + 200, P — 28;/) w)

= (0: + 0.v0 w)" (Dxw) + 20500, P) — 2 (6;'0 ) Bz + Oxp0y ) w — 205 (G;p ) w
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By |0¢/| < C¢ and Lemma 2.7, we obtain that Theorem 1.5 holds for m = 0, 1,2,
050, + 105050 < C. 3.1
We inductively assume that for any integer k and m > 1,
0ol < C,  j<m. (3.2)
A direct calculation gives
(9';(9;”1 i

_ ok am—192~
= 09Ol

"y a
= gt (aaxa — 8, f 8. didy — ;p az)
0

= - =g - Y d
- aﬁ( Z C,_ 0y "0ddyit — Z Corl 0y "ad 0. — O} fo 0 itdy — %pa;"—lfﬂ),
i=0 i=0
and we can deduce from (3.1) and (3.2) that

iojal < C, j<m+1. = 10ioul<C, j<m+1.

This completes the proof of the theorem.
4. Proof of Theorem 1.3 and 1.6

In this section, we prove our main theorem. The key point is to prove that (1.6) is a uniform parabolic
equation. The proof is based on the classical parabolic maximum principle. The specific proof details
are as follows.

Proof. By (1.2) and 0,P < 0, we obtain

C>U*x)=U*0)-2 f ) @dx > U%(0).
0

By (1.7) and w increasing in ¢ (see below), we know that there exists some positive constants ¥ and C
such that for any (x, ¥) € [0, X] X [P, +00),

w > CoU%(0). 4.1)

From Theorem 1.1, we know that there exists positive constants yy, M, m such that for any (x,y) €
[0, X] % [0, yo] (we can take y, to be small enough),

M > 0,ii(x,y) > m. “4.2)

The fact that ¥ ~ y? is near the boundary y = 0 (see Remark 4.1 in [23]), for some small positive
constant 0 < x < 1, we get

Yo
yéﬁwskyéffgyoSyS? (4.3)

N =
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for some constant o > 0 depends on «, m, M.
We denote

Q= {0 <x <X, gyg <y < +oo).
By (4.2) and (4.3), we get ii(x, 0yy) = moy,, then for any x € [0, X], we have
K
w(x, Ey(z)) > m20'2y(2). “4.4)

Since the initial data u satisfies the condition (1.9) and w = @#?>, we know w(0, ) > 0 for ¥ > 0 and
there exists a positive constant £, such that for ¢ € [gy(z), Y],

w(0,y¥) > . 4.5)

Then, we only consider
§h=KLWDSxSK§%swsTL

We denote H(x,¥) := e‘“ﬁww(x, ¥), which satisfies the following system in the region
Qp = {5, Y)I0 < x < X,0 <y < +oo}:
0yH — ——0,H — \wO:H + (1 - 2=
S wH + ( o

Hlx:O = awWO(w), H|w=0 = ze_ﬂxayﬁl):O’ H|w=+oo =0.

)H =0,
(4.6)

Then, we choose A properly large such that A — 2%’0 > 0. Due to
Hlzo = Oywo(¥) > 0,  Hlyeo = 2¢ ¥ 0,iilye0 > 0, Hlyeroo = 0,
it follows that
H(x,p) = e P F(x, ) = e Y9,w 20, (x,¢) € [0,X") xRy,

which means d,w > 0 in [0, X) X R,.. Hence, w is increasing in . Therefore, we know that there exists
a positive constant A > m*o-%y; such that for any x € [0, X],

w(x, V) > 4. (4.7)
By (1.6), for any £ > 0, we know W := w + &x satisfies the following system in Q; :

s
aW — \waew — 222
Je

W=7,
Wheo = Wo > ¢, Wiyse = Wy 2 m’a?y;, Wlow = Wa 2 4,
where

0,
F = -2p0,P + & —2¢ex L

Je
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Since 0,P < 0, we know the diffusive term & > 0. Therefore, the minimum cannot be reached inside
Ql- Set

o = min {W09 W19 W2} )

then by the maximum principle, we obtain W = w + ex > 9. Let ¢ — 0, we have w > 1y in €. Then
we denote

n = min (o, CoU*(0)} > O,

combining with (4.1), we have w > 1 in Q. Therefore, there exists some positive constant ¢ such that
¢ < win Q. From Theorem 1.1, we have w < C in Q. In sum, there exists positive constants ¢, C such
that ¢ < w < C in Q. This further means that

0< Ve< Vw< VG, (4.8)

where C depends on X. Therefore, we prove (1.6) is a uniform parabolic equation. Furthermore, by
Theorem 1.1, we know 4,i, 6312 are continuous and bounded in [0, X) X R,. Combining p, d,P are
smooth, (4.8) with

20,01 = Oyw, 2050 = \wOw = d.w - 28;[) w +2p0.P(p),

we obtain

| VWllca) < C.

Once we have the above conclusion, the proof of Theorem 1.6 can be given in a similar fashion to [23].
Here, we provide a brief explanation for the reader’s convenience. More details can be found in [23].
Step 1: For any (x1,y) € [, X] X [Ky(z), +00), we denote

K

E K
Q. = {6 )lx — 3 Sx<xLY - syg SU <Y+ 2y§}-

2

Step 2: Note that the known function p, 9, P is smooth, we can repeat interior Schauder estimates in
Q,, 4, to achieve uniform estimates independent of choice of (x;, 1) for any order derivatives of w. Since
the width and the length of €, ,, are constants and the estimates employed are independent of (x;, ),
restricting the estimates to the point (xi, ¢1), we can get for any m < +oo, [V"w(x1, )| < Cxmyp.e-

Step 3: Since (x;, ) is arbitrary, we have for any m < +oo, |[V"W(x;, )| < Cxpmy,. in [£, X] X
[Ky(z), +00). Then, as in Section 3, we can prove Theorem 1.6.

Finally, Theorem 1.3 is proven by combining Theorem 1.5 and Theorem 1.6.
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