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Abstract: This work studied the local well-posedness of the Cauchy problem for a one-dimensional
variational wave system arising from the theory of nematic liquid crystals. The system is degenerate
and singular at spatial infinity. We applied the method of characteristics and the contraction mapping
principle to establish the local existence and uniqueness of classical solutions. A suitable weighted L™
norm was introduced to ensure that the solution has no loss of regularity and the existence time of the
solution is independent of the spatial variable.
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1. Introduction

Liquid crystals are a phase of matter that combines typical properties of liquids (flow properties)
and solids (anisotropy), which makes them widely used in industry. Nematic liquid crystals are one
of the simplest and most important members of the liquid crystal family and have been extensively
studied theoretically, numerically, and experimentally. Based on the physical characteristics of nematic
liquid crystals, the average orientation of molecules can be described by the so-called director field
n(z,x) € S2. In [1], Hunter and Saxton ignored the kinetic energy of the director field and applied the
following least action principle to model the propagation of the orientation waves in the director field:

6f(%8,n -om — W(n, Vn))dxdt =0, n-n=1, (D

where W(n, Vn) is the potential energy density for the director field n, which is given by the well-
known Frank-Oseen energy density

1 1 1
W(n, Vn) = Ekl (V-n)’> + Ek2(n -V xn)+ 5k3|n x (V xn). (2)
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Here ki, k,, and k3 are the splay, twist, and bend elastic constants of the material, respectively.

For planar deformations of the director field n depending only on a single spatial variable with
X = (x,0,0) and n = (cosu(t, x), sinu(t, x),0), Hunter and Saxton [1] derived the Euler-Lagrange
equation of (1)—(2) as

Uy — c1(u) (c1(Wuy), = 0, 3)

with cf(u) = k3 cos?u + ky sin® u. Equation (3) is called the variational wave equation and has been
widely investigated since it was introduced. Interested readers can all see the related works on
singularity formation [2], existence of dissipative weak solutions [3-5], existence and uniqueness of
conservative weak solutions [6-9], stability and generic regularity of conservative weak
solutions [10-12], and a coupled hyperbolic-parabolic system [13-16].

In [17], Ali and Hunter considered three-dimensional deformations and took the director field n in
the following form:

n = (cos u(t, x), sin u(t, x) cos v(t, x), sin u(t, x) sin v(t, x)),

where u, v are spherical polar angles. Then they obtained that the Euler-Lagrange equations of (1)—(2)

are
Uy — W)y, = ¢y (u)c; (W — a* (), (u)ch(w)v? + a(u)a’ (u) (v,2 - c%(u)vi) ,

2a' 4)
b= v = 2ea)es s, = 2o 2 (v = ).
where
cf(u) = ks cos® u + k; sin® u, c%(u) = k3 cos® u + ky sin® u, a*(u) = sin® u. ®))

System (4) characterizes the propagation of twist waves of nematic liquid crystal molecules. Under the
assumption that the constants k; (i = 1,2, 3) are positive (so that ¢; and ¢, are positive), there exists a
series of results on conservative weak solutions to system (4); see, for example, [18-23].

In this paper, we are concerned with system (4) with degenerate wave speeds c; and c¢;. Specifically,
we consider the case where the bend elastic constant k3 vanishes, which leads to a degradation in the
wave speeds ¢ and ¢;. It may seem strange at first glance that the elastic constants disappear or become
negative. This is mainly because they are required to be positive for the conventional or uniform
nematic liquid crystals, which result in the elastic energy increasing when the director distribution
deviates from its uniform equilibrium state. However, for non-uniform nematic liquid crystals, the
ground state of the director would no longer be uniformly aligned but would be bent, which leads to
the disappearance of or a negative bend elastic constant k3. This characteristic was initially realized by
Dozov [24], and was confirmed subsequently in many works; see, among others, [25-28].

Let k3 = 0 and replace k;, k, with k7, k3 for convenience. Then, (4) with (5) reduces to

2

v (6)

{ Uy — k2 sin® uut,, = k2 sinu cos uu? — 2k? sin’ u cos uv? + sin u cos uv

Vi — k3 sin® uvy, = 4k sin u cos ui,v, — E8Ly,y,.

We particularly point out that, in addition to the degenerate wave speeds k; sin u and k; sin u, system (6)
also contains a singular nonhomogeneous term that exists in the original system (4) and is not caused
by the disappearance of the constant k3. We study the Cauchy problem of (6) with the following
initial conditions:
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u(0, x) = uo(x), v(0,x) = vo(x), u(0, x) = uy(x), v(0,x) =vi(x), x € R,

sinug(x) > 0, lim sinuy(x) = 0.

(7

It is obvious by (7) that problem (6)—(7) is a degenerate Cauchy problem of the nonlinear hyperbolic
system with a singular nonhomogeneous term. Although the degradation and singularity only occur at
infinity, this problem cannot be solved by the previous theory for the strictly hyperbolic system due to
the unboundedness of the coefficients.

The well-posedness of classical solutions to the degenerate hyperbolic equations is one of the
important issues in nonlinear partial differential equations. In [29], Manfrin established the local
well-posedness in the C* class for the one-dimensional degenerate quasilinear wave equation

uy — alt, x, Wu*u,, = £(t, x,u),

with initial data ug, u; € C;7(R"), where k € N*, a(t,x,u) > A9 > 0, and f(t, x,u) are C* functions.
We also refer the reader to [30-32] for some revelent works on C*. In [33], Dreher proved the local
solvability of the p-Laplacian wave equation

6[!” - ax(laxulp_zaxu) = O,

for p > 5 and C} initial data with a large natural number k. The results in [29-32] are based on the
Nash-Moser method, which requires sufficient high regularity on the initial data to cope with the loss
of regularity caused by the hyperbolic degeneracy. More specifically, the following energy estimate
with the regularity loss was acquired:

lullrs + Nl < C (lluollzzsers + Nuallggs-1+2) 8)

where s € R and ry,r, > 0. To obtain the classical solution without loss of regularity, Sugiyama [34]
introduced appropriate weighted L™ estimates on the unknown variables and the Riemann variants to
study the quasilinear wave equation d,u = d,(u**d,u) + F(u)u,. By using the method of characteristics,
he established the local solvability to its Cauchy problem with far field degeneracy and verified that
the solution preserves the initial regularity of the initial data. That means the regularity of the solution
obtained by Sugiyama has no loss. Subsequently, Hu and Sugiyama investigated the local solvability
of the degenerate initial-boundary value problem to the quasilinear wave equation in [35] and the
quasilinear hyperbolic-parabolic coupled system in [36,37].

We also refer the reader to [38—41] for several recent related works to the present study. Specifically,
Gao et al. [39] analyzed one-dimensional wave equations with nonlinear localized damping. They
established decay estimates and proved the existence of a global attractor. In [38], Hu and Zeng studied
singularity formation in a four-field hyperbolic system from magnetohydrodynamics and demonstrated
that smooth solutions can blow up in finite time for certain initial data. Koonce and Metcalfe [40]
considered multiple-speed wave systems and obtained an almost global existence result with sharp
lifespan estimates in the radial case. In [41], Neal et al. investigated the shock formation in 2D
Euler equations and utilized the characteristic method to establish a detailed description of the pre-
shock profile.

For the current degenerate Cauchy problem (6)—(7), to overcome the difficulty of regularity loss in
the solution, we introduce the corresponding singular weight functions and then derive the weighted L™
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estimates on the unknown variables (#, v) and Riemann variants. By using the method of characteristics
and the contraction mapping principle, we establish the local well-posedness of classical solutions for
initial data with a certain degradation rate to infinity. The introduction of a suitable weighted L™
norm guarantees the solution without any loss of regularity. Compared with the previous work by
Sugiyama [34], the main innovation of the paper lies in the fact that the governing system (6) has four
sets of characteristics, +k; sin 4 and +k; sin u, and contains a singular nonhomogeneous term.

Before stating the conclusion, let us first present the assumptions on the initial data. Let 8 > a > 0
be two arbitrary positive constants and denote

(x) = (1 +x%)7.
Assume that for all x € R, the initial functions uy(x), u;(x), vo(x), vi(x) satisfy

(P1) @ 240 < ()" sinup(x) < Ajp,
(Pa) = ky sinug(x) |uf(x)| , kz sin ug(x) [vh(x)] < Azo(x)?, o
(P30) : [y (0], W1 ()] < As{x), ©)

(Pao) : [ [t (x) + ko sin gy (0)]| | 4 [v1 o) + Ko sim g ow (0| < Aso,

where Ay, A}, A0, A3, and As are positive constants. Denote
Ago = Arp + Az,

so we have

|1 (x) £ &y sinug(x)uf(x)|, [v1(x) £ ko sinug(x)vp(x)] < Aso(x)®, VxeR. (10)
Obviously, the assumption (P, ) indicates that system (6) is degenerate and singular at spatial infinity.
By a “degenerate Cauchy problem”, we mean that the wave speeds k;sinu vanish as |[x| — oo, as
indicated by the upper bound in (P;o). The lower bound in (P, ) is necessary to ensure that the
hyperbolic degeneracy occurs only at infinity. The uniform weighted estimates are derived with
respect to the spatial variable x, which guarantees that the local existence time 7 is uniform in x, as
stated in Theorem 1. A typical example of admissible initial data is ug(x) = m/2 + arctan(x), for
which sinuy(x) = (x)~! up to a constant factor, so that the bounds in (P, ) hold with @ = 1. Such
conditions are standard in the study of a single degenerate quasilinear wave equation with a smooth
nonhomogeneous term; see Hu and Sugiyama [35].

A key technical feature of this paper is the weighted L™ framework with the specific weight (x)*
chosen to match the decay structure of the far field degeneracy. The upper bound in (P;y) gives
sinup(x) < Ay 0{x)", while the lower bound ensures that the singular coefficient 1/ sin « is controlled
by the same weight. The choice of (x)“ is precisely what allows the nonlinear terms in the governing
system of Riemann variables to be estimated uniformly in x. The same weight also appears in the
decay assumptions on the initial derivatives in (P,) and (P3yp), linking the degeneracy of the wave
speeds with the regularity estimates for the solution. Thus the weight chosen in this paper is crucial, as
it renders the iteration map contractive for a small time under the weighted L™ norm.

The main conclusion of the paper can be stated in the following theorem.
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Theorem 1. Assume that the initial data satisfy (ug,u;),(vo,vi) € C*(R) X C})(R), the decay
conditions (9), (10), and the compatibility conditions (101). Then there exists a small positive number
T > 0 such that the degenerate Cauchy problem (6)—(7) has a unique classical solution
(u,v)(t,x) € C*([0,T] x R) x C*([0, T]1 X R) on [0, T] X R. In addition, for all (t,x) € [0,T] X R, the
following estimates hold:

P1): Ap < (x)*sinu(t, x) < Ay,

(P2): ky sinu fuy|, ky sinu |vi| < Ay(x)7P, Jug| , [vi] < As(x)77,

(P3): |u, + kysinuuy|,|v, £ ky sinuv,| < Ag(x)7?, (11
Py): 10, (u; £ ky sinuuy)|, |0, (v, = ky sinuv,)| < As,

(Ps): |0; (u; « ky sinuu,)|, 0, (v; £ ky sinuv,)| < Ag,

for some positive constants A; (i = 1,...,6).

Remark 1. Theorem 1 asserts that the solution preserves the regularity of the initial data, that is, its
regularity has no loss.

Remark 2. The existence time of the solution in Theorem 1 is uniform and independent of the spatial
variable x, which is mainly attributed to the derived weighted estimates. If the usual estimates are
employed, the constants A; will depend on the spatial variable x and then the existence time T may go
to zero when x tends to infinity.

The rest of this paper is organized as follows. In Section 2, we introduce the Riemann variants
to transform the second-order equations into a system of first-order equations. Moreover, we provide
some estimates of the characteristic curves in this section. Section 3 is devoted to verifying the main
theorem. We introduce the singular weight function spaces for the degenerate Cauchy problem in
Section 3.1. In Section 3.2, we establish the properties of the solution sequence generated by an
iteration mapping. Finally, we show that the solution sequence is convergent and its limit belongs to
the selected function space in Section 3.3. These conclusions complete the proof of Theorem 1.

2. Preliminaries for the hyperbolic system

2.1. The governing system in terms of Riemann variants

We introduce two pairs of unknown variables as follows:

Ry = u; + k; sin uu,, R, = v, + ky sinuv,,
S1 = u; — ky sin uu,, S, =v, — kysinuv,,
so that
R1+S1 Rl_Sl R2+S2 Rz—Sz (12)
U = ) Uy = ——F, V: = ’ Vx = F———.
' 2 2k sinu’ 2 2k, sinu
Then system (6) can be transformed into a new system of (u, v, Ry, S1,R»,S>):
Ry —kisinuRy, = F1(u, Ry, §2) + G(u, Ry, S 1),
Sy t+kisinuS=Fi(u,Ry,S2) —Gu, Ry, S 1),
Ry —kysinuRoy = Fo(u,R1,S1,R2,S2) + Hu, Ry, S 1, R, S ), (13)
So+kysinuSy = Fa(u,Ry,81,R, S2) — Hu, Ry, §1,R2, S 2),
_ Ri+S _ Ry+S»
U=="75" V=757
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where 1 1
Fy = = sinQu)(Ry = §2)° + & sinu)(Ry + 52)%,

cosu

G=——(R}-5D,

4sinu

3k, cosu cosu (14)
Fr=—F—R =SSR = 82) — =——R + S )R, + §»),

4k, sinu 2sinu

cos u
H= 15 R +S 1R, = S»).

sin u

Let x7(#) and x5 (¢) be the characteristic curves of the equations in (13), that is, x;—.'(t) are the solutions
to the following differential equations:

d | ) N .
d—txjf(t) = +k;sinu(t, xjf(t)), j=1,2. (15)

When we emphasize the characteristic curves go through (s,y), we denote x;—.’(t) by xji.’(t; s,y), that is,
xji.(t; s,y) satisfy that

!
x]i-(t; 5, )=y kjf sin u(T, x;—-'(T; s,y)dr, j=1,2. (16)

In the notation x]i.(-; -, -), the first argument denotes the current time, the second denotes the initial time,
and the third denotes the initial spatial point.
Along the characteristic curves, the equations of (R, S, R,,S>) in system (13) can be rewritten as

d

d—tRl (t, x[(0) = [F1 U, Ry, 82) + G (u, R, S (t, x7 (1)),

d

d_Sl (t, x7(@®) = [F1 (U, R, S2) — G (u, Ry, S1)] (1, x] (D)),

] (17)
a_’tR2 (t,x,®) = [F2 (u,R\,S1,R2,S2) + H(u,R,,51,R>,$2)] (8, x5 (1))

d

d—lSz(f,X;(f)) =[F2(u,R1,S1,R2,S2) — Hu,R,S1,R2, S2)1 (2, x3(1)) .

2.2. Some estimates of characteristic curves
We prepare some estimates for the characteristic curves. Assume that u € C'([0, T'] x R) satisfying
Ag < (x)¥sinu<A;, VY(tx)el0,T]xR, (18)
for @ > 0, where Ay and A, are positive constants. Additionally, we suppose that
0 < kysinulu,| <Axx)™, V(t,x)e[0,T] xR, (19)
for a constant A, > 0. It follows by (16) that
x = kAt = s| < xj (55, %) < x+ kAt = s, (20)

forall s, € [0,7T] and x € R.

Next we show a lemma that ensures a uniform Lipschitz continuity of x7(z;s,y). This lemma is
crucial for verifying that a sequence of characteristic curves satisfies the conditions of the Arzela-
Ascoli theorem.
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Lemma 2.1. Suppose that u € C'([0,T] x R). Let (18) and (19) be satisfied. Then if T > 0 is
sufficiently small, the following estimate holds:

| (133 11, x1) = x5 (643 12, )| < 3(1+ kGAD(x1 = xo| + |11 — 1] + |13 = 1), (21)

fOI"j =1,2, x1, % €R, and t;, 1, 13, 14 € [0, T].

Proof. First, we consider the case where 13 = t, = ¢t € [0,T] and t > #,¢,. From (16) and (18),
we compute

|xji(t; tl’ -xl) - xJi(t3 t29 x2)|

f !
f sinu(r, xj (7511, x1))d7r — f sinu(t, x;j (75 1y, X2))dt

3] 15}

< |xg —x2|+kj

1]
f sinu(t, x5 (7; 1y, X2))dt

15}

< |X1 - X2| + kj

+ k;

J

!
f [sin u(t, x; (T3 11, x1)) — sinu(z, X7 (73 12, xz))] dr

141

< X1 = Xo| + kAL |t — 1]
!
+kjf |sin u(r, x5 (r3 11, x1)) — sin u(t, x5(1; 12, x2))| d. (22)
0

Thanks to (18) and (19), we know that u, is bounded. Consequently, the third term on the right-hand
side of (22) satisfies the following inequality:

'sin u (‘r, x;—-'(T; 1, xl)) —sinu (‘r, x;—-'(r; t, xz))‘

(23)

X% (T50,x1)
f T cosute, yyuy(e,y) dy

<C |X]i~(T; t,x1) = x; (T 1y, X2)| ;
2 (Ti2.x2)

for some positive constant C. Hence we have
|x,i~(l‘; t,x1) — X (6, X2)|

!
<1+ KA (x1 = 3ol + 11 — ) + C f w2 (ri 11, x1) = (23 1, 3| (24)
0

Applying the Gronwall inequality yields

[t xn) = x5t 1, x| < (1+ KA (31 = o] + 111 — 1) e (25)
For sufficiently small T, we obtain ¢’ < 2 and then

o (15 11, x1) = X583 12, %0)| < 201+ KAL) (1 = ol + 181 = 1) (26)

The case for f < t; or t < t, follows similarly and is omitted for brevity.
Next, we consider the case where ;3 # 4 to continue the proof of (21). The left-hand side of (21)
can be written as

x5 (133 11, 1) = X5 (143 12, 1)
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< it x) = X5 0, x0)| + |5 (133 10, X2) = X5 (143 12, 32)|
13
<2(1 + kA (1x1 — ol + |t — 1o]) + & f |sin u(r, x5 (13 12, %2))| dt
2]

L3+ kjAD) (x1 — xo| + [t = B + |13 — 1), (27)
which leads to the desired inequality (21). O

The following lemma is used to show the boundedness of the derivatives of Ry, S, R,, and S .

Lemma 2.2. Let u € C'([0,T] x R). Suppose that inequalities (18) and (19) hold. Then the
characteristic curves x;—.’(t; s, x) are differentiable with respect to x and (')xxji.’(t; s, x) satisfies, with
(t,x) € [0,TI xR and s € [0, T] for small T > 0,

d—‘i@xx;—?(s; t,X) = +k;cos uu,(s, x;—.’(s; t, x))(')xx;—.’(s; 1, X), 28)
6xx;f'(t; t,x)=1,
and
|0.x% (53 1,%)| < 2, (29)
where j = 1,2.
Proof. From (15) and (16), we know that the characteristic curves x;f’(s; t, x) satisfy
%x;—.’(s; t,x) = xk;sin u(s, x;—.'(s; t, x)),
‘ (30)
x;—.’(t; t,x) = x.

Since u € C'([0, T]xR), by the classical theory of hyperbolic partial differential equations (see, e.g., Li
and Yu [42]), we know that x]*.(s; t, x) are differentiable with respect to x. Taking the partial derivative
of (30) with respect to x, we can obtain (28). We now estimate 6xxji.(s; t, x). Without loss of generality,
we consider the case where t > s to show (29). Due to the boundedness of u,, by (18) and (19),

we calculate
|6xx;—7(s; t x)l

1
<1+ kjﬁ |c0s u(t, xj (73, x))| |ux(r, X (T3t x))| 0,x (731, x)| dr 31)
t
<1+ Cf 0xx (73, x)|d‘r,
from which, along with the Gronwall inequality, we gain (29) for sufficiently small 7 > 0. O

3. The proof of the main theorem

In this section, we demonstrate Theorem 1 by employing the contraction mapping principle within
the chosen function space.
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3.1. The function spaces

For 8 > a > 0, we denote

Ap < (x)*sin f(t,x) < Ay, (32)

ki sin f (2, ) | fu(t, 01 < Ag(x) 7P, (33)

ka sinu(t, x) | f(t, )| < Ax(x)7, (34)

filt, 0)| < Asx)7?, (35)

or

f(t, )] < As(x) 7, (36)

[fe(7, )] < Ag, (37

/i, 0 < As, (38)

where A; (j = 1,...,5) are positive constants. We define sets of C ! functions U, V, T,1,Ts1, T2, Tsn
as follows:

U= {f € C; | £(0,x) = up(x) and (32), (33), and (35) hold},

V ={feCl| f0.x) = vo(x) and (34), (35). and u € U hold],

T, =if¢€ C; | £(0,x) = Ry p(x) and (36), (37), and (38) hold},

T, =if¢€ Cli | £(0,x) =810(x)and (36), (37), and (38) hold},

T,,=if¢€ C; | £(0,x) = Ry(x) and (36), (37), and (38) hold},

T, = {f € C,i | £(0,x) = S,0(x) and (36), (37), and (38) hold},

where (ug, vo, R1,0, 5 10, R2,0, S20) € C} X Cp X C} X C} x C} x C, are given functions. In this paper, C,
is a set of continuous and bounded functions whose derivatives are also bounded. Then, we define I1
in the following function space:

N=UXVXT, XT3 XT3y XT;,.
3.2. The properties of the solution sequence
For given functions (i, v, R, S 1, R», S ;) € I1, we consider the first-order linear hyperbolic equations:

Ry, — ki sini Ry, = F1(it, Ry, S2) + G(it, Ry, S 1),
Sy +kisiniuS, = Fi(ii,Ry,S,) — G(ii, Ry, S ),

Ry —kasinii Ry, = Fa(it, Ry, S 1, Ry, 82) + H(it, Ry, S 1, R,, S ), (39)
Sy +kysinii Sy, = Fo(it, Ry, 81,Ry,82) — H(ii, R, S 1, Ry, S),
with the initial conditions
(R1(0, x),51(0, x), R,(0, x), S2(0, x))
=(R10,5 10, R20,S20) € C, X C; X C} X C}. (40)
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We set
!
R
u(t, x) = uop(x) + f ! ; Sl(s, x)ds,
0’R + S S
v(t, x) = vo(x) +f 2 > 2 (s, x) ds.
0

Using the method of characteristics, we find that (39) with C! initial data has a unique and time-global
solution such that R, S |,R,,S, € C'([0,T] x R) for any fixed T > 0. Furthermore, it follows by (41)
that u,v € C'.

Namely, we can define the map
O: M- C'xC'xC'xC'xC'xC',

such that @@, »,R1,S1,R:,82) = (u,v,R1,51,R,S2). We take four positive numbers
AO, A 1,05 A3’0, A4’0 satisfying

240 < (x)7 sin up(x) < @, Vx€eR, (42)
7Rl + S ol < 222, @
[R5l + 11l < 22 @
where j = 1,2 and the constants A, and As will be specified later. Moreover, we assume that
|[xYPky sinuo ug)|,.. |6V ko sinug vi|,.. < By, (45)

for a positive constant B .

In the following, we prove that (u,v,R;,S1,R,,S,) € Il and @ is a contraction mapping in the
topology of L™ for sufficiently small 7. Although the spaces U, V, T, ;, T, ; are not closed in the L*
topology, we shall show that ® maps II into itself in Lemma 3.1 below and ® is a contraction in
the L*-norm in Lemma 3.2. Then we obtain a unique fixed point for the iterative sequence in L.
Moreover, we show in Lemma 3.3 that the limit function still belongs to II. Furthermore, we will
improve the regularity of the limit function to u € C?, v € C?, which means that it is the smooth
solution to the original degenerate Cauchy problem (6)—(7).

Next, we present the following lemmas.

Lemma 3.1. Let (ug, vo, R0, S 1.0, Ro0,S20) € C! X C' x C! x C! x C' x C! satisfying (42)—(45).
Suppose that (i1,v,R,,S1,R,,5,) € II. Then ®(ii,v,R;,5,R»,S>) = (u,v,R;,S1,R»,S,) € II for
sufficiently small T > 0.
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Proof. From the method of characteristics, we can see that the solution of (39) can be written as

Ry (1, x) = R;(0, x;(0)) +f Fi(i#, Ry, S,) + G(ii, Ry, § 1)] (s, x7 (8))ds,

S1(t, x) = $1(0, x7(0) + f [Fl(u R>,85) = G(@, R, S 1) (s, x{(s)ds,
(46)

R2(t’ X) = RZ(O’ x;(())) + f F J I’RZ’ 2) + H(l/l Rl’ Sl’RZ’ 2)] (S Xy (S))ds

SZ(t’ x) = S2(0’ x;(o)) + f [FZ(IZ’ Rl’ S 19R29 52) - H(ﬁ, Rl’ S 1s RZ’ S2)] (S, x;(s))ds’
0
where the characteristic curves for the linear equation (39) are defined as follows:
d , ey .
d—txjf(t) = xk;sinu(t, x; (1), j=1,2,

with initial data x%(#) = x. From this expression, we have that (u,v,Ry,S1,Rs,52) € (C"°. Next,
we divide the proof of the lemma into seven steps. For convenience, we use C(-,...,-) to denote
the positive constants, which may vary across different expressions but exclusively depend on the
parameters specified within the brackets.

Step 1. The estimates of R; and S ;. From (20), if T is small, we have

% < <xj_-(s; t, x)>ﬂ < 2x)P. 47)
From (46), (47), (32), (36), and (43), we have that if T is small,
[CeYPR (2, )|

<2 ||Kx7 (0)Y°R; (0, ')“Lm +

11 _ 1 _
2(x;(s)) f [_Z sin 2ii(R, — S2) + 3 sin 2ii(R, + S5)?
0

1 _
COSM(RZ S%) ds
4 sinit
A30 _ 2ﬂ —2 = = —2 <xI(S)>ﬁ+a —2 —2
<—+ R5+2R,S, + S5+ —————— +S7l|d

A ‘o _ _ _ | - o
< % + f (X (s)* (|Rz|2 + 2IRa|IS | + 182 + ﬁ(mﬂ2 + |SI|2)) ds
o 0

) _ _ _ _
< S0 4 (I Ralfe + 2 Ralleoll Sl + 1SR

; Ao(le)ﬁRl”Lm N ||<x>ﬁS1||Lm)

Az
< T + C(Ap, A3)T < Az =: A3,
2
where C(A, A3) = 4A3 + /A%, and similarly,
KxYPRy(t, x)| < —== ’ 4 C(Ay, A3)T < Azp = A3,
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provided that C(A, A3)T < %. Hence we obtain that

[P R, < As. (48)

Similarly, we have that
[<xS |, < As. (49)

Step 2. The estimates of R;, and S ;.. Denote V; = R;,,,W; = S;, and V; = R;,W; = S ..
Differentiating both sides of Eq (46) with respect to x, we can obtain the governing system of
(Vq, W1, Vo, Ws,). For example, the equations for V; and V, are

Vi(t, x) = Vio(x7(0; 2, x))0,x; (05 2, x)

+ I)t 0,x; (851, %) (Fluﬁx + F1R2V2 + F152W2) (s, x7(s31,x))ds

+ fo t 0.:x7(s:1,%) (Gudty + Gr, V1 + Gs, W1) (5, %7 (531, X))ds (50)
and

Va(t, x) = Vo o(x5 (05 £, x))0,x; (05 2, x)

!
+ f 8)()(?5(.5'; t, X) (qub_tx + 1'72}31 V] + FQS] Wl + FQRZVQ + FZSZWZ) (S, XE(S; t, X))dS
0
!
+ f 0% (511, x) (H,it, + Hy, Vy + Hs, Wy + Hy, Vs + Hs,W5) (s, 3 (s: 1, x))ds, (51)
0

where we denote (Vjo, W;g) = (R'5(), $"0()) for j = 1,2 and 1,,Ig,Is, I = F;,G,H;i = 1,2)

are partial derivatives of I; = I;(u,R,,S LRy, S ») with respect to u, R;, and § ;, respectively. From
Lemma 2.2, we obtain that |8xx;—.’(s; t,x)| is bounded by 2 if T is small. Therefore, by (44), we can
derive that

A ! _ -
Vit x)| < % +2 f |Fruity + Fig, Vs + Fi5,Wa| (s, x7 (511, x))ds
0

f
f
0

From (32), (36), (37), and a < 8, we have the following estimations:

Gty + Gg, Vi + Gs, Wi (s, x7 (53 1, x))ds. (52)

|F1R2V2| + |F132W2| < |F1R2| |V2| + |F152| |W2|

1 -
< Z sin 217[(3S2 - Rz)

V| + ‘%smszz - $5)

Wi
< 2 sina(Ra] + S2(|7a] + )
< 64,1A3A4(x)" P < C(A}, A3, Ay), (53)

where C(AI,A3,A4) = 6A1A3A4.
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In addition,

(G V1| + |Gs, W[ < |G| [71] + |G| W]

cosu | = = cosu

2sinii |R1||V1|+ 2sinii |S ||W1|

(x;jc:m_ W) PA,

A3A4< Y < C(Ao, As, As), (54)

where C(Ag, A3, Ay) := 284,
From (32),(33), (36), and a < B, |Fy,it,| and |G,i1,| can be estimated as

|F1uﬁx| < |F1u| |ﬁx| < |ﬁx|

1 o
7 cos 2ii(—R3 + 6R,S, — §2)

) oy AP
(I ol + 18
8A,A3

38 < C(Ag, Ay, A
A 2 (07 < C(Ag, Ag, As) (55)

and

_ 0 a2\ Ax(x)7P
Ri| +]|S )
2ﬁ(| 1| | ll ki sini

2a A a—ﬂ

< o

(x)2>sin” i1 ky{x)2 sin it
Ao
2/<1A3

G ity < 1Gul iy <

(0¥ < C(Ag, As, As). (56)

Putting (53)—(56) to (52), we obtain

A
Vit 0l € = +2(C(A1, A3, As) + C(Ao, Ar, A3) T
+2(C(Ao, A3, Ag) + C(Ag, A2, A3)) T
A
% + C(Ap, A1, A2, A3, AT < Ay =: Ay, (57)

provided that C(Ag, Ay, As, Az, Ag)T < 2220
Performing the same procedure, we estimate |V,(¢, x)| from (51):

[Va(t, x)|

A ! - 7 0 i
<$+2f |Faudl + For, Vi + Fas, Wi + Fap, Vo + Fas, Wa| (5, 3 (5312, 0))ds
0

!
2[ |Hu17tx + Hg,Vy + Hg, Wy + Hg, Vs + HSZW2| (s, X5 (831, x))ds. (58)
0
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From (32), (36), (37), and a < 3, we have the following estimates:

|F2R1‘71| + |F2S1W1| + |F2R2‘72| + |F252W2|
< |Far | [Vi] + [Fas, | [Wa] + [Fowe| [ V] + [Fos; | | W2

. HSkz cos it (|R2| + |§2|)] (|\71| + |W1|)

4k, sin it (|R2| + |52|) +
“3/@ cos L (IR + |S‘1|)] (171 + [w2])
1

4k1$in17£
<Co— (|Ro] + [S2]) ([71] + [W]) + Co— (IR] +18:1]) (17| + |W2])

(0

= (x)@sinu

cos i

2sini

(|R1|+|§1|)+

2sini

Ax(x)PA; < C(Ag, Az, Ag)(x)"P < C(Ag, Az, Ay) (59)

and
|HR1V1| + |HS1W1| + |HR2‘72| + |H52W2|
< [H, ||| + |Hs, | [Wi] + |Hr, | [ Vo] + [ s, | [ W]
1 - _ _ - 1 - _ _ -
< ——(Ro] + |SDAV] + Wi + ——=((Ri| + |51 (| ] + W)
Sinu Sinu

8(x)®
S (x)sin@i

A(x)PAy < C(Ag, Az, A(x)" P < C(Ap, Az, Ay). (60)

Furthermore, |F,,it,| and |H,i,| can be estimated from (32), (33), (36), and a < 5:

|F2uﬁx| < |F2u| |ﬁx|

3ky 5 o vB < S o s oA
R —S) )R, — 8-+ Ri+S)R,+ S
m sinzﬁ( 1 =SR2 —§2) zsinzL_t( 1+ SRy +S2) ko sind
1 Ay(xy P
sin’ it ky sin@
(x> 2/ =2 Ar(x)* P
(x)2 sin” 000 ki{x)® sin it

< C(Ap, Ay, A3)(xY* ™ < C(Ag, Az, A3) (61)

< |-

<C——(R| + |8 p(|Rs| + [S 2]

and

Ay(x)y P

R +S)D(R, - §>) ST
| sini

it

it < [H| ] < |———
Sin~ u
(x)> _ - A - Ay(x)e P
< ———(|[R(| + |S R+ |SH|)————————
2 s Rl S DAR] + 152D
< C(Ag, A, A3)(xy* ¥ < C(Ag, Az, A3). (62)

Inserting (59)—(62) in (58), we find that
Asp
[Va(2, x)| < -2 F 2(C(Ag,A3,Ay) + C(Ag, Az, A3)) T
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+2(C(Ap, Az, Ay) + C(Ag, Az, A3)) T

Asp

< - 1 C(Ap, A2, A3, AT < Ay = Ay, (63)

provided that C(Ag, A,, A3, Ay)T < 36;"0. Similarly, we have the estimates for Wy, W,:

W12, 0)l, [Wa (2, X)| < As. (64)

Step 3. The estimates of Rj; and S ;. In fact, based on (39), (32), (36), (57), (63), and (64), we
obtain that

IRy(t, )] + IS 1:(2, )|
< kg sin @Ry, + kg sin S 14 + 2 [F1 (@, Ry, S5)| + 2|G(@, Ry, S )|

<kysina (Ryy| + 1S 1.]) + 2

1 _ 1 o
- sin2a(R, — S,)* + g sin2a(R, + S,)?

cosu

+2 (R?-5%)

4sin i

<21+ CAD (Rl +15:f') + ClAo, Ay

<2k A 1Ay + C(AL, A3)(x) ™ + C(Ag, As)(x)*#
<C(Ap, A1, A3, Ay) (65)

and
Ry (1, )] + |S 5,(t, x)|
< lky sin@iRy.| + |ky Sin itS 5] + 2 |Fa(@, Ry, 81, R, 82)| + 2 |H(@, Ry, § 1, Ro, )|

3kycost

4k1 sin it

+2 400.—8”_(1'?1 +31)(Ry - 5,)
Sin u

(0" o )

rsmp (Rl + 1S DR] +152)

<2kyA1A4 + C(Ag, A3)(x)* ™ < C(Ag, Ay, Az, Ay). (66)

Skysini(|Roy| + S 24) + 2

_ _ - _ cosi - _ - _
(Rl—Sl)(Rz—Sz)——2 — R + SR, +52)
sin it

< 2k2A1A4 +C

Then one can choose the constant As such that
[R1:(2, )|, IS 1,(2, X[ 5 [Ros(2, X)[ , 1S 2:(2, )| < As.

According to the above estimates, we have that (R, S 1,R,,S2) € T,1 X T3 X T X T».
Step 4. The estimates of sin u. From (41), (42), (48), (49), and a < B, it follows that for a sufficiently
small T,

‘Rl +S
(x}“sinu(t,x):<x>“sin(uo+ f 1; 1ds)
0

1 o« (IR g
>2Aocos(A3T)—f 0 12|+| ll)ds
0
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>2A( cos(A3T) — A3T<)C>a_’8 > Ay

and

(x)“sinu(t,x):(x)“sin(u0+ f R1+Slds)
0

2

A ") (IR | + A
Bt [ as < B0 a0 < g = A
0

provided that 2 cos(A3T) — 1 > fTZT and A;T < %_

Step 5. The estimates of k; sin uu, and k;, sin uv,. First, it follows directly by (41) that

kysinu|u,| = ky sinu

"Riy+ S 1.
up(x) + f ;dsl
0

2
"Rix+ S,
< kg sinu |u6(x)| + ky sinu f 1Tlds| )
0
From (42) and a < B, we infer that
B < (D" < sin ug(x)
(x) (x) oA,

Thus, from (41), (48), and (49), we obtain

) ) "Ri+ S, ) "Ri+ S,
sin u = sin uy cos ds| + cos ugp sin ds
0 2 0 2

. _ ) sin u
< sinug + AsT(x)? < sinug + AsT oA 0

0

By using (45) and (70), we can estimate the first term in (69) as follows:

C(Ao, A3) sin ug [uf(x)|

oy sinu |ug(x0)| < Ky
< C(Ag, A3)Bi(x) 7 < C(By, Ag, A3).

Next, we estimate the second term in (69):

"Ri + S, "Ry, — S —2G
klsinuf;ds =k, sinuf%ds

0 2 0 2k sinii

"Ry, - S e
<k1sinuf“—,1_’ds+k1sinuf __ds|.

o 2kisinit o kisinu

Since u# € U, it follows from (35) that
i (2, )| < As(x)™.

Integrating this estimate in time gives

la(t, x) — up(x)| < f |i,(s, X)| ds < As(x)P < A T(x)7P.
0

< C(A(), A3) sin Up.

(67)

(68)

(69)

(70)

(71)

(72)
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Using the Lipschitz continuity of the sine function, we obtain

[ sin @i(t, x) — sin ug(x)| < |a(t, x) — ug(x)| < A3T{(x)7P,

which implies the following estimates:

sinug — A3T{(x)? < sin

Hence, with the help of (32), it holds that

X

2 24,

1 AsT
<1- <

i < sinug + AT (x)7P.

(73)

(74)

for small 7. By applying (43), (48), (49), (70), and (74), we can obtain the following estimate:

ky sinu

ft Rlz _,Sl_tds‘
o 2kisini

< k;sinu

R —S
< C(Ag, A3) sin uy | ——

t
1
kalsm dRi =50

2sini
IRi| + 1S4

_Rl,O_SIO f(Rl
2 sin g

|R1,o| + 1810l

S'1)cos it u;
ds

2sin’ it

< C(A(),A3) sin Up ( 2 sini
<

< C(Ag, A3)(x)7

and

ki sinu

< C(A(), A3) sin Ugp f

0
< C(Ag, A3 )(x)** % <

!
G
d
‘[0 ky sin it S

2sin Uy

C(Ao, A3)

L

4k1 Sin2 u

ds

C(Ap, A3z).

Applying (71), (75), and (76) to (69), we obtain

||k1(x) Psinu Uy,

1+ |51|2 )
2sin’ i

(75)

_ 2 =2
R
< kl Sinuft M
0
(IR +[51) o

4 sin® a(x)2

(76)

< C(B1,Ap,A3) + C(Ag, Az) =: As. (77)

The estimation for k; sin u|v,| follows a similar approach to the one described above.
Step 6. The estimates of u, and v,. We can directly derive from (41), (48), and (49) that

eV ] <

and

eyl <

Electronic Research Archive

(OPR +S1)

2

(XPRy+ S2)

2

L®

< Aj

(78)

(79)
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Step 7. The Lipschitz continuity of (u,v,Ry,S1,R,,S5). To complete the proof that
(u,v,R1,51,R>,S,) €11, we need to show that (u,v, Ry, S, R,,S>) is Lipschitz continuous. From (57)
and (63)-(66), we can obviously check that R; and §; (j = 1,2) satisfy the following uniform
Lipschitz estimate:

IR;(2,x) = Ri(s,9)| + |S (2, x) = S (5, )|
< |Rj(t,x) = Rj(s, )| + |Ri(5, %) = Ry(s, p)| + |S &, x) = S j(s5, )| + |S 15, %) = S (5.,¥)|

! X ! X
< f R;i(z, x)| dr + f Rjx(s,2)| dz + f |S e(x, )| dr + f 1S 4(5,2)| dz
K y s y
<2As]t — 5|+ 2A4]x — yI < 2(A4 + As)(|7 — s| + [x — yD. (80)
Next we check that u is Lipschitz continuous. From (78), (67), and (77), we gain

lu (21, x1) — u(ty, x2)| < |u(ty, x1) —u(ty, x| + [u(tz, x1) — u(tp, x2)|

1] X1
<f |Mz(T,x1)|dT+f |y (12, 2)| dz
1% X2

C(A)(xX) P |t — ta] + C(Ag, Ap) |x1 — X3

<
< C(Ag, Az, A3) (It — 1ol + |x1 = x2). 8D

Similarly, we can also show that v is Lipschitz continuous.

The proof imposes several smallness conditions on 7 in Steps 1-4:

A 3A 3A
C(Ao,As)TS%, C(Ao, A1, A, A3, AT < 44’°, C(Ag, Ay, A3, AT < 4“’0,

As Ao
2 AT)-1>—T AT < ——.
cos(AsT) S T ==
Choosing
. : A3,0 3A4,0 3A4,0 Al,O
T := min , , , T, ,
2C(A09 A3) 4C(A09A19A25 A3a A4) 4C(A05 AZa AS’ A4) 2A3

where T, > O satisfies 2 cos(AzT.) — 1 > g—zT*, ensures that all estimates hold simultaneously.

The proof of the lemma is complete. O

Lemma 3.2. Under the same assumptions on Lemma 3.1, @ is a contraction mapping in the topology
of the L™ -norm with small T > 0 and satisfies that

1 2 1 2 Rl R2 g 1 g 2
””( ) I/t( )||L°° ”V( ) "( )||L°° Il (1) (1)||L°° I (1 ) (1)||L°°
Rl RZ g 1 2
| 2( ) 2( )||L°° I 2( ) Sz( )||L°°

1 - - _ _
—(1 =2 =(1 =2 Y] (2) 1 2
< (1 = @ + 150 = PPz + 1R = B Pl + 18" = S Pl

(1 p(2 a (1 a2
+ IR = RP Il + 155" = §Pllz-), (82)
where (u(i), v, R(li), S(li), Rg), Sg)) =0 (ft(i), @, R(li), S(li), R(zi), Sg))for i=1,2.
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Proof. SetI =1V —1® (I =u,v,R,,51,R>»,S>).
Step 1. The estimates of R, and S ;. From (39), we obtain

th — ky sin ﬁ(l)Rlx =F, (ﬁ(l),R;”,S(zl)) - F, (ﬁ(Z),R(;),S(ZZ))
-G (RS -6 (. .57
+k (sin " — sin ﬁ(z)) R

For (¢, x) € [0,T] X R, let x{ (s) := x{(s; 1, x) be defined by

gxf(s) = —k; sin 1V (s, X, (8)),
X[ () = x.

Integrating (83) along x; (s) from O to 7 gives

Rt = [ [F(@RD8Y) - Ry (1R, 52)] 516 ds
0

+ fo t |G (@, RV, 5") - G (a®, R?, 8P| (s, x7(s) ds

t
+ f ky (sin " — sin ﬁ(z)) R(lzx)(s, x,(s))ds.
0
We now estimate the first term of (84):
!
[1F @R 50) - (5, R, 5] as
0

t
< j; (sin2ﬁ(1)—sin2ﬁ(2))(R(21)—S;l))z‘ds

o [ im0 - 52 - (8 - 52 s
!

+ fo (sin 2aV — sin 2ﬁ(2)) (R(zl) + S;l))z' ds

o [ [ 59 - 87 52

Equation (36) suggests that
f[ '(sin 2aM — sin 2L‘t(2)) (1_3(21) + S;l))z' ds
0
!
< [l - a2 (R + [sYN) s < T - a2
0
Additionally, we compute

[

ds

Smlw”“R?iSSWi{R?iSfﬁq
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SCf’ [(|R21)|+|R(22)|) |R(21)—R(22)|+(|§;”| +|§<22)|) |§;1)_S(22)
0

2[5y < R 2052 - s
<CT (IR = R + 185" = 57,0

Inserting (86) and (87) into (85) arrives at

1
[ [ra. 050 P 2.5 s

<CT ([la® - & + 1R = R + 1557 = 557,

For the second term of (84), we have

fot [G (ﬁ(l)’R(ll)’S(ll)) -G (ﬁ(z),l_?(f), S(12))] ds
! =(1) ~(2) B )
<, (i = s () = 61 s

. ﬁ’ :;)isnﬁ;; ([(R(11))2 _ (5(11))2] _ [(R(lz))2 B (5(12))2])ds .

One finds by (36) that
1 (1) =(2)
cosu cosu — 2 _ 2
_ MY _ (gD
j(: (4 sina  4sin ﬁ(z)) [(Rl ) (Sl ) ] ds
Jsin (2 - a0)
(D12 L |g?
<
< Smamamae (R 151 )as
!
<f Cxy# [a® - a®|ds < CT ||a” - a?|| .,
0
and

[ S ey - s e 52 s

< [[ oo [(RY+ R IRY - R+ (517 + P 51 - 517 as
0

<CT (R = &Y. +[I57" = $7]...)

Substituting (90) and (91) into (89) leads to

!
‘ f (G, &Y, 50) - 6@, R, 52)) ds

<CT ([l = | + IR = BY] . + 87" = $7,..)-

(87)

(88)

(89)

(90)

O

92)
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Finally, by (57), one can estimate the third term of (84):

!
f ky (sin iV — sin 12(2)) Rds
0

!
< [Chalsind® - sina®|[R2)] ds
0
1
< f Cla" - a®|ds < CT ||a” - a?|,.. . (93)
0
We put (88), (92), and (93) into (84) to deduce

~ 1 _ _ B . ) )
IR, )|, < = ([ = @) + 7 = @ + R - B -
Sl - s ) o

for sufficiently small 7.

The estimate in (94) is also valid for the terms 7(t, x) (I =u,v,51,R,,S,). Summing these estimates
yields (82). Therefore, we find that @ is a contraction mapping for sufficiently small 7 > 0. The proof
of the lemma is finished. |

3.3. The existence and uniqueness of solutions

In this subsection, we complete the proof of Theorem 1. We show the existence and uniqueness of
classical solutions to the degenerate Cauchy problem, and verify that the solution has no loss
of regularity.

Lemma 3.3. Let the assumptions in Lemma 3.1 hold. For sufficiently small T > 0, there uniquely
exist U, v,R1,S1,R2,S7) € UXV X T,y XTs1 XTryxXTs,r and xf(s) = x}‘f(s;t, X) satisfying the
following equations:

R(t,x) = Ry (0, x7(0)) + f [Fi (u,R2,S2) + G (u,Ry, S ] (s, x7(5))ds,
0

S1(t,x) = 81 (0, x7(0)) + f [Fy (u,R2,S2) — G (u,Ry, S )] (s, x7(s)) ds,
0
t (95)
Rz(l, X) = Rz (O, X;(O)) + f [F2 (M,R],S],RZ,SQ) + H(M,Rl,Sl,RQ,Sz)] (S, )CE(S)) dS,
0

!
SZ(t’ X) = SZ (O’ x;(o)) + f [F2 (M’RI,SI,R27SZ) - H(M,RI,SI,RZ,SZ)] (S’ x;(s)) ds
0

and

"R "R
u = uog(x) + f ! ;Sl(s, x)ds, v =vo(x)+ f 2 ; Sz(s, x)ds. (96)
0 0

Moreover, the characteristics x]i.(s; t, x) satisfy
S
Xi(st,x) = x+ kjf sinu(T, x; (T3t x)) dr, j=12. 97)
t
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Proof. We fix K > 1 arbitrarily. From Lemma 3.2, we can define a sequence
{un’ Vs Rl,n’ Sl,n» R2,na S2,n}n€N eUXVX Tr,l X Ts,l X Tr,2 X TS,Z’

such that
(un+l’ Vi+l ,Rl,n+l, S 1,n+1 ,R2,11+] ) SZ,n+l) = (Mna Vn’Rl,n’ S 1,ns RQ,n, S2,n) )

with the initial term (ug, Vo, Ri0,S 10, R20,520).  According to Lemma 3.1, we know that
(U, Vs R1jps S 1.01s Rons S 2.,0) converges to a vector function (u, v, Ry, S, R,, S ) in the topology of L™.
For each n € N, define the characteristic curves x;—.'n(s; t, x) associated with u, by

X (80, x) = x + kjf sinu, (1, x7,(75 ¢, X)) dr,  j=1,2. (98)
t

These curves are uniquely defined on [0, T'] for every (¢, x) € [0, T] X R. We now prove the convergence
of the characteristic curves. Fix K > 1. Consider the sequence of functions

(5,1, %) > x7,(s3, %), (s,2,x) € [0,T]x[0,T] X [-K, K].

By (20), this sequence is uniformly bounded. Moreover, it is equicontinuous in each of the three
variables: equicontinuity in s follows from the uniform bound Iﬁsx;fnl < kjA;, equicontinuity in x
follows from Lemma 2.2, and equicontinuity in 7 follows from Lemma 2.1. Therefore, by the Arzela—
Ascoli theorem, there exists a subsequence, depending on K, that converges uniformly on [0, T'] X
[0,T] x [-K, K] to some limit x;f'(s; t,x). To eliminate the dependence on K, we apply Cantor’s
diagonal argument. For each m € N, choose a subsequence that converges uniformly on [0, 7] X
[0,T] x [-m,m]; taking the diagonal subsequence yields a single sequence, still denoted by xin, that
converges locally uniformly on [0,7] X [0,7T] X R to x;?(s; t, x). Passing to the limit n — oo in (98),
using the local uniform convergence of xin and the convergence u, — u in L™, we obtain that x;—.'
satisfies

x;_-r(S; fLx)=x+ kjf sinu(t, x; (131, x)) dT, j=12.
t
Furthermore, by (80)—(81), as n — oo,
(s Vis Ris S 1.0 Ros S 2.0) (8, x5,(8)) — (u, v, Ry, S 1, Ry, S2)(2, X7(2)).

Consequently, passing to the limit in the integral representation for the n-th approximation yields (95)
and the characteristic curves satisfy (97).

Now, we confirm that (4, v,R,,S1,R2,52) € U XV X T,; X Ts1 X T, X Ts,. Since the estimates in
Lemmas 3.1 and 3.2 are uniform in n, they pass to the limit. From the Lipschitz continuity,
u,v,R1,51,R,, S, are differentiable almost everywhere. Performing the same way as in the proof of
Lemma 3.1, we can achieve

ki sinu(t, x) lu(t, X)|, ky sinu(t, x) [vy(t, x)

| < Ax(x)7?, 99)
lua (2, )|, [vi(2, 0| <

Az(x)7P. (100)
Thus we haveu € U andv e V.
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To demonstrate the boundedness of R;, and § ;,, one differentiates (95) with respect to x to acquire
Vi(t, x) = Vio(x1 (051, x))0.x1 (05 1, x)

!
+ f 0. X, (551, %) (Fryuy + Fig, Vo + Fi5,W,) (s, x{ (851, X))ds
0
!
+ f 0. X, (551, %) (Guy + Gg, Vi + Gs, Wy) (s, x7 (53 1, x))dSs,
0

where (V, Wi, Vo, W) = (R4, S 14, Roy, S2,). Using the same argument as in the proof of (52) and (58),
we can obtain the boundedness of V; and W;. The estimates of R, and S ;; can be shown by similarity
as in (65) and (66). Thus it concludes that (v, v,R;,S1,R2,82) € UXV X T,; XTs1 X T2 X T, The
uniqueness can be shown in the same way as in the proof of Lemma 3.2. The proof of Lemma 3.3
is complete. O

In the discussions so far, we do not assume any relations between uy, vy , R;o, and S ;9. To show
that (u, v) in (96) is a solution of (6), we suppose that

Rip—S10 _Rip+ 510

4 Rop—S20 _Rop+ 529
- 1= —_— _—
2k sinug 2

, = 101
2k sin uy Vi 2 (101)

U = L V=
Moreover, we shall improve the regularity of the solution if (i, u), (vo,v1) € C*>x C'. The following
lemma completes the proof of Theorem 1.

Lemma 3.4. Let the assumptions in Lemma 3.3 hold. We further assume that (uy, uy) and (v, vy) are
in C* x C}ﬁ and satisfy (101). Then the functions u and v defined in (41) are C* on [0, T] x R and form
a classical solution to the degenerate Cauchy problem (6)—(7).

Proof. From the Lipschitz continuity of R, S, R,, S », these are differentiable almost everywhere and
satisfy that
Ry —kisinuR, = Fi{(u,R>,S7) + G(u, R, S 1),
S], + kl sin MS]x = F](M,Rz,Sz) - G(M,Rl,Sl),

Roy — ko Sin uRay = Fa(it, Ry, S1, Rs, S2) + H(uw, Ry, S 1, Ro, ), (102)
So+kysinuSo, = Fo(u, R, S1,R,S2) — Hu,R;,S1,R,, S>).
Since u is also differentiable almost everywhere, we differentiate (41) to obtain
"Ry + S s R +S
ly = u;)(x)+f s, o= —— (103)
0 2 2
From the first and second equations of (102), one has
1
Rix+S1, = (Ri; =81 —2G(u, Ry, S 1)) . (104)

ki sinu

Thus, by (101), (103), and (14), we can compute that

"Rix+ S,
Uy = uy(x) + f —b TP
0 2
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1 tR][_S]t_ZG(’/l R] S])
— +— ’ D) d
(%) 2f0 ki sinu *

1 1 1 (" cosu(R?-S%)
=u (x)+ = —d(R, - S ——f ——  —ds
0(X) 2](; ko sing (R —S81) 2k sina

-S1 Rip—S1p f(Rl 1)COSM utd]
s

ki sinu k1 sin ug ky sin® u

1 f’ cos u(R? - 2)
2Jo 2k sin*u

t 2 _ Q2
= upy(x) + % i; s_insul — 2uy(x) + jo‘ %ds]
1 ("cosu(R?>-S?

_Eﬁ 2kfsi1n2u —ds

R -S
- 2](11 sin;. (105)

Similarly, it follows that
R,-S
- 2](22 Sil’lit- (106)

Combining (102), (96), (105), and (106), we acquire that the functions (u,v) satisfy (6). Finally,
applying Theorem 4 in Douglis [43], one can obtain the continuity of W; = R, and V; = §, for

= 1,2. Thanks to the equations of R; and S; (j = 1,2), we conclude that R;; and § j, are also
continuous, which lead to the continuity of u,,, u;, u; and v,,, v, v,. Therefore, we have that u,v €
C*([0,T] x R). o

Now, we have completed the proof of Theorem 1.
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