GLOBAL SOLUTION TO A NON-LINEAR WAVE EQUATION OF
LIQUID CRYSTAL IN THE CONSTANT ELECTRIC FIELD

LINJUN HUANG

ABSTRACT. We construct a global conservative weak solution to the Cauchy problem for
the non-linear variational wave equation vy, —c(v)(c(v)vy )z +3g(v) = 0 where g(v) is defined
in (2.5) and ¢(-) is any smooth function with uniformly positive bounded value. This wave
equation is derived from a wave system modelling nematic liquid crystals in a constant

electric field.

1. INTRODUCTION

1.1. Physical background.

In this paper, we study a wave equation modelling the nematic liquid crystal in one space
dimension with electric field applied. In the nematic phase, the orientation of the molecules
can be described by a field of unit vector n(z,t) € S?, the unit sphere. The famous Oseen-
Frank potential energy density W associated with the director field n is defined by

W(n,Vn) =aln x (Vxn)]*+ B(V-n)’+7y(n-V xn)?

where a, f and v are positive elastic constants of the liquid crystal. « represents the splay
phenomenon of the nematic liquid crystal, g represents the bend phenomenon, and ~ rep-
resents the twist phenomenon. When the kinetic energy are neglected in studies of nematic
liquid crystals, by variational principle, we obtain an elliptic partial differential equation [11].
When we include the kinetic energy on modelling the nematic liquid crystal in one space
dimension without any fields applied, we can formulate it as a non-linear wave equation
which is derived in [7]:
(1.1) uy — c(u)[c(u)uzle =0,
with smooth function wu.

We study the nematic liquid crystal under the a constant electric field with the electric

energy density described by

1 1 1
tectric = ——P - E = ~pE? + —(E - n)?
Jetee 2 2 3B -n),

where P is the polarization, E is the electric field. We assume that the applied field is neither
parallel nor perpendicular to n. ¢ and 7 are positive constants related to permittivity and

dielectric constants [12].

1.2. Known results.

For the equation (1.1), Glassey, Hunter, and Zheng |7] showed that the smooth solutions
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develop singularities in finite time. Also, Zhang and Zheng [19] studied that under weak
conditions on the initial data which allow the solutions to have blow-up singularities and
they established approximate solutions with estimates along precompactness using Young
measure methods.

Our main reference is [5]. For the Cauchy problem for (1.1) with initial data u(0,x) =
uo(z), u(0,2) = uy(z), Bressan and Zheng [5] proved the existence of a conservative weak
solution by method of characteristics. They constructed conservative weak solution by in-
troducing new sets of dependent and independent variables and showed that the solution
can be obtained as the fixed point of a contraction transformation. See also [8]. Compared
with [5], our energy equation has new terms from the applied electric field. These terms can
be expressed as G(v) where G(v) is defined in (2.6). To solve this problem, we need to do
some modification on the proof in [5] based on the observation that v € H! and G(v) is the
lower order term in the energy equation.

For the Cauchy problem for (1.1) with initial data, Bressan, Chen and Zhang [3] proved
the uniqueness of conservative solutions. Brassan and Huang [4] constructed dissipative so-
lutions for ¢ > 0 relying on Kolmogorov’s compactness theorem. Zhang and Zheng studied
the existence and regularity properties of classical and weak solutions using the Young mea-
sure theory in |18] and proved the global existence of weak solutions in |20]. For C? initial
data, Bressan and Chen [1] showed that the conservative solutions are piecewise smooth in
t-x plane. In |2|, Bressan and Chen constructed a metric that renders the flow uniformly
Lipschitz continuous on bounded subsets of H!'(R). Zhang and Zheng [21] studied the ex-
istence of global weak solutions to the initial value problem (1.1) with general initial data
(w(0),u(0)) = (ug,uy) € Wh? x L? with wave speed satisfying /(-) > 0 and ¢ (ug(-)) > 0.

For a wave system modelling nematic liquid crystals in one space dimension, Chen and
Zheng [6] studied the global existence and singularity formation. Huang and Zheng [9] es-
tablished the global existence of smooth solutions. Zhang and Zheng [13] constructed a weak
global solutions to the Cauchy problem for a system of two variational wave equations on the
real line and [14] showed the global weak solutions to the initial value problem for a complete
system of variational wave equations modelling liquid crystals in one space dimension.

[10] shows that the weakly nonlinear unidirectional waves satisfying (1.1) are discribed

asymptotically by
1
(12) (ut + unux)m = §nun71<uz)2;

derived by Hunter and Saxton via weakly nonlinear geometric optics. In [15]-[17]|, Zhang
and Zheng studied the global existence, uniqueness, and regularity of the dissipative and

conservative solutions to (1.2)(n = 1,2) with L? initial data.

1.3. Main theorems.

Our main results are stated as follows. For the nematic liquid crystal under electric field,
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we obtain a Cauchy problem
1

(1.3) vy — c(v)(e(v)v)s + 59(v) =0,
with the initial data
(1.4) v(0,2) = vo(x), v:(0,2) = vy(x),

and g(v) is defined in (2.5).
For the smooth function ¢(-), we assume that ¢ : R — R™ is a bounded and uniformly

positive function.

Definition 1.1. The definition of weak solution.
We say that for all test function ¢ € C!, the function v € H' satisfies the following

integral:

(1.5) / drvp — ()P [c(v)v,] — %g(v) dxdt =0,

is a weak solution to the equation (1.3).

Definition 1.2. The definition of energy conservative weak solution.
For v; and vy defined in (1.4) and G(v) is defined in (2.6), we define the ground state

energy & as:

(1.6) £ = % / [03(@) + @ (u(a)) [ (@)]s + Clun(a)) } .

The function v € H' is a energy conservative weak solution if it satisfying

(1.7) Et) = %/ {vf(t,m) + A (v(t, 2))vi(t, z) + G(u(t, x))}dac =&,

for almost every t € R.

Theorem 1.1. Assume that c: R — [K™1 K] is a smooth function for some K > 1. vy(x)
and vi(x) are stated in (1.4). Also assume that the initial data vo(x) is absolutely continuous,
(vo(x)), € HY, and vi(z) € H'. Then (1.3)-(1.4) can be considered as a Cauchy problem
admitting a weak solution v(t,z) defined for all (t,xz) € R x R. Moreover, in the t-x plane,

v(z,t) is locally Holder- L continuous. For all 1 < p < 2, the map t — v(t,-) is continuously

p

differentiable with values in L.

to L? distance. So, for allt,s € R,
(1.8) [o(t, ) — (s, )2 < LIt — .
For all test function ¢ € C}, the equation (1.3) satisfies (1.5).

The weak solution v(t.-) is Lipschitz continuous with respect

Theorem 1.2. A family of weak solutions to the Cauchy problem (1.3)-(1.4) can be obtained
with the properties:

(1.9) E(t) < &.
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Let a sequence of initial condition satisfies:
1(vg () — (vo(2))zl2 = O,
[o1 (z) — vi(2)]|22 = 0.

Also, u" — w uniformly on bounded subsets of the t-x plane and v — vy on compact sets as

n — O0.

Theorem 1.3. There exists a continuous family of positive Radon measures {u; : t € R} .
This family of positive Radon measure is defined on the real line and it satisfies the following
properties:

(1) 1 (R) = & for any time t.

(11) With respect to Lebesgue measure, the absolutely continuous part of p; has density %(vf—l—
A (v)v2 + G(v)).

(i1i) The singular part of p; has measure zero on the set where ¢ (v) = 0.

The paper is organized as follows. In section 2, we derive the energy equation and introduce
a new set of dependent variables. Based on those dependent variables, we formulate a set
of equations in terms of the new variables. This set of equations is equivalent to (1.3). In
section 3, we use a transformation in a Banach space. In the transformation, we find the
suitable weighted norm. This shows that there is a unique solution to the set of equations
in terms of the new variables. In section 4, we show that the integral (1.5) holds and the
Hélder- continuous condition holds. In section 5, we show that (1.9) holds and the Lipschitz
condition on the map ¢ — v(t, -) and provide a proof of Theorem 1.2. On section 6, we study
the maps of t — wu,(t,-) and t — w(t, -), and complete the proof of Theorem 1.1. We provide

a proof of Theorem 1.3 in section 7.

2. VARIABLE TRANSFORMATIONS

2.1. Derivation of (1.3). Equation (1.3) has some physical origins. In the context of

nematic liquid crystals, we introduce the famous Oseen-Frank potential energy density W is

given by
(2.1) W(n,Vn) =aln x (Vxn)>+ B(V-n)> +~(n-V x n)?.
As stated in [12], in a electric field, the electric energy of the liquid crystal per unit volume
is given by
1 1 o, 1 5
(22) felectric = _§P ‘B = §SOE + §U(E : Il) .

We discuss that when the electric energy is low when the applied electric field is normal
to the liquid crystal director. And ¢ and n are some positive constants related to the
permittivity so that (2.2) is equivalent to |n - E+|?> + 1. And we denote E* as a vector such
that E - E+ = 0 and E* = (1,0). So, the electric energy can be described as |n - EL|2. By
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the property of the potential energy, the action can be describe as

S = // > — W(n, Vn) — |n- E*|*dz dt

By plug in n = (cosu, sinu), the action can be describe as:
(2.3) S = // u? — (c(u))*u? — (cosu)?dz dt.
We let v =u — g so that cosu = sinv. By the principle of least action,

55 =0 = / / S[o? — (c(v))202 — (sinv)2)da dt.

A straightforward computation shows that

(2.4) vy — c(v)(c(v)vy) . + @ =0,
where
(2.5) g(v) = 2sinwvcosv.

And define G(v) as two times the anti derivative of g(v) ,
(2.6) G(v) = 2(sinv)?,

2.2. Derivation of the energy equation.

From (2.4), we can compute that

/vtvtt — ve(v)[e(v)vg]e + g(;)vtdw =0

(2.7)
1 A (v)v? 1
And from (2.7), the energy equation can be described as
1
(2.8) E = 3 (vf + A (v)vl + G(v)).

2.3. Variables transform. In this section we derive identities that holds for smooth so-
lutions. The variable transformations are inspired by Bressan-Zheng [5]. We first denote
variables:

R = v + c(v)vy,
(2.9) e+ elv)

S = v — c(v)v,.

Thus, we can write v; and v, as follows

R+ S
U=
2.10
(2.10) R_&S
Vy =
2c
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By (1.3), the following identities are valid :

/

Sy ey = (87— RY) - %g('z}),

(2.11) y ’
R =SR2
R; — cR, = 4C(R S9) 29(1}),

by the following calculation
Ry — cR, = (vy + cvg)y — c(vp + cvg)
d o 2
= —(R* = 57).
o(0) + (R~ 5

We can compute S; 4 ¢S, in the similar way to get (2.11) and denote energy and momentum

as
2 | Q2
(2.12) E = % (vf + )l + Gv)) = d ZS + Gév),
S2 o RZ
(213) M = — VU = 4—C

The analysis of (1.3) has a main difficult that the possible breakdown of the regularity
solutions. The quantities v, and v; can blow up in finite time even with smooth initial
data. Thus we need to introduce a new set of dependent variables to deal with the possible

unbounded value R and S:

(2.14) w = 2arctan R, z = 2arctan S.
Thus
w z

(2.15) R = tan <§> : S = tan <§> .
By (2.11),

2 dR*—5% gv)
2.1 — = — = _ _
(2.16) we—ews = (e —che) = 5 9 — T

2 d S*—R*  g(v)
2.1 y=— L) = — - .
(2.17) 2 +cz 1—|—SZ(St+CS) i1 1+

In order to reduce the equation to a semi-linear system, we need to have a further change

of variables. The forward characteristics equation and the backward characteristics equation:
it =c(v), 1 =c(v).
And we denote the characteristics lines pass through the point (¢, z) as
s—at(s,t,x), s— a2 (st,x).

So we can use a new coordinate system (X,Y’) to represent point (¢,z) by

z~(0,t,x)
(2.18) X ::/ (1+ R*(0,z))dz,
0
0
(2.19) Y = /+(0 (14 50,2
T ,t,x
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Cx7(s 6 x) x*(s ¢ x)

X

FI1GURE 1. The characteristic curves.

(2.18) and (2.19) implies that
(2.20) X; —c(v) X, =0, Y+ c(v)Y, =0,
(2.21) (X = (c0)X)e =0, (Vo) + (c(0)Ya)e = 0.

Thus, given any smooth function f, by using (2.20),

Je+ () fo = 2c(v)Xa fx,
fr =) fo = 2¢(v)Ye fr.
From (2.20), X; + c(v) X, = 2¢(v)X,. To get (2.22) we compute directly

fi+c)fe = [xXe + 1Y +c(v) fx X +c(v) fyrYe = (Xi 4+ c(v) Xy) fx = 2¢(v) X fx,
ft - C(U)fw = fXXt + fYY; - C(U)fXX:r - C(U)fYY:r = (Y;ﬁ - C(”)Yw)fY = 2C(U)Yasz-

Introducing new variables

(2.22)

1+ R® 1+ 5
(2.23) B i
From (2.23),
1 P 5, w,  p(l+4 cosw)
224 TR TR T
' 1 5,2, q(1+cosz)
_m:1+52:qcos(§):—2 )
By applying (2.16)-(2.17) to (2.17),
1+ 52 d R*—5*  g(v)

Wy — CW, = 2C Wy

T2 1+ R I+ R
1+ R dS2-R g(v)

Ry

2zt +czy, = 2c

P 21452 0 1457
Thus, wy and zyx can be write as
_dR-5* ¢ qg 1 g)
TR TR 1+ 82 201+ 521+ RY
d S*—R* p p 1 g
ZX - —

T4 1+ 52 1+ R 201+ 521+ R
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S0
/
wy = 862(Cosz—Cosw)q—8ig( v)(1 + cos z)(1 + cosw),
(2.25) /C
Zx = c —(cosw — cos z)p — £g( )(1 + cos z)(1 + cosw).

8c?
By using (2.21) and (2.24),

8c

= b = 5 2R(R = cRy) = (X — o X))+ )
d p 2 2 p
- Q—CHRQ[S(HR )= R+ 53] - L Ry(v),
0+ e = —-25(51 = ¢5,) = — (V) +e(-Y) )1+ 5)

_i/ q 2y 2y 4
—261+52[R(1+S) S(1+ R%)] 1+S2Sg(?}).

By applying (2.22),
P — CPe = —2¢Yopy,

g + gz = 2cX,qx.

And thus,
(00— ep) =5 = (90— Py
= — C e ) ———— — — C ) — =
Py bt —¢p oY, Pt —¢p 21+ 52
d 1
= @[Sinz — sinw|pg — 5P sinw g(v)(1 + cos z),
1 1 »p
qx = (¢ +c %:)2 X, = (@ + qu)%m
d 1
=32 — [sinw — sin z]pq — 5P sinz g(v)(1 + cos w).
So, the following identities hold:
d 1 ,
Py = g3 —[sin z — sinw|pg — P4 sinw g(v)(1 + cos z),
(2.26) , 1
qx = 862 [sinw — sin z|pg — 5P sinz g(v)(1 + cosw).
Also, we plug in f = v into the equation (2.22) and get
B p 1 w o w1
. vx = (v + cvx)%m = %(tan 3 cos §)p = p4—c sinw,
' 1 1 1
vy = (v — cvg) — T __ —(tan z cos? z)q = g—sin z.

21452 2 2 2 4c
Combining (2.25), (2.26), and (2.27), we obtain a semi-linear hyperbolic system from the

non-linear equation (1.3). This system uses X, Y as independent variables with smooth
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coefficients for the variables v, w, z,p, q
/

Wy = 0_2(0082 — cosw)q — ig(v)(l + cos z)(1 4 cosw),
(2.28) 5 5
' d P
zx = @(COSU} —cosz)p — @9(“)(1 + cos 2)(1 + cosw),
/
Py = %[Sinz — sinwlpqg — —pgsinw g(v)(1 + cos z),
(2.29) 5 Slc
4x = @[Sinw —sinzlpg — mpgsin 2 g(v)(1 + cosw),
_ P
Vx = 4—CSIH1U,
(2.30)

q .
vy = —sin z,
4c

The system (2.28)-(2.30) should have non-characteristic boundary conditions related to
(1.4). From (1.4), vy and v; determine the initial values of R and S at time ¢t = 0. We denote
the curve «y as the line in (X,Y) plane at time t = 0, say

Y =p(X), XEeR
And Y = ¢(X) if and only if for some z € R,

X = /x(l + R*(0,z))dz, Y = /0(1 + S%(0, 7)) dw.

By the assumptions of the Theorem 1.1, vy € H',v; € H'. This implies that R € H! and

S € H'. Moreover, in this case, we let

(2.31) & = i/[RQ(O,x) + S%(0, z)]dr < oo.
Thus,
(2.32) X(z) = /Oz(1 + R*(0,y))dy,  Y(x) ::/ (14 5%(0,y))dy.

are absolutely continuous and well defined functions. Further more, by observing (2.32), X
is increasing and Y is decreasing. So, we conclude that the map X — (X)) is continuous

and decreasing. And from (2.31),
| X 4+ o(X)| < 4&.

Since (t,x) € [0,00) x (—00,00), so our new independent variables (X,Y) € QF, and the

domain is defined as
QF = {(X,Y):Y > p(X)},
along the curve

7 ={(XY) Y = (X))}
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w = 2arctan(R(0, 7)),
(2.33)
z = 2arctan(S(0,x)),

(2.34) {

(2.35)

L,
1

QI
Il

0(.1')

1]
4

3. CONSTRUCT THE INTEGRAL SOLUTION

We prove the global existence and uniqueness for the semi-linear system (2.28) - (2.30) in

this section.

Theorem 3.1. If the assumptions of Theorem 1.1 holds, then the semi-linear system (2.28)
- (2.30) with the boundary conditions (2.33) - (2.35) has a unique solution for all (X,Y) €
R x R.

We construct the solution on the region Q which is the case that Y > ¢(X). The proof of
the solution on the Q= which is the case that Y < ¢(X) can be construct in the similar way.
We show the Lipschitz condition for the system (2.28) - (2.30). To make sure the solution
is defined in the region QF, we need to construct some priori bounds. So that we can show
that p, q are bounded. The Lipschitz condition can be derived as follows. From the energy

conservation equations (1.7), (1.6) and the assumption that v € H!, we denote the following

constants:
(v)
Ci = sup < o0,
' v(z,t)ER 462(1})
(3.1) Ky = sup/G(v)dw < 00,
£>0
Ko ==sup |g(v)| < oc.
x,t

The variable transformation from (x,t) to (X,Y) changes the independent variable of v not
the dependent variable. Thus the boundedness of K; and K, remains.
From (2.29),

% (G(v)q(1+ cosz)]y + % [G(v)p(1 + cosw)]y

1 c
— 303

c

qx +py =
(3.2)

/

1
(sinw — sin z)(cos z — cos w) (— + 1).
c

We construct a closed curve ¥ for every (X,Y) € QF with the vertical line segment connect
(X,Y) with (X, (X)), the horizontal line segment connect (X,Y) with (¢7'(Y),Y), and
a part of the boundary v =Y = ¢(X) connecting (X, p(X)) with (¢o71(Y),Y). The closed
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Y
. I3 X, Y)
(~'(M),Y)
2 I3
L
X
X, (X))
Y

FI1GURE 2. The closed curve X..

curve ¥ =T'; + ', + 5. From (3.1), we compute // qx + pydA = /—de + /qu
and denote that

(3.3) // qx + pydA = /—de+/qu,

(3.4 Qx 1= 5 (GO + cos2)]

(3.5) Py = % [G(v)p(1 + cosw)ly,

(3.6) £ = G(v)gc—;(sinw — sin z)(cos z — cosw) (% + 1) .
So

// py+quXdY:/—de+/qu
Q b b

1
_ / / Ox + Py — ~€dXdY,
Q 2
By Green’s Theorem,
1
/—de+/qu:/—PdX+/QdY——//§dXdY
b ) b ) 2JJa
1
—//ﬁdXdY:/p—PdX—i—/Q—qu,
2JJa b b

= / p— @p(l + cosw)dX +/ —q+ @q(l + cos z)d X.
) )

Thus,
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Since X =I'y 4+ 'y + I's is a closed curve, so we compute the integral of I'; directly and in
the way Fl = —(FQ + Fg)

(3.7) / 1- #(1 + cosw)dX + / -1+ @(1 + cos z)dY,
Fl Fl
and from (2.24)
2 2
X = — = dz, dY = — g
1+ cosw 1+ cosz
Thus (1 + cosw)dX = 2dzx, and (1 + cosw)dY = 2dx.
So (3.8) becomes
/ 1- @(1 + cosw)dX—l—/ -1+ %(1 + cos z)dY
ry 2 ry 2
<2(|X| + Y]+ 4&) + K;.
And also,
/ 1- @(1 + cosw)dX—l—/ -1+ @(1 + cos z)dY
T 2 r) 2
K
<0-Y +o(X)+ 5
/ 1- %(1 + cosw)dX+/ -1+ %(1 + cos z)dY
Ty 2 T 2
K
§<p_1(Y)—X—0+71.
As a result,
be Y
B8 [ At [ g yay < (x| Y]+ 48) + K
1Y) w(X)

By observing the boundary conditions (2.33) - (2.35), p,¢ > 0. And by (2.29),

1 /
Py = 2Pa {S[sinz —sinw] — sinw g(v)(1 +COSZ)} ;
c c

Y 1 ¢
p(X,Y) =exp {/ —c—[sinz —sinw] — sinw g(v)(1 + cos 2)q(X, Y’)dY’}
p(x) Be

Y
< e:cp{cn / a(X. Y’)dY’}
®

(X)
< exp{ 201(|X| + [Y] + 4&) + CLKL }
Similarly, we have
q(X.Y) < exp{ 2C,(|X|+ [Y] + 4&) + C1 K1}

Now, we show that on any bounded sets in X-Y plane, we can construct the solution for
the system of the equations (2.28) - (2.30) with boundary condition (2.33) -(2.35) by the

fixed point of a constructive map. For any r > 0, we can construct a bounded domain

Q ={(X,)Y): Y <p(X),X <Y <r}
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And also introduce the function space :
(3.9) A ={f: Q=R |f]s = esssup e EE) (X V)| < o0}
(X,Y)eQ,

Where K is a suitably big constant and it will be determined later. And for (w, z,p,q,v) €

A, we construct a map 7(w, 2, p, q,v) = (0, Z,p,q,0). And this map is define as follows.
(3.10)

w(X,Y) =w(X,p(X)) + f CQ (cosz — cosw)q — &£ g(v)(1 + cos z)(1 + cosw)dY,

) 8
FHX,Y) =z2(p7(Y),Y) + f(p,l(y) 8%(cosw —cos2)p — & g(v)(1 + cos z)(1 + cosw)d X,

pX,Y)=1+ f;x) =4 {%[sinz — sinw] — sinw g(v)(1 + cos z) } dY,

(3.11)
X, Y)=1+ f;il(y) =14 {%[sinw — sin z] — sin z (g(v)(1 + cosw) } d.X,
Yol
(3.12) (X, Y) = B(X, 0(X)) + / L gin 2qay.
p(x) €

We want to prove the uniform Lipschitz condition by showing that ®, is a contracting map.

First, we define
b, =A, xA xA, xA, xA,.

For some properly chosen distance D : &, x &, — R, we want to show that

D((wy, 21, P1, G1, V1), (Wa, Z2, P2, G2, V2)) < L X D((w1, 21, p1, q1,v1), (W2, 22, P2, @2, v2)).
The Lipschitz constant L satisfies L < 1. In fact, we define the distance as:

D((wy, 21, P1, 1, 01), (W2, Z2, Pa, G2, U2)) = max{ || — s« , |21 — 2« ,

191 = Pall« s [l@r — @alls » |01 — a[.},

and the norm || - ||« is defined in (3.9).

M, where C(&y, K) is a constant

depends on & and K. By choosing K sufficiently large, we can guarantee L < 1. Hence, the

A straightforward computation shows that L =

uniform Lipschitz condition is proved. By the fixed point theorem, the solution in the X-Y
plane exists and is unique. ([l

If the initial data in (1.2) are smooth, then the solutions of (2.28) - (2.30) with boundary
condition (2.33) - (2.35) are smooth functions with variables (X,Y’). Also, if there is a

sequence of smooth functions (v§*(z), v{*(2))m>1 with the following conditions:

v () = vo(@) , "(2) = vi(@), (05" (2))e = (v0(2))a,

uniformly on a compact subset of R. Then

m m m)

(™, ¢" w™, 2" v (p,q,w, z,v),

uniformly on some bounded subsets of X-Y plane.
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4. WEAK SOLUTIONS

In this section, we construct a map v(X,Y) — v(¢,z). That is to write (X,Y) in terms of
(t,x) so we obtain a solution to the Cauchy problem (1.3), (1.4). The map (X,Y) — (¢, )
can be obtain in the following way. We plug in f = z and f = ¢ into the equation (2.22),

and get
c=2cX,xx,
—c=—2 }/a: )
(4.1) c cY,ry
1= 2Cthx,
1= —2C}/xty.
And by applying (2.24) we have
( 2
Xp=
(14 cosw)p
—2
Y, = ﬁ;
cos z
(4.2) =2/
2c
Xy = ——
(1 + cosw)p
-2
Y=
\ (1 + cosz)q
We assume that the partial derivatives above valid for points that w,z # —m. Thus, we
have
( 1 (14 cosw)p
ITx = - )
(43) 92X, 4
' 1 —(1 + cos z)q
€T = =
Y 2}{[ 4 )
( 1 (1 + cosw)p
(4.4) 2c¢X, 4c
' o 1 (14cosz)q
(T 2y, 4

A computation shows that xxy = xyx and txy = tyx
(14 cosw)py  psinwwy

ITxy = 1 1
/
:;}29(] [sin z — sinw + sin(z — w)],
c
. :(1—|—cosz)qX _ gsinzzy
YX 1 1
dpq

=3 [sin z — sinw + sin(z — w)].
¢

SO, I'xy = Tyx.
And similarly, we can compute that txy = tyx. Thus, the two equation in (4.3) are

equivalent: rxy = xyx. And the two equation in (4.4) are equivalent since txy = tyx. We
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can recover the solution in terms of (¢,z) with function x = z(X,Y’) by integrating one of
the equation in (4.3). Also, we can write t = t(X,Y’) by integrating one of the equation in
(4.4).

Next, we prove that the function v is a weak solution to (1.3). From (1.5), we want to
show that

0= / drvy — [c(v)dz[c(v)v,] — gg(v)dasdt.
In fact, it is equivalent to prove:
0= [ [0+ cun)lon = (w)0)a] + (00 = cu)lon + (cl0)o).] — dglo)dode

i i 1 1
:// — Slnwp)y¢ — (sz )x¢ + %[SIHU)% — sin z$]¢(tan§ — tan%)dXdY
c

- / og(v)dxdt

=1+ 1L
We define T and II later, and where in the last step, we have used (4.2),
dr dx
dX dy Pq
dxdt = dXdY = dXdy.
v dt  dt 2¢(1+ R?)(1+ 5?)
dX dy
And used the following identities derived from (2.30),
I l+4cosw
1+RrR2 2
4.
(45) I 1+4cosz
1+52 2 7
R sinw
1+R2 27
4.6
(4.6) S sinz
14+52 2

We denote I and II as follows

(), - (5,0

(4.7)
1 1
cpq sin wﬂ — sin zﬂ 0] (tan Z _tan —) dXdy,
8c 2 2 2
and
(4.8) II = / og(v)dadt.

A computation on I with (2.28) - (2.30) shows that

COS W Sil’l w COS 2 Sll’l 4
Iz//—( wyp + 5 py)cb—( 5 2xq + )

//—gbg )(cosw + cos z + 2 + 2 cos z cos w

q [cos(w + 2) — 1]¢pdXdY
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(XZ' YZ)

Casel Case 2

FIGURE 3. The paths of integration.

+ cos? w cos z + cos w cos? z 4 sin® w cos z + sin” z cos w)dXdY

:/ ?qﬁg(@)(l + cos z + cosw + cos z cosw)dXdY.
c

A computation on II shows that

pq
= // 9 s Y

= / %qﬁg(v)(l + cos z + cosw + cos z cos w)dXdY.
c

Clearly, I = II. Thus the integral (1.5) holds since

o= [[-(%5%), 0~ (5) o

/ 1 1
+ P gy wﬂ — sin zﬂ ¢ (tan Z _tan E) dXdy — // og(v)dxdt
8c 2 2 2
0=1-1I,

where I is defined in (4.7), and II is defined in (4.8).

Next, we define v as a function in terms of the original variables (¢,z). We invert the map
(X,Y) — (t,z) and then we have v(t,z) = v(X(¢,2),Y (¢t,z)). Given arbitrary (¢*,z*) in
the ¢-x plane, we choose arbitrary point (X*,Y*) in X-Y plane such that t* = ¢(X*,Y*) and
x* = x(X*, Y"). We define that v(t*, 2*) = v(X*, Y*) and assume that there are two different
points (t(X1, Y1), z(X1,Y1)) = (((X2, Y2), (X2, Ys)) = (t*,2%). We consider two cases: case
1: X < Xy,7] <Y, and case 2: X < X5, Y] > V5. Case 1: X; < X0, 77 <Y,. We

consider the set

[y ={(X,)Y):2(X,)Y) <z}
We denote OI',+ as the boundary of I';«. By (4.3), we observe that x is increasing with X
increasing and x is decreasing with Y increasing. Thus, this boundary can be write as a

Lipschitz continuous function denoted as X —Y = ¢(X —Y).  We construct the Lipschitz

continuous curve y with the following properties:

140



GLOBAL SOLUTION TO A NON-LINEAR WAVE EQUATION OF LIQUID CRYSTAL

e a horizontal line segment connecting (X7, Y7) with a point P = (Xp, Yp) € Oy~ and

Yp =Y.
e a vertical line segment connecting (X,,Y>2) with a point Q = (Xg,Yy) € OI';- and
XQ - XQ.

e a part of Ol «.
Thus, we obtain a Lipschitz continuous parametrization of the curve v : [{,&] — R x R
where the parameter £ = X + Y. By observing, the map (X,Y) — (¢, ) is constant along
the curve 7. And (4.3) - (4.4) implies that

(4.9) (1+cosw)Xe = (14 cosz)Ye =0,
From (4.9),
(4.10) sinwX¢ = sin 2Y; = 0.

Thus, by (4.10)

1(X@)3)—v(Xh}ﬁ):L/Odeﬂ+vde)

~

52 . .
psinw gsin z
= Xe — Ye)dE = 0.
/51 (g Xe = — Yot

So our claim for case 1 is proved.
Case 2: X7 < X5,Y; > Y,5. We consider the set:

I ={(X,Y)  t(X,)Y) <t}

And we do the same process as we did in case 1. Construct v connecting (X;, X») and

(X3, Y2) as Figure 3 case 2 indicates.

Next, we prove the function v(t,z) = v(X(t,z),Y (t,z)) is Holder-3 continuous on the
bounded sets. To prove this, we need to consider characteristic curve such that ¢ — 27 ()
with 2+ = c¢(v). For some fixed Y, this can be parametrized by the function X

(t(X,Y),z(X,Y)). By (2.20), (2.22), (2.24) and (2.30),

T X, 1
/ [vs + c(v)v,)2dt = / (2cX,vx ) —=~dX
0

Xo 2X,
X, X,
:/ ﬁmﬁﬂmgf Pax <c,.
X, 2C 2 x, 2C
Thus, we obtain that
(4.11) / [v; + c(v)v,)*dt < C.
0

Similarly, we integrate along backward characteristics curves ¢t — 2z~ (¢) and find out that

(4.12) /T[vt — c(v)v,2dt < C..
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Thus, since the speed of the characteristic curve is +c(v) or —c(v) and ¢(v) is uniformly
positive bounded. With the bounds (4.11) and (4.12), the function v(¢, z) is Hélder-1 con-

tinuous. O

5. CONSERVED QUANTITIES

This section provides a proof of Theorem 1.2. Recalling (2.12) and (2.13), a straightforward

1 1 G(v)
Et = (57)? + 5021)3 + T)t

computation shows that

/ 2 2
= Vv + vl + U + g(v)vg,

(PM), = (—CPvv,) s = —2¢V20; — Uy — UV,

1
Ey 4 (M), = vy(vy — ccvy — Pvge + —g(v) = 0,

2
and
M = =040 — ViU,
E, = vy + cvgv? + Pogvp, + 59(1})%,
1
M+ E, = —v, (vtt — V2 — Py — 59(1})) =0.
Thus,
(5.1) By + (M), =0,
Also,
1 1
(5.2) fo = (LHcoswp o (L+c0s2)g )y
4 4
1 1
(5.3) g = (L coswlp o (L+c052)q )
4c 4c

which is closed. We want to show that Edx — (c2M)dt, Mdx — Edt are closed. Recalling
(2.28) - (2.30), we write Edz — (¢*M)dt, Mdzx — Edt in terms of X,Y, and show that they

are closed.
Edr — (*M)dt =

(54) 1- 1 1- 1
( cosw)+( —i—cosw)G(v) pdX — ( cos.z)+ +COSZG(U) Y,
8 8 8 8
Mdx + Edt =
(1 —cosw) (14 cosw) 1 —cosz 14cosz
{ S + S G(v) p pdX + ” + 5 G(v) ¢ qdY.
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Y
D Al (t,a)
(z, d)
r X
B (1, b)
Yz
C
(T, C) Yo

FIGURE 4. The region I.

And we compute that

([t s 0] )

— i G 1 1

ZWWTWSCCQ (cos 2 — cosw)g + ¢ +Coiév>g( )p@smzq
1+ cosw c
—G(v

{{(1 — o8 2) 1+Cosz
= +

[sm z — sinw|pq
),

Y

8

and }
{{(1 —8ccosw)+(1+cosw }p}

Sg;z;pc’(cos z —cosw)q — S124u;§qg(v)(1 + cos 2)(1 + cos w)

(1 — cos w)c’[ . in ]
sin z — sinw|pq —
P 64c?

64c3
. ) ]
Slgcpr( )8002 (cosz — cosw)q + (14 cosw) +§§S w) G(v)
! < pg + 1+ cosw () I
sin z — sinw ———pg(v)—sinz
pq 3¢ pg e q

1 —
(1 = cosw)pg sinwg(v)(1 + cos 2)

c
&c?

1—cosz 1+ cosz
—{{ S + % G(U)}q}x.

Thus {Edz — (*M)dt}, {Mdx — Edt} are closed.
To prove the inequality (1.9), We fixed some 7 > 0, and the case 7 < 0 is identical. We
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assume that for an arbitrary large » > 0. We define the set
(5.5) F={X,)Y):0<t(X,)Y) <7, X<rY <r}
We form the map (X,Y) — (¢, x) in the following pattern:
A (1,a), B~ (1,b), C—(0,¢), D+ (0,d),
such that a < b and ¢ > d. Then, we can integrate the (5.4) along 0T, the boundary of T.

/AB{(l—cosw)p+ (1—|—cosw)pG(U)}dX_ {(1—cosz)q+ (1+cosz)qG(v)}dY

8 8 8 8
:/IDC{(l—Cé)sw)p+ (1+c§sw)pG(U)}dX_{(l—zosz)q_'_ <1+;OSZ)QG(U)}dY

_/[)A{(l—cgsw)p+ (1+C§8w)pG(U>}dX

‘/CB{“_(;OSZ)” <1+080“>QG<U>}dy

S/DC{(l—cgsw)er (1+c§sw)pG<U)}dX_ {(1—cosz)q+ (1+cosz)qG(U)}dY

< /dc% [%2(0’ z) 4 (v(0,2))v2(0,7) + %(g(v((), 95))] dx.
Also,

/ab% [Uf(o,x) + A (0(0,2))02(0,2) + %g(v(o,x))] .

:/ {(1—cosw)p+(1+cosw)pG(U)}dX
ABN{cos w#—1} 8 8

) {(1 STLET +<;osz>qG(v)} .

< &.
Let r — 00, @ — —oo and b — +o00. We conclude that £(t) < &. Thus, the inequity (1.9)
is proved.
Now, we prove the Lipschitz condition on the map ¢ + v(¢,-) in the L? distance. First,

for any fixed time 7, we define p, == pu; + pb and p, is the positive measure on the real
lines. We define u_, it as follows.
we define I'; = {(X,Y) : ¢(X,Y) < 7} and let 7, be the boundary of I',.
For any open interval |a, b[, we define A = (X4,Y4), B = (Xp,Ys) be points on the .,
such that
x(A) =a, and Xp — Yp < X, — Y, for all points P € v, and z(P)
x(B) =b, and Xp — Y < Xp — Yp for all points P € ~, and z(P)
Then we have

(5.6) iy = w7 (Ja b)) + i (Ja, ),

< a,
> b.
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T+h

Yr+h

X

X y-Kh  x(P7) y x(P*)  y+Kh

FIGURE 5. Proving Lipschitz condition.

and define that in the general case

(57) et = [ fO=Sme, Gt | ox
(5.8) 1t (la, b)) = /AB - { (1= ;OSZ)Q L. (;OS Z)QG(U)} dy.
In the smooth case:

b
(5.9) 1= (Ja, b)) = i / R2(r, 2)dx,
(5.10) pt(la, b)) = }l/ S (1, x)d.

Clearly, u* and g~ are bounded positive measure. For all 7, we have i, (R) = & by (5.4).
By (5.9)- (5.10) and (2.13) we compute that

b b 2(p _ Q)2 b p2 2
/ Auldr = / C(R4—25)dm = / al 2225 5 dx
a a c a

b 2 2
< / 25 e = op(la,b).

Thus, for arbitrary a,b with a < b,

b
(5.11) lv(7,b) —v(r,a)]* < |b— a|/ v (7, y)dy < |b— al2K?p,(]a, b]).

For given y € R and h > 0, our goal is to estimate the |v(7 + h,y) — v(7,y)|. We first
denote that I';,, as the set I'.y; = {(X,Y) : ¢(X,Y) < 7+ h} and denote that ., to be
the boundary of the set ', .

Let P = (Px, Py) be points on 7,4, (as the figure 5(a) shows) such that 2(P) = y, and
Xp—Ys < Xp—Ypforall Pen,, z(P) <az(P).

Let @ = (Qx,Qy) be points on 7,4, such that 2(Q) =y and X5 — Y5 < Xg — Y for all
Q € Yrin 2(Q) < 2(Q).

So Xp < Xgand Yp <Yy. Let P" = (Xg,Y") €, and P~ = (X",Yy) € 7.
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As shown in the figure 5, since the point (7,2(P*)) lies on some characteristic curve
with the speed c(v) < K and go through the point (7 + h,y), so z(PT) €ly,y + Khl.
Also, z(P~) €]y — Kh,y[, since point (7,y) lies on some characteristic curve with the speed
—c(v) > —K and go through the point (7 + h,y).

Thus, and by (2.30), we can compute that
Yo

0(Q) — v(PH)] < / vy (Xg, Y)|dY

Y+

1 1
_/YQ 1+cosz \2/1—cosz QdY
- v+ 4e 1 4c 1
1 1
Yo 1 2 Yo 1— 2
/ +coszqu / coszqu
4c v+ 4c

<
1 1
< ( Yo 1+cosz JdY - 1+coswde>2 </YQ 1—(3oszqu+ l—coswpdy)2
4 v+ 4c 4c
pt %
1-— 1
< "t / L) (s
_ 4c 4c
Pt %
Sh% / 1_COSquY—|—1_Coswde ‘
- 4c 4c
Thus
pt %
1 1-— 1
(5.12) 0(Q) — v(PT)| < B (/ %W + #my)
_ c

So, by (5.11) and (5.12) we compute that

lo(T + h,z) —o(r,2)|* =[v(r + h,z) —v(t(P),z(P")) + v({t(P"),2(P")) — v(r, x)|?
<2{v(7 + h,x) —v(t(PT), x(P)} + 2{v(t(P"),z(P")) — v(r,2)}*
<2{v(Q) —v(P)}* + 2{u(P") — v(P)}*

19 2
pt B i 2
<9 h% / 1 COSquY+ 1 Coswde
_ 4e 4e

+ 2 [2K2(Kh) (2, & + h])]
<4hp.(|Jx — KCh,x + Kh[) + 4K*hji, (Jz, = + h])
<dhp,(Jx — Kh,x + Kh[)(1 + K?).
Thus, for all A > 0,

el = {/'“ (r+ha) <T,as>|2dx}5
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< {/4(1 + K3Hhpr (o — Kh, 2 + ICh[)}2
< {4+ )R p-(R) }
< BAK? 4+ 1)&)?
<|r+h-r7|L,

N

(5.13) lo(7 + by ) = o(r, )= < HAKK® + DE),
where L = [4(K? + 1)50}% is the Lipschitz constant. So, this proves the uniform Lipschitz
continuous of the maps t — v(t, -). O

6. REGULARITY OF TRAJECTORIES

In this section, we show that continuity of functions ¢t — wv.(t,-) and ¢t — wv,(t,-) as
functions with function value in L2. It completes the proof of Theorem 1.1.

We consider the that the initial data (vg), and v; are smooth functions with compact
support. In this situation, the solution v(X,Y’) is smooth on the X-Y plane. Fix some time
7 and denote that I, = {(X,Y) : ¢(X,Y) < 7}. ~, is the boundary of set I';,. Then we

claim that
(6.1) —u(t, ) |i=r = ve(7, ).
By (2.21), (2.24), and (2.30),

v(T, ) = ox Xy + vy Yy

B sin w 2c n sin z 2c
(6.2) e pp(l +cosw)  4e qq(l + cos 2)
sin w sin z

2(1 + cosw) * 2(1+cosz)’
(6.2) define the value of v,(7, -) at almost all the point of z € R. By the inequity (1.9) and
c(v) > K,
(6.3) / vy (7, ) Pdx < K2E(T) < K2&.
R
Next, to prove (6.1), given € > 0, there exists finitely many disjoint intervals [a;, b;] subsets

of R with 7 = 1,2...N. We call the A;, B; € 7, with x(4;) = a;, x(B;) = b;. Then at every
point P in the arcs A;B; while 1 + cos(w(P)) > € and 1 + cos(z(P)) > e,

min{1 + cos(w(P)), 1+ cos(z(P))} < 2e.

We call that J :== (J, ;< y[a:, bi] as the points P along the curve 7, that does not contain in
any of the arcs A;B; and denote that J' := R\J. Since v(¢, x) is smooth in a neighbourhood
of the set {7} x J' and by the differentiability of v and apply the Minkowski’s inequality,

lim * {/R (r + b, 2) — v(r,2) — hur(r, x)|pdx};

h—0 h
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<hm—{/|v7‘+hx)—v(7‘x|pda:} {/|vt7'x|pdx}
h—0

Now, we estimate the measure of the bad set J. Since (1 + cosw) < 2¢(1 — cosw) and
(1 4+ cosz) < 2¢(1 —cos z),

(14 cosw)p (1+ cosz)q
meas(J) :/da: = Z/AB TdX - TdY

1 —
<262/ U =cosw)p,y (L=cosz)g Zosz)qdy

< 26/ (1 —cosw)de_ (1 —cosz)qdy
4 1

S 2680.

2
Using Holder’s inequality with exponents — and ¢, we choose ¢ =
p

By (5.13),

2 1
Sothat]—?—i-—:l.
—p 2 q

/’U(T—i—h,ﬂc) — (7, 2)|Pdx < meas( % {/ lv(T, x) (T, aﬁ)\zdx}
J

;-

N

< [2¢&0) { (K3 + 1)&]

Thus,
N R
tigsupg { [ 1067 +00) = oG o

< [26]7 + hA(K? +1)&).
Similarly, and by (6.3) we estimate that

/\Ut 7,2)|Pdr < [meas( {11{/ |vg (7, de}

{/J vy (T, a:)|de} [Qego]pq K 50]%

Since € > 0 is arbitrary, so we conclude that

lim —{/|v7+hm o(r, )—hvt(T,x)|pdzp} = 0.

h—0

Thus,

Next, we prove the continuity of the map ¢t — v;. First, we fix ¢ > 0 and consider disjoint
intervals [a;, b;] subsets of R with i = 1,2...N. We call the A;, B; € v, with z(4;) = a; ,
x(B;) = b;. Since v is a smooth function on the neighbourhood of {7} x J’. By Hélder’s

inequality and Minkowski’s inequality, we estimate that

lim sup/ |oe (T + h, x) — ve(7, 2)|Pdx

h—0

< lim sup/ |0 (T + h,x) — v (7, 2)|Pde
h—0JJ
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< lim sup[meas(J % {/ |oe(T + h, ) — v (T, 2)| d:c}

h—0

< limiu%[Ze&]F {l|ve(T + Ay )| p2 + |Jve(T, )||L2}2
—

1
S [2650] q [450]p
Since the € > 0 is arbitrary, so we prove the continuity.
For general initial data (vg),, v1 € H', we consider a sequence of initial data vy — vy,
(V) = (v0)z, and v — vy in € H' for all n € N, (v),, vy, v € C°. The continuity of the

map t — v,(t,-) with values in L and 1 < p < 2 can be proved in the same way as above.

7. ENERGY CONSERVATION

In this section, we provide proof of Theorem 1.3. First, we define the wave interaction

potential as

(7.1) A(t) = (@ p (@) 12 >y}
where the p; and p;f are defined in (5.7) and (5.8). And since u; and p;” are absolutely

continuous in Lebesgue measure, so (5.9) and (5.10) holds and (7.1) implies that
(7.2) // R*(t,x)S?(t, x)dxdy.

Lemma 7.1. There exists a Lipschitz constant Ly such that
A(t) — A(s) < Lo(t — s),

with t > s > 0. So the map t — A(t) has bounded variation.

The Lemma is proved later in this section.

To prove Theorem 1.3, we need to consider three sets

O ={(X,)Y): wX,)Y)=—m 2(X,Y) # —m (v(X,Y)) # 0},
Q= {(X,Y) :w(X,Y) £, 2(X,Y) = =7, d(u(X,Y)) £ 0},
Q={(X,)Y): wX,)Y)=—m 2(X,Y) = -7 d(v(X,Y)) # 0}

From (2.28), and since wy # 0 on €y and zx # 0 on Oy, so that meas(Q;) = 0 and

meas(§s) = 0.

We define €25 be the set of Lebesgue points of {13 and want to show that

(7.3) meas({t(X,Y) : (X,Y) € Q3}) =0

First, we fix point P* € Qf and P* := (X*,Y") and claim that for h, k > 0,

. ANr7r—h)—=AT+k)
7.4 1 —
(74) h,kl—rf}ﬁ h+k
For arbitrary ¢ > 0, € arbitrary small, we can find 6 > 0 such that for any square () with

length [ < § center at P*, there exists a vertical segment o satisfying meas(23Uc) > (1—e€)l,
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and a horizontal segment ¢’ satisfying meas(€23 U o’) > (1 — €)l.
We define that

(7.5) T =max {t(X,)Y) : (X,Y)eocUo'},

(7.6) T =min{{(X,Y): (X,)Y)eoUo'}.

By (4.4), for some constant ¢y > 0

(7.7) th—t < /(1+Z—st>de +/ Waﬁ/ < coel)?

(7.7) is Lipschitz continuous and vanished outside of a set of measure el. Also, for some
constant cq,cy > 0,
(7.8) AtT) =AY > (1 — )1 — ot + —t7).

Since the choose of € > 0 is arbitrary, so this implies (7.4). And by the Lemma 1, the map
t +— A has bounded variation, so (7.4) implies (7.3).

Thus, the singular part of the pu, is not trivial only if the set Q4 = {P € ~ : w(P) =
—m,2(P) = —n} has positive one-dimensional measure. By the above analysis, this is
restricted to a set where ¢ # 0 and only happens for a set of time with measure zero.

Proof of Lemma 1.
From (2.11),

79 (R?), — (cR?), = £(R*S — S*R) — Rg(v),
| (52); + (¢52), = —£ (RS — S2R) — Sg(v).

We first provide an argument valid for v = v(t, z) is smooth. (7.9) implies that

G0 =g [ R0 oy

_ / / Rt 2)S(t, y)cRy (1, 7) + 251, 1) RX(t, 2)cSo (1, y)
+28(t Y R, x)%(s%, ©) = R2(t,2)) + 2R(t, ) (¢, y)i—;(RQ(t, 2) = S2(t, 7))
— R(t,x)S*(t,y)g(v(t,x)) — S(t, y) R*(t, 2)g(v(t, y))dxdy

< / / o(S2R2), + %(RQ _ $%)(RS? — S°R)
— R(t,x)S*(t,y)g(v(t,x)) — R*(t, ) S(t, y)g(v(t, y))dxdy

< — 2/cR252dﬂc + /(32 + S%)duw - /23;|RQS — S?R|dx

- / / R(t, 2)S2(t, y)g(o(t, 2)) + B2 (t, )S (L, y)g(v(t,y))dedy.

And estimate the last term from the above calculation,

'// R(t,x)Sz(t,y)g(v(t,x))dxdy'
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< / S2(t, y)dy / IR(t,2)g(o(t,2))]| dx
< &R D)1z g (o(t, 2)) 2

: glvlt,
< &3 o(t, ) o) 20

v(t, x)
< &.
Similarly,
[ sty
< &.
Thus
(7.10) jt(zm( ) < —2K! // R2S%dx + 4&, /|R2S S?R|dx + 2&2,

where K is the lower bound for the speed c(v). For each e >0, we have |R| < e 2 + €2 R2.
And pick any € > 0 such that K™ > 4&|| & ||z~ - 2V/e.
Thus

(7.11) %(4/\@)) <! / R2S2dz +

/

162
e

282,
2c + 2%

oo

This yields the L! estimate:
/ / (IR2S| + |RS|)dadt = 9(1) - [A(0) + £27] = 9(1) - (1 + T)EZ,

Where (1) is defined as a quantity and its absolute value has a uniform bound depending
only on ¢(v). Also, the map ¢ +— A(t) has bounded variation on any bounded interval. The
smooth case is proved. The following provides a proof of Lemma 1 in general cases. For
every € > 0, there exists a constant K, satisfying that for all w, z,

| sin z(1 — cosw) — sinw(1 — cos z)|
(7.12) w p
< K. [tan2 (§> + tan? (5) } (1 +cosw)(1+ cosz)+€(1 —cosw)(1 — cos z).

For fixed 0 < s < ¢, consider the sets I's and I'; as we defined in (5.5) and define Iy, :== I';\ ;.

Recall that
dxdt = ];q(l + cosw)(1 + cos z)dXdY.

c
We write that

t “+o0 1
(7.13) / / Z(R2 — S dwdt = (t — 5)&,
(7.14)

/ /+<><> SQ)dxdt:// §2qc<1+cosw)(1+cosz) tan (2)+tan (2)] dXxXdy.
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(7.13) holds only on the case that v(¢, z) is smooth while (7.14) holds for all cases. Combine
(5.4), (5.7), (5.8) and apply (7.12)-(7.14), we obtain that

Al // (1 — cosw) (1—cosz)pqudY
. 64
g :
+& 1c? [sin z(1 — cosw) — sinw(1 — cos z)]dXdY
Ist
, sinw G(v)p ¢
1 inndioch 7 il _
+ & //gt 32 75 59(0) (1 + cos z) sinw < 8C(cosz cosw)q
(1 1 /
i co?)szzicj)g(v)p sin zq + (—i_;%w);?G( )[sin z — sin w]pq}dXdY

< // (1 —cosw)(1 — cos z)pgd X dY
64 .

207 2 E
+50//Fst 6462]79 Ke[tan (2)+tan (2)](1 + cosw)(1 + cos z)

—i—e(l—Cosw)(l—cosz)}dXdY—i—SO// {_ﬂ (v)(1 + cos z) sinw

st 32029
inwG / 1
- SOGW (s — cosmyq + LHLIOR G,
1 /
+ —< +?:320s w) Qcch( v)[sin z — sin w]pq}dXdY
SK(t - S)a
for a suitable constant K. Thus, Lemma 1 is proved. 0
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