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CAUCHY PROBLEM OF THE MAGNETOHYDRODYNAMIC
BURGERS SYSTEM*

HAI-YANG JINT, ZHI-AN WANG#, AND LINJIE XIONG#

Abstract. In this paper, the asymptotic nonlinear stability of solutions to the Cauchy problem
of a strongly coupled Burgers system arising in magnetohydrodynamic (MHD) turbulence [Fleischer
and Diamond (2000), Yanase (1997)] is established. It is shown that, as time tends to infinity, the
solutions of the Cauchy problem converge to constant states or rarefaction waves with large data, or
viscous shock waves with arbitrarily large amplitude, where the precise asymptotic behavior depends
on the relationship between the left and right end states of the initial value. Our results confirm
the existence of shock waves (or turbulence) numerically found in [Fleischer and Diamond (2000),
Yanase (1997)].
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1. Introduction

To investigate the small scale structure of magnetohydrodynamic turbulence, a
one-dimensional magnetohydrodynamic (MHD) Burgers system was derived in [1, 27]
as follows:

ut+ (uv)y = Dy, z€R, t>0, (11)
vt+(%u2+%v2)w:pvm, reR, t>0, '
where u(x,t) is the magnetic field, v(z,t) stands for the velocity field of the fluid, and
D and p are positive diffusivity. It was also shown in [1] that MHD Burgers system
(1.1) is the simplest possible system which allows energy transfer between the fluid
and magnetic field excitations where the turbulence is represented by an ensemble of
Alfvenic shock waves on a homogeneous density background. Moreover system (1.1)
may also model the opposite limit of a fluid-dominated (i.e., unmagnetized) system
with arbitrary density variations reacting to an adiabatic pressure [1]. For more
applications of (1.1), we refer the readers to [2, 10, 25]. Using the Elsésser variables
et =v+u, system (1.1) is transformed into
de* n 0 (e*)? p+Dd*t p—Do%F
o oxr 2 2 02 2 922’

(1.2)

If D=p, then e~ and e* do not interact with each other and system (1.1) can be
reduced to two independent viscous Burgers equations for e™ and e, respectively.
Hence the system can be trivially solved via the Hopf-Cole transformation. The
nontrivial case D # p reveals more interesting interactions between the fluid and the
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128 CAUCHY PROBLEM OF THE MHD BURGERS SYSTEM

magnetic field [1]. In the present paper, we focus on the non-trivial case D # p and
investigate the asymptotic behavior of solutions of (1.1) with the initial data

as x— —o0Q,

(u,v)(2,0) = (ug,v0) () — {(“’”)’ (1.3)

(uy,vy), as z——+o0.

The standard hyperbolic theory (cf. [11, 22]) predicts that the time asymptotic behav-
ior of solutions of the Cauchy problem (1.1)-(1.3) are closely related to the following
Riemann problem:

Ut+(uv)x:0a fEGR, t>07
wt (4 30%), =0, 2eR, 150,

( ), <0 (1.4)
(Uav)(%ﬂ):(ug,vg)(m):{ u_,v_), =<0,

(ug,vy), x>0.

Writing the equations in (1.4) in the vector form

(0G0 w5

we see that the Jacobian matrix A:= <Z Z) has two real distinct eigenvalues

A(u,v)=v—u, Aa(u,v)=v+u,

with corresponding eigenvectors

r (u, ) = (_11> . ra(u,0)= G) .

Therefore it follows that VA;(u,v)-r1(u,v)=—-2<0 and VAy(u,v) re(u,v)=2>0.
This shows that the hyperbolic system (1.4) is genuinely nonlinear. By the hyperbolic
theory [22], the solutions of the Riemann problem (1.4) are made up of three types
of elementary waves (solutions): constant states, rarefaction waves, and shock waves.
Moreover, we point out that the rarefaction curves of (1.5) are straight lines in the
u~v plane (see Section 2), and hence the hyperbolic system (1.5) is of Temple class
[24].

In this paper we shall show that as time goes to infinity, the solution of the
Cauchy problem (1.1)-(1.3) will tend to a constant solution if (u4,v4)=(u_,v_), or
a rarefaction wave if \;(u_,v_) <X;(uy,vy), or a viscous shock wave (i.e. traveling
wave) if A;(u_,v_)>A;(uy,vy). Specifically, the following results are proved. If the
right state equals the left state, say (uy,vs)=(u_,v_)=(4,v), then the solution of
(1.1) with large data (1.3) will eventually approach the constant state (@,v). If the
right state (uy,v4) is connected to the left state (u_,v_) by a rarefaction wave,
then the Cauchy problem (1.1)-(1.3) has a unique global solution which tends to the
rarefaction wave of the Riemann problem (1.4) with large data. Finally if the initial
value (1.3) is a small perturbation of a viscous shock wave (traveling wave), then
the solution of (1.1)-(1.3) will asymptotically converge to this viscous shock wave
with a proper translation, where the wave amplitude can be arbitrarily large. Our
results analytically confirm the existence of shock-type waves (and hence turbulence)
numerically obtained in both papers [27] and [1].
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Mathematical studies on the asymptotics toward rarefaction/shock waves for vis-
cous conservation laws have been undertaken for a long time (e.g. see [7, 17, 19]). For
the general 2 x 2 viscous conservation laws

{ut—&-[fl(u,v)]m:Dum, zeR, t>0, (1.6)

Ut+[f2(u7v)]$:/“}ﬂm zeR, t>0

with initial data (1.3), Xin [26] and Yang and Zhao [28] established the time asymp-
totic stability of weak rarefaction waves and strong rarefaction waves with small initial
data, respectively. The main hypothesis on the structure of the system (1.6) is the
strong coupling in the sense that

Of1(u,v) . O fa(u,v)
ov ou

which is satisfied by the system (1.1). To the best of our knowledge, for the strongly
coupled system of conservation laws with large initial data, very few results are known.
The asymptotic stability of viscous shock waves for the general system of conservation
laws has been extensively investigated over many years. Most of results (if not all)
require the wave amplitude to be small (e.g. see [3, 15, 16, 23]). The main contribu-
tions of this paper has two facets. First, exploiting the peculiar coupling structure of
the MHD Burgers system (1.1), the nonlinear stability of strong rarefaction waves of
(1.1)-(1.3) is established with large data. Second, the asymptotic stability of viscous
shock waves of (1.1)-(1.3) is proved for large wave amplitude. Usually these results
can not be proved for general hyperbolic systems as mentioned above. Finally, we
mention that the asymptotic stability of viscous shock waves to (1.1) with u4 >0 was
previously established in [6] based on the idea of [13, 14, 18] by leaving open the case
uy =0, which causes a singularity in the energy estimates. In this paper, we will
resolve this challenging case (i.e. uy =0) by invoking the weighted energy estimates
inspired by the ideas of [8, 9, 12, 21].

The rest of the paper is organized as follows. In Section 2, we solve the Riemann
problem (1.4) and then state the main results for the Cauchy problem (1.1)-(1.3).
Then we prove the large-time behavior of solutions with constant states in Section
3. In Section 4, we show the stability of rarefaction waves. The proof of nonlinear
stability of viscous shock waves is given in Section 5.

£0, (1.7)

2. Preliminaries and main results

In this section, we first briefly solve the Riemann problem (1.4) in the class of
functions consisting of constant states, separated by rarefaction waves or shock waves.
We begin with the rarefaction waves of (1.4) by setting ¢ =2/t. Then substituting it
into the equations of (1.5), we find that (ug,ve) is an eigenvector of A for the eigenvalue
£. Because the matrix A has two real and distinct eigenvalues A\; and Ao, there are
two families of rarefaction waves: 1-rarefaction waves and 2-rarefaction waves. The
eigenvector (ug,ve) associated with the first eigenvalue A\, satisfies

()(2)-

which gives ug +v¢ =0 thanks to w#0. This gives Z—Z = —1. Integrating it, we obtain

the 1-rarefaction curve Ry(u_,v_) as

Ri(u_,v_)={(u,v)jlu=—v+u_+v_,v>v_}, (2.2)
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where the entropy condition Aj(u_,v_)<A;(u,v) has been used to guarantee the
uniqueness of the l-rarefaction wave. Similarly, the 2-rarefaction curve Ro(u—_,v_)
can be represented as

Ro(u—,v_)={(u,v)|lu=v+u_—v_,o>v_}. (2.3)
Moreover (1.4) also has two distinct types of shock waves: 1-shock waves and 2-shock

waves. To see this, we use the following jump condition (see [22, 15.11]):

{uv—u_v_ZS(U—U—), (2.4)

L2 40?) — S +02) = s(v—v_),

where s is the speed of the discontinuity (wave speed). Subtracting the first equation
from the second equation of (2.4), we have

(u—v—u_+v_)(u—v+u_—v_+2s)=0. (2.5)

For 1-shock waves, the entropy condition v—u=MA(u,v) <A1 (u_,v_)=v_ —u_ im-
plies u—v—u_4wv_>0. Hence, from (2.5), we obtain

u—v+u_ —v_+2s=0. (2.6)

Clearly u#u_ for otherwise we have v =v_ from the first equation of (2.4), and then
(u,v) = (u—,v_) is not a shock curve. Hence the first equation of (2.4) gives

g= U (2.7)

U—uU_
Then substituting (2.7) into (2.6), one can derive the 1-shock curve Sy (u_,v_) as
S1(u—,v_)={(u,v)|lu=—-v+u_+v_,v<v_}. (2.8)
To deduce 2-shock curves, we add the equations in (2.4) to obtain
(ut+v—u_—v_)(u+v+u_+v_—2s)=0. (2.9)

Similarly, by using the entropy condition v+u=A2(u,v) < Az2(u_,v_)=v_+u_ and
(2.7), we obtain the 2-shock curve Sa(u_,v_) as

So(u—_,v_)={(u,v)|lu=v+u_—v_,v<v_}. (2.10)

Then curves Ry, Rz, S1, and S5 divide the u-v plane into four disjoint open regions
I, II, III, IV defined as follows (see also figure 2.1):

I=RiRo(u_,v_):={(u,v)| —v+u_4+v_ <u<v+u_—v_},
II=R4So(u_,v_) :={(u,v)[u<—v+u_+v_,u<v4u_—v_},
IT=S1S2(u_,v_) :={(u,v)[v+u_ —v_ <u<—v4u_+v_},
IV=S1Ra(u_,v_) :={(u,v)|lu>—-v+u_+v_,u>v+u_—v_}.

(2.11)

Hence, depending on the relationship between the end states (uy,v4) and (u_,v_),
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Siu—u_=v_—v R,:u—u =v—-v_
v
u
4—> m Xwv) 1
v
II
S,iu—u_=v-v R:u-u =v —v

FiGc. 2.1. u-v plane

the solutions of Riemann problem (1.4) are described as

1 —rarefaction waves if up+vy=u_+v_ and vy >v_,

1 —shock waves if uy +vy=u_+v_ and vy <v_,
2 —rarefaction waves if uy —vy=u_—v_ and vy >v_,
2 —shock waves if uy —vy=u_—v_ and vy <v_,
Composite waves of two rarefaction waves if up +vp>u_+v_

and up —vy <u_ —v_,
Composite waves of two viscous shock waves if up +vp <u_+v_

and uy —vy >u_—v_,
1 —rarefaction waves and 2 —shock waves if uy+ovy <u_+v_

and vy —vy <u_ —v_,
1 —shock waves and 2 —rarefaction waves if up +vp>u_+v_

and uy —vy >u_—v_.

In this paper, we only consider the nonlinear stability of single waves and leave the
stability of composite waves for future study. Then we are ready to state our main
results in subsequent subsections. Before proceeding, we introduce some basic no-
tations. As usual, H¥(R) denotes the usual k-th order Sobolev space on R with
, 1/2
the norm given by ||| gr ) := (Z?:o H@gf”%z(R)) . HF(R) denotes the weighted
space of measurable functions f so that v/wd? f € L? for 0<j <k with the norm given
1/2
k .

by 11l ) = (o Jrw (@)@ £ 2da) " Denote |- |[i= 1 z2qays |1l =11l e ey
and [|-[lx.u = - |l ) for simplicity. Moreover, we denote [[(,9)[?=f*+lgll*

2 2 2
and [|(f,9) Il = £ 1l + llglly-

2.1. Constant states. If the end states (u_,v_) and (uy,v4) are connected
by a constant, say (u4+,v4) = (u_,v_)=:(@,?), and if the initial value (1.3) is a pertur-
bation of the constant state (%,v) in H'(R), we have the following global asymptotic
stability results.

THEOREM 2.1. Let (ug—u,v9—v) € H(R). Then there exists a unique global solution
(u,v)(z,t) to the Cauchy problem (1.1)-(1.3), which satisfies

(u—1u,v—1) € C([0,00); H') N L*((0,00); H?).
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Furthermore, the solution has the following asymptotic stability:

sup|(u,v)(z,t)— (2,9)| =0, as t—+oo. (2.12)
z€R

2.2. Stability of rarefaction waves. Without loss of generality, we consider
1-rarefaction wave solutions (u”,v")(x/t) of the Riemann problem (1.4) only, and our
analysis can be directly applied to 2-rarefaction wave. Using (2.2), we can separate
the variables u and v in (1.4) such that u satisfies the Riemann problem

us+ (u_ +v_ —2u)u, =0,

, u_, <0, (2.13)
u(x,o>=uo<x>={u i~
+5 )

and v satisfies the Riemann problem

v+ (20 —u_ —v_)v, =0,

{v, 2 <0, (2.14)

w0 =up@) =1 7

Employing the method of characteristics, we can solve (2.13) and obtain the rarefac-
tion wave u”(x/t) as follows:

u—, T<v_—u_,
u(x/t) = == -5 vo—u_ < §<vp—uy, (2.15)
Uy, %ZU.;_*’LL_;'_.

v, T<v-—u_,
v (z/t) = u_;v_ + 5 vo—u- <F<vp —uy, (2.16)
v, N T

Then the result on asymptotic stability of the 1-rarefaction waves (u”,v")(x/t) is as
follows.

THEOREM 2.2. Let (uq,vi)€Ry(u_,v_) and vy >v_. If (uo—up,vo—vy) € L*(R)
and (uoz,voz) € L*(R), then the Cauchy problem (1.1)-(1.3) has a unique global solu-
tion (u,v) satisfying

(u—u",v—v") €C([0,00); L2) N L=((0,00); L?),

(ttz,2) € C([0,00); L2) N L>((0,00); L2) N L*((0,00); HY),

and

iléﬁ\(u,v)(x,t) —(u",0")(x/t)] =0, as t—+oo. (2.17)

REMARK 2.1. If (uy,vy) €Ra(u_,v_) and vy >wv_, then a similar stability result can
be obtained.
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2.3. Stability of viscous shock waves. The existence of traveling wave
solutions of (1.1) with 0 <wuy <wu_ and 0 <wv; <wv_ was established in [6] by the phase
plane analysis and the nonlinear stability of traveling wave solutions was prove only
for u4 >0 by the method of energy estimates, whereas the stability for vy =0 remains
open. In this paper, we shall solve this open question by using the weighted energy
estimates. Toward this end, we identify the decay rates of traveling wave solutions as
z — 400 and choose appropriate exponential weight functions. For completeness, we
shall briefly recall the existence of traveling wave solutions for u; =0 and derive the
asymptotic decay rates of traveling wave solutions.

The traveling wave solution of (1.1) with (1.3) is a special solution in the form

(u,v)(x,t)=(U,V)(2), z=uz-—st,
where (U,V) € C*(R) satisfies

oTT! '— DU
{ sU'+(UV) =DU", (218)

—sV/ + L (U4 V2) =V,
with boundary condition
U(too)=us, V(too)=vy, U'(+oo)=V'(+oo)=0, (2.19)

where ' = d%. Integrating (2.18) once yields that

{DU'SU+UV+Q1, (2.20)

pV'==sV+5(U2+V?) + 0,
where 0, and g, are constants satisfying

01=8Utf — UtV =SU_ —U_V_,
- 10,2 4 223 _ 10,2 | 02
02 =5v4 —5(uf +vi)=sv_—5(uZ +v2),

which gives

s(uy —u_)=uqvy —u_v_,
(2.21)
{S(’U+ —v_)=23(ud +02)— 2 (u +02).

Then (2.21) with uy =0 yields
s2—v_5=0, (2.22)

and hence s =0 or s =v_, which corresponds to the wave speed of the 1st and 2nd char-
acteristic family of shock waves of (1.1). If (uy,vy) €Sy (u—,v_), using (2.8), we have
Uy =—vp+u_+v_ and vy <wv_, which yield O=wu4 >u_ and vy <wv_. Similarly,
when (u4,v4) €8Se(u_,v_), from (2.10), we obtain uy —u_=vy—v_ and vy <v_,
which imply that

O=us <u— and vy <v_. (2.23)

In this paper, we only consider the case s=wv_, for the analysis for s=0 is similar.
We first have the following existence results for the 2-shock profile (U,V)(z — st).
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LEMMA 2.3. Let ux and vy satisfy (2.23). Then there exists a monotone shock
profile (U, V)(z—st) to the system (2.18)-(2.19), with wave speed s=v_, which is
unique up to a translation and satisfies U, <0, V,<0. Furthermore, the solution
profile (U,V)(x — st) decays exponentially at +oo with rates

U—ug~e*? as z— too,

o (2.24)
V —vy~et? as z— too,
where
u_ 1)_*_D—s7 D>/~L7
O_=—F—, 04=4 , . 2.25
vDu =t {+, D < p. (2.25)

Proof. The existence of monotone shock profiles (U,V')(x — st) to system (2.18)-
(2.19) has been proved in [6] by phase plane analysis. It remains only to derive the
asymptotic decay rates, which are eigenvalues of the linearized system at equilib-
ria (us,vy). To see this, we linearize the system (2.20) at (uy,vy) and obtain the
corresponding Jacobian matrix

vE—S Ut
J(ug,ve)=| 4 oils |, (2.26)
m I
whose eigenvalue o satisfies
D N2 2
‘72+#(8*Ui)0+ e UEL “o. (2.27)

By (2.23) and s=v_, we can readily check that the equilibrium (u_,v_) is a saddle
and (u,v) is a stable node. Then solving the equation (2.27), we obtain the decay
rates as announced. 0

Then we proceed to consider the asymptotic stability of traveling wave solutions
obtained in Lemma 2.3 under the small initial perturbation of the form

+o00
/_(><> (zg((;))_gg; ) dx=xq (gi _Z: ) +pri(u_,v_). (2.28)
The coefficients x¢ and 8 are uniquely determined by the initial data (ug(z),vo(x)).
When #0, the diffusion wave will appear. The stability of viscous shock waves
with a diffusion wave for small wave strength have been investigated previously (e.g.
see [15, 23]). The stability of shock waves with a diffusion wave and large wave
strength still remains open up to present. In this paper we do not consider the diffusion
wave (i.e. assuming S=0) but consider large wave strength. Then by conservation

law (1.1), we can derive that
T e o) K B G e

x—+x0—8t)

G ) A et
A ) [ B )
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Thus we decompose the solution of (1.1) into the form
(w,0)(2,8) = (U, V) (@ + 20 = 5t) + (¢2,92) (2,1), (2.30)

where

z

(d)(Z,t),?ﬂ(Z,t)) :/ (U’(y’t) - U(y—|—x0 - St)ﬂ}(y’t) - V(y+x0 - St))dy

Clearly, for all t >0, if follows from (2.29) that
@d(£00,t) =1)(+o0,t) =0.

Without loss of generality we may assume that xg =0, for otherwise we make a trans-
lation of the traveling wave solutions. Hence, the initial value of the perturbation

(¢.¢) is given by

(o, o) () = / (o — Usvo — V) (3)dy. (2.31)

—o00
Then we have the following stability results on the traveling wave solutions.

THEOREM 2.4. Let (2.23) hold, and let (U,V)(x—st) be a traveling wave solu-
tion obtained in Lemma 2.3. If D>y, there exists a constant €9 >0 such that if
lwo =Ully o+ llvo = Vl1 ., +1[(d0,%0) [ w < €0, then the Cauchy problem (1.1)-(1.3) has
a unique global solution (u,v)(x,t) satisfying

(u—=U,v=V)€C([0,00); Hy ) NL((0,00); H), (2.32)
where the weight function w is defined as

w(z):=1+€e", n= S_DU+ >0. (2.33)

Furthermore, the solution has the following asymptotic stability:

sup|(u,v)(z,t) — (U,V)(x—st)| =0, as t—+oo. (2.34)
z€R

REMARK 2.2. To establish the L?-energy estimates, the conditions D > 1 is needed,
see (5.9). The nonlinear stability result for the case D < p still remains unknown.

REMARK 2.3. When uy =0 and D > p, it can be easily verified that there exist two
constants Cy > Cy >0 such that the traveling wave solution (U,V') obtained in Lemma
2.3 satisfies

Crw(z) < <Chw(z) for all zeR. (2.35)

U(z)

3. Proof of Theorem 2.1
In this section, we shall prove Theorem 2.1. For the case (uy,vy)=(u_,v_)=
(u,7), we seek the solution of (1.1)-(1.3) in the following solution space:

X1(0,7)={(u,v): (u—1,v—0) € C([0,T]; H); (uz,v) € L*((0,T); H')}.
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Then Theorem 2.1 is a consequence of the following proposition.

PROPOSITION 3.1. There exists a unique global solution (u,v)€ X71(0,00) to (1.1)-
(1.3) such that

(u—,0-0)|7+D ; IIUw(vt)lldeu/O [ve (-, 6)13 dt < Cl(uo — @, 00 =) -
(3.1)

Next, we prove Proposition 3.1 by continuing a unique local solution with the a
priori estimates. The construction on the local existence of solutions is standard, and
is based on an iteration argument and fixed point Theorem (cf. [5]). We omit the
details for brevity. Hereafter, we denote fR fdxz=: [ fdx for convenience and use C' to
denote a generic positive constant which may vary in the context.

LeEMMA 3.2 (Local existence). If (ug—1,v9—0)€ H'(R), then there exists a
positive constant Ty such that the Cauchy problem (1.1)-(1.3) admits a unique smooth
solution (u,v) € X1(0,Ty) satisfying

l(u(-,t) —a,v(-,t) —0)|1 < 2||(uo —t,v0 —0)|]1, for all 0<t<Ty. (3.2)

PROPOSITION 3.3 (A priori estimates). Suppose the Cauchy problem (1.1)-(1.3)
has a solution (u,v) € X1(0,T) for some T >0. Then there exists a constant C inde-
pendent of T' such that

||(U(-7t)—ﬂvv(wt)—@)H?JrD/o ||uz('77)||%d7+u/o lva (-, 7) [T dr

<C||(uo —a,v0 — )13

(3.3)

Proof.  Letting ¢ =u—u and ¥ =v—0, and substituting (¢,v) into (1.1), we
have

{¢t+(uw+v¢+¢w)x = Doy, (5.0

Vi + (30%+ 50% +adp+ 1Y) | = it

Step 1 (L2-estimates). Multiplying the first equation of (3.4) by ¢ and second equation
by 1, adding them and integrating the resulting equation with respect to x, we end

up with

d 2 2

- <¢ w )dm+D/¢ dx+u/w dx

2
—/(uw+v¢+¢w)w¢dx—/<¢ ++uq§+m/}> Ydx
2 2 3
= /( %+aw—+w—+ PP+ 1/)) dz =0. (3:5)

Hence

/(‘f+f> dx+D/0t/¢idxdT+u/0t/wgdxdT/(q;%er;))d%
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which yields

t
H(u(-,w—a,v(~,t>—a>||2+2D/O a7 IdT+2u/ a7 [2dr

=lI(uo — 00— 0)|*.

(3.6)

Step 2 (H!-estimates). Multiplying the first equation of (3.4) by —¢,, and second
equation by —.,, adding them, and integrating the results with respect to x yields

that
d 2 2

- / (@ + 56+ 9 aaddi + / <¢2 +W+u¢+vw)mwmdm
< / Pausdr t / S / Pbatandr + / Ppethende

u? 2 D 2 2

Using (3.6), we have ||(¢,%)|| <C, and hence

/ S unde+ / Ve band
<ol o 101 bl bl o 0l b
4 D
< 5(”%”%00 DI + bzl ||1/JH2)+ | paal”

<CH%||H¢m||+0||¢xllll¢mll+ bl
<CO(lgall” + l1¢al*) + |I¢m||+ IIme (3.8)
Similarly, we have
/ O R
*||¢w||LooH¢II+ IIZ/)MII2 *II%IILoolll/)HJr IIwMH2
<Cll¢x||||</>MII+CH¢IIIH¢MII+ ||wm||2
<C(llgall* + 1)+ ||<z>m||+ sl (3.9)

Substituting (3.8) and (3.9) into (3.7)7 we have

2 2 D
dt/(d) ¢>d+ [érdor s [2dn<conPleap.  (310)

Integrating (3.10) over [0,¢] and using (3.6), we get

1 (tta,v2) (-, ||2+D/ [tz (-, 7)) dT+/~L/ [0z (-, )P dr < C (uo — 1,00 — V)13
(3.11)
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The combination of (3.6) and (3.11) yields (3.3). Then the proof of Proposition 3.3
is completed. 0

With the above results, we are now in a position to prove Theorem 2.1.

Proof. Proposition 3.1 can be obtained by combining the existence of local
solutions and the a priori estimates. This completes the proof of global existence in
Theorem 2.1. Next we derive (2.12). From (3.1), one has ||(u(-,t) —@,v(-,t) —7)|| <C
and

| (uz(-st),v2(,2))| =0 as t—oo.

Consequently, for all x €R, it follows that

x

(ulie,t) — 1) =2 / (u(y,t) — ) (u(y.t) — 1)y dy

<9 (/(u(yi) —ﬂ)Qdy> ’ </U§dy> 3

<2C||ug(-,t)|| =0 as t—oc. (3.12)

This implies sup|u(x,t) —@| — 0 as t — co. Similarly, we can prove sup|v(z,t) — 8| —0
zE€R r€R

as t— o0o. Hence (2.12) is proved and the proof of Theorem 2.1 is completed. 0

4. Proof of Theorem 2.2
To study the nonlinear stability of rarefaction waves, we first construct a smooth
approximation of solutions (u”,v")(x/t) of the Riemann problem (1.4).

4.1. Smooth approximate solution of the Riemann problem. It is
well-known (e.g. see [17]) that the Riemann problem of the Burgers equation,

wi +wwg =0, rzeR, t>0,

, v —u_, <0, (4.1)
w(x,m:wo(a:):{v e
+— % ’

where v_ —u_ <vi —uy, has a continuous weak solution w”(z/t) of the form

Vo —uU_, T<v_—u_,
w"(x/t) =1 %, vo—u_ <§<vp—uy, (4.2)
Vy — Uy, %ZU+—U+.

Then the 1-rarefaction wave solutions (u”,v")(z/t) given by (2.15) and (2.16) can be
written as

u_+v_—w"(z/t)
2 )

u_+v_+w(z/t)

u"(x/t)= v (z/t)= 5 . (4.3)

We approximate w” (z/t) by the solution w(z,t) of the following initial value problem:

wy +ww, =0, reR, t>0,

Vy—U4L+U_—uU_ Vyp—Up—V_+U_ = 2\—q (44)
w(z,0) =wo(z) := . + 5 kq ; (14+y*) " dy,
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where €>0 is a constant to be determined later and k, is a constant such that
kq fooo(lerQ)*qdy: 1 for each ¢> 2. Then the solution of the Cauchy problem (4.4)
has the following properties.

LEMMA 4.1 ([17). If v— —u_ <vy—uy, then the Cauchy problem (4.4) has a
unique smooth global solution w(x,t) satisfying the following:

(i) v- —u_ <w(x,t) <vy —uy, wi(z,t)>0, for (z,f)eRxR;.

(ii) For any p€[1,00], there exists a constant C,, 4 such that for any t e R4,

e 8)ll o < Cpgmin{e' =3, (145713},
] (4.5)
e0aa(8) 1 < Cpqmin {275, 00D (14475 |,

(iii) lim sup|w(z,t) —w"(z/t)|=0.
t%ooxeR

Using (4.3) and Lemma 4.1, the smooth approximation of the rarefaction wave
profile (u",v")(x/t) can be constructed via

ﬁ:u,+v,—w7 v:u,—&—v,—i—w’ (4.6)
2 2
which satisfy
U+ (UV), =0,
Vit+ (3024 5V?), =0, (4.7)

(0.V)(@,0)= (T, Vo) () = ((H=tmgrtnted uetesjpuate) )
where wy is defined in (4.4). Moreover the following properties can be readily verified.

LEMMA 4.2. The smooth function (U,V)(x,t) given in (4.6) has the following prop-
erties:

(i) Vo =—U, >0.

(ii) For any p€[1,400], there exists a positive constant Cy, 4 such that
H(ﬁx’f/x)(’t)HL S0p7qmin{517%a (1+t)71+%}7
H<(7II"79:I)<’t>HL SCp’qmin{zzQ*%, 5(17271'1)(17%)(14-”717%}.

In particular, for p>1, it holds that

[ @],

(iii) lim sup |(u” —U,v" —XN/)(ac,t)‘ =0.
t—00 R
Proof.  The properties (ii) and (iii) can de derived from Lemma 4.1 and (4.6)

directly. We only need to prove (i). Indeed, using (4.6) and Lemma 4.1 (i), we have

dt<C,,. (4.8)

Vo—Uz=wy(x,t)>0, U,=-V,, (4.9)

which implies I~/m = —ﬁm >0. 0
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2. Reformulated problem. By the approximate smooth solution (U, V)
constructed in (4.6), we define (¢,9) = (u—U,v—V) and rewrite the Cauchy problem

(1.1)-(1.3) as

{¢t+(Uw+V¢+¢¢)z:D¢II+DU”’ (4.10)

e+ 2P+ 920+ (VY +Ud)y = by + iV,

with initial data

(¢, (2,0) = (d0,%0) () = (uo (x) = Uy (), v () — Vo (), (4.11)

where (4.7) has been used.
We seek the solution of (4.10)-(4.11) in the space X3(0,T) defined by

X2(0,7)={(6,0): (¢,%) € C([0,T; H"); (¢,%2) € L*((0,T); H")}.
For the proof of Theorem 2.2, it suffices to show the following results.

PROPOSITION 4.3. There exists a unique global solution (¢,1) € X2(0,00) to (4.10)-
(4.11) such that

||(¢71/))(-7t)||f+D/ ||¢z(~,t)||fdt+u/ e (1) dE < Cll(do, o) I} (412)
0 0

Proposition 4.3 is obtained by the combination of local existence of solutions and the
a priori estimates. The proof of the local existence of solutions is standard, and is
based on an iteration argument and a fixed point theorem (cf. [26]). We state the
local existence theorem without proof.

PROPOSITION 4.4 (Local existence). If (¢o,%0) € HY, then there exists a posi-
tive constant Ty such that the Cauchy problem (4.10)-(4.11) admits a unique solution

(¢’ﬂ/’) € X2 (OaTO) SatZ'SfyiTLg

1(@,9) ()l <2/ (do,%0)lly, for all 0<t<Tp. (4.13)

PROPOSITION 4.5 (A priori estimates). Suppose the Cauchy problem (4.10)-
(4.11) has a solution (¢p,1) € X2(0,T) for some T >0. Then there exists a constant C
independent of T such that

)0+ [ locrarsn [ Toanliars [ IVTato-w)emPar
+ [ IVTomprPar

C(ll(¢os )T +1), for all te[0,T]. (4.14)

To prove Proposition 4.5, we first derive the L2-estimates of (¢,1).

LEMMA 4.6 (L%-estimates). Let (¢,%)€ X2(0,T) be a solution of (4.10)-(4.11)
for some T >0. Then it holds that

(6, |+D/H%, \M+M/H%7 |m+/n¢*¢ )72
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<C([[(¢o,0)[I*+1), (4.15)

where C' is a constant independent of T'.

Proof.  We multiply the first equation of (4.10) by ¢ and the second by v, then
integrate the results with respect to x to obtain

d
%% (¢2+¢2)dx+D/¢idx+u/¢idx
=— / (U + V419 pd — / (Vo +U¢)ppda — / Pd.dx
+D / Upedda + / Vayptbda. (4.16)

Notice that

{(ﬁw%w@m (Tov+ Y8 +6%0) +1V26? ~Ttgn —d00t,

L A T (4.17)
(Vo+09)0 = (592 +Tw) +3Vov?~Tous.
Substituting (4.17) into (4.16) and using Lemma 4.2 (i), we have
1 d 2 2 2 2 1 17 2 2
Sd (¢ +9y*)dx+D | ¢pidx+p 1/1xda:—|—§ V(o +4%)dx
= / U(¢np)pda+ D / Upwpd + 11 / Vyatodz
= / Vydoda + D / Upwpd + 11 / Viatodz,
which yields
d ~
pn (¢2+¢2)dx+2D/¢idm+2u/w§dm+/Vx(q§—1/))2dx
=2D / Upwpda + 24 / Vepthda
< 2D||Una || 1811 + 202l Vi || [0
< D2(|Una |+ 1T [ 1017 + 122 | Vi | + Ve 10112, (4.18)

where we have used the Holder and Cauchy-Schwarz inequalities. Applying Gronwall’s
inequality to (4.18), we obtain (4.15) by using (4.8) and the fact V,, >0 in Lemma
4.2 (i). O

LEMMA 4.7 (H!'-estimates). Suppose the Cauchy problem (4.10)-(4.11) has a
solution (¢,1) € X2(0,T) for some T >0. Then there exists a constant C' independent
of T such that

t t
2 2 2
[(¢a:1ba) (1) +D/O [@aa (57l dTﬂL/() [¢ae ()7 dr

+ / 1V V(a0 ()12 < (1l (do,00) |2+ 1),
(4.19)
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Proof. Multiplying the first equation of (4.10) by —¢,, and the second by —t,,,
and integrating them with respect to x, we end up with

1d
S
= [obstantot [Gntantot [ Gtubrmint [ o06.ais

(¢i+¢i)daz+D/¢ dxw/uﬂ do+ /%wiwi)daz

[ Vealos s [ onls+o0,)do
=3 [ Oututsde =D [Crstrda—p [ Vastorada, (4.20)

Integrating (4.20) with respect to t leads to

;/(@%+¢i)dm+D/0t/¢imdasd7+u/ot/z/}izdxd7+g/ot/f/w(qbi-i—l/li)dxdT

=3 / (62, + 92, )dv+ /0 t / Sbathandrdr + /0 t / Pstbandudr + /O t / Vaupdudr

T /O t [ 06:6sudndr - /0 t [ Vo664 0, o - /0 t [ Bt + vy
—3/0t/ﬁx¢wxdxdr—D/Ot/ﬁmasmdasdr—u/ot/f/xmmdxdf

1 9
:§||(¢Om7w0z)”2+zlj- (4.21)
j=1
Using Lemma 4.6, one has [[(¢,4)(,t)[1>+ [ 16w, %) (.7 | > dr < C(||(¢o,%00)]|* +1).
Then

/ [ 160stusldndr <2 / [ anar+ s / e |2dr

<= el e 2d7+,/ V| dr
2 [1oatiwlioiar+4 [ e
t i t 5
<C [ 16sallléslidr % [ sl ar
0 8 0
t D t t
<C [NealPr+ 5 [NowalPdr+k [ ualPar
0 8 0 8 0

D t t
CllGot +1)+5 [ oweldr+4 [ malar
(4.22)

Applying the same procedure to I, I3, and I, we have

Io+1I3+14

</ t [ 106 svnsldzar+ [ t [10vsonldodr s | t Ji
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t t
13 2, D 2
45 [ WoaalPar+ 35 [ owalar
t t ,U t 5 D t 9
<c / ol ]l dr +C / b | e dr+ 2 / R —— / bz 2dr
< ¢ 2 2 wo ! 2 D [! 2
0 8 0 8 0

t D t
<Cll@nanP+)+% [ WwlPdr+F [ oPar (123)

Using the Holder and Cauchy-Schwarz inequalities, we can estimate the terms I5, Ig,
and I, as follows:

Is+ 16+ 17

t N t - t ~
< [ [ Wertossvvioatrs [ [0, +ovlnir+s [ [ (Goowldzar
t b
< [ WWealloe (ol 100 )+ [ Tallm (ol + 80 2D
0 0
3 [t~
+5 [ WBlim el + o Pir
1

e 7 2 L [T 7 24
—5/0(” ol 4 [Taall) | 6.0 T*i/o(” ol 4 Vool o) | (Garti) | 2dr

3 /" ~
+5 [ 1Bl (eal+ (12
From Lemma 4.2 (ii), we have
~ ~ ~ t ~ ~
(T Toes Vi)l 1oe <C and /||(UM,VM)||LoodT§C. (4.25)
0

Substituting (4.25) into (4.24), and using Lemma 4.6, one has

t t
Is+16+17§0/ (HUxac”L‘x’+Hvxx||L°°)dT+C/ (1621 + [l 1) dr
0 0

< C(|[(do,%0)lI*+1).

(4.26)

Finally, we use the Holder inequality, the Cauchy-Schwarz inequality, and Lemma 4.2
(ii) to estimate the last two terms Is and Ig as follows:

t t
0 0
t . t ~ D t 5 ‘LL t 9
<D / Tl Pl + 1 / Voo |27+ 2 / b2+ & / las2dr
0 0 4 0 4 0

D [t 2 woft 2
SC"’_Z ||¢1$H dT+Z ||1/}wac|| dr. (4'27)
0 0
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Substituting (4.22), (4.23), (4.26), and (4.27) into (4.21), we obtain

1 D rt [ t 3 [t~
7/(¢i+wi)dx+—/ /¢§xdxd7+—/ /wixdxdfqtf/ /Vx(¢§+w§)dxd7
2 2 Jo 2 Jo 2 Jo

<2 11(B0ss Yos) |2+ C (| (G0, 00)|2+1)
<C([(do,0) |13 +1),

which implies (4.19). Then we complete the proof of Lemma 4.7. a0
With the above lemmas in hand, we now prove Theorem 2.2.

Proof.  Proposition 4.5 follows from Lemmas 4.6 and 4.7. Then using Proposition
4.4 and Proposition 4.5, we can derive Proposition 4.3 by the continuity argument.
From Proposition 4.3, one has |(¢,%)(-,t)|| <C and ||(¢z,¢z)(-,t)|| >0 as t—oo.
Hence, the same argument as in the proof of Theorem 2.1 leads to

sup|u(x,t) —U(z,t)| =0 as t—o0 (4.28)
z€R

and
sup|v(z,t) =V (z,t)| =0 as t—oo. (4.29)
z€R

The combination of (4.28) and Lemma 4.2 (iii) gives

sup|u(z,t) —u’ (z/t)| <sup|u(a,t) —U(x,t)| +sup|u”(z/t) —U(x,t)]| =0 as t— oo,
z€R z€eR z€R

Similarly, the combination of (4.29) and Lemma 4.2 (iii) gives

suplv(x,t)—ov"(z/t)| =0 as t—o0.
z€R

Then the proof of Theorem 2.2 is completed. ]
5. Proof of Theorem 2.4

5.1. Reformulation of the problem.  Substituting (2.30) into (1.1), using
(2.18) and integrating the system with respect to z, we obtain the equations for the
perturbation (¢,1):

¢t:D¢zz+(5_V)¢z_U'L/)z_¢z¢za (5 1)
%:/Mﬁzz+(S—V)¢Z—U¢z—%(¢z+¢§), .
with initial data
(¢a¢)(za0):(¢0a¢0)(2)a ZGR) (52)

where (¢o,10) is defined in (2.31). We look for solutions of the reformulated system
(5.1) in the following solution space:

X5(0,7)={(¢,0): (¢,9) € C([0,T); Hp), (¢=,0) € L*((0,T); HY) }

where the weight function w is defined by (2.33).
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Clearly, if ¢ € H2, then ¢ € H? because w > 1. Define

N(t):= sup ([o(,m)ll20+[19C7)lI2,0)-

T€[0,t]

By the Sobolev embedding inequality, one has

Sup]{H(b('»T)HLOO’H(bz('77)||L°°7Hw('»T)HLOO»sz('ﬂ—)”Lw} <SN().  (5.3)

T€[0,¢
Then Theorem 2.4 is a consequence of the following theorem.

THEOREM 5.1. Let (2.23) hold, and let D> . Then there exists a positive constant
€1, such that if N(0)<ey, then the Cauchy problem (5.1)-(5.2) has a unique global
solution (¢,1) € X3(0,00) satisfying

t
||¢(7t)||§,w+ ||¢(»t)||§,w+/0 (H(bz(vT)”g,w + H/(/)Z(ﬂ—)”%,w)dT

(5.4)
<C(I160ll3...+ I1%0ll3... ) < CN2(0)
for any t €[0,+00). Moreover, it follows that
sup|(éz,v¢.)(2,t)] =0 as t—oo. (5.5)
z€ER

The global existence of (¢,1) announced in Theorem 5.1 follows from the local
existence of solutions and the a priori estimates, which are given below.

PROPOSITION 5.2 (Local existence). For any e >0, there exists a positive con-
stant Ty depending on eo such that if (¢o,v0) € H2, with N(0)<eq, then the problem
(5.1)-(5.2) has a unique solution (¢,) € X3(0,Ty) satisfying N(t) <2N(0) for any
0<t<Tp.

PROPOSITION 5.3 (A priori estimates). Assume that (¢,¢) € X5(0,T) is a solu-
tion obtained in Proposition 5.2 for a positive constant T. Then there is a positive
constant €3 >0, independent of T, such that if

N(t) <eg

for any 0<t<T, then the solution (¢,¥) of (5.1)-(5.2) satisfies (5.4) for any 0<t<T.

The local existence in Proposition 5.2 can be proved by the standard argument
(cf. [20]), so we omit the details for brevity. Next, we shall prove Proposition 5.3 by
using the weighted energy estimates. In the following, we assume N (t) <min{u,D}
without loss of generality.

5.2. Weighted energy estimates.

LEMMA 5.4 (L?-estimates). Let the assumptions of Theorem 5.1 hold and assume
that (¢,9) € X3(0,T) is a solution obtained in Proposition 5.2. Then there exists a
constant C >0 such that

t t
wmm@+wuom+D/n@mﬂmm+u/wwmﬂmmscm%m+ww®.
’ ’ (5.6)
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Proof.  Multiplying the first equation of (5.1) by ¢/U and the second by ¢ /U,
integrating the resultant equations with respect to z and adding them, we obtain

th/¢2+w2d +D/¢Zdz+u/wzdz

- /|(7) (7)) [ [[0).- () e

PP 1/1/) (¢2+142)
- | —/——dz— - | —&—25d 5.7
/ v Y2 v 5.7
Using (2.18) and the fact that uy =0, it can be checked that
D s=V 2U.
The combination of (2.18) and the facts U, <0, V, <0, s—V >0, U>0, and D>p
gives
1] s—=V D—pu (s—=V)U,
= — = ——= ] <0. .
(7).. ( U ) DU (VZJF g )=0 (5:9)

Substituting (5.8) and (5.9) into (5.7) and integrating the equation with respect to ¢,
with the fact ||(¢,9)(,t)|| o <N(t), we derive

P [ [Faarra | /w%
+ﬁ/o /[—VZ+S_UV )} dzdr
_;/«ﬁ%#édz_/t/wzwzdm_1/t/w(¢§+wz)dm
S N (G e N [ [
_2/¢°+%d +N(t A/¢Zdsz+N /0/desz

which yields that

/‘Z’QWQd +2(D-N(t //¢zdzd7+2 //%dd </¢%;¢3dz.
(

5.10)
Then using the assumption N (¢) <min{u,D} and Remark 2.3, we obtain (5.6) from
(5.10). O

LEMMA 5.5 (H'-estimates). Let the assumptions of Lemma 5.4 hold. Then it
follows that

t t
16D o+ DI+ D / 16 (72 dr+ 1 / s (72
0 0

(5.11)
<O (llgol1? o+ ol



H.Y. JIN, Z.A. WANG, AND L.J. XIONG 147

where C >0 is a constant.

Proof.  'We differentiate (5.1) with respect to z to get

(5.12)

¢zt = D¢zzz - Vzd)z + (3 - V)d)zz - Uzwz - U'lpzz - (Qszwz)zv
wzt = /J'wzzz - Vzwz + (S - V)wzz - Uz¢z - U¢zz - %((Zg +¢3)z

Multiplying the first equation of (5.12) by ¢, /U and the second by /U, after some
algebra, we have

2dt/¢2+¢d +D/¢zzdz+u/¢zzdz

IELA 0]

V zZz ZY¥zY¥zz zz
2 [Fppa [Vt uas [t Rttt
72/?@%(127/ (o +v7) U . (5.13)

where (5.8) and (5.9) have been used. Using (2.20) and the facts s=v_, 0=us <U <
u_, and v4 <V <w_, it is easy to check that

V- — U4
- D

D

_‘V—s

V.| < ‘—V+ (U?+V?)+ n <C. (5.14)

Integrating (5.13) in ¢ and using the fact ¢? < C?wg and (5.3), we obtain from (5.13)
and (5.14) that

[ [ [ Eeairron [ [ i
§/¢OZ+¢Ozdz+ ‘5”*/ /U¢§dzd7-
S —U+ /quzd +C//¢2—H/szzd
LON(t (//W’ zzdd+//¢2+¢zzdd+//¢2 zzdzd>

/Lﬁ%m +C 14Nt //¢2+wzd dr+2N (t //¢ otV ygy,

which entails that

2
/¢ +¢Zd +2(D—N(t //¢szzdr+2 uw—N(t //w”dsz

/¢0z+¢0zd LN //qzs?wzdd

<C(|lo=l1 + o= l12) + C(1+ N (1) / (= )2 + 1= ()12 ), (5.15)
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where we have used the fact % <Cw(z) forall zeR (see Remark 2.3). The
combination (5.6) and (5.15) gives that

/¢2+¢2d r2(D- Nt // ¢zzdzd7—_|_2u N(t // szdsz (5.16)

<C (ool + ol )

Using the fact Crw(z) < m for all z€R (see Remark 2.3) and the assumption
N(t) <min{p, D}, we obtain (5.11) from (5.16). d

Next, we give the estimates of the second order derivative of (¢,1)).

LEMMA 5.6 (H?2-estimates). Let the assumptions of Lemma 5.4 hold. Then there
exists a constant C >0 such that

t t
o )30+ 10 B)f5 ,, + D / = (- 7)13 0 d7+ 1t / 9,713, dr
<C (IIgoll3, + 1ol ) -

(5.17)

Proof. We differentiate (5.1) with respect to z twice to get

¢zzt = D¢zzzz - zz(ZSz - 2‘/z¢zz + (5 - V)¢zzz - Uzzd}z - 2Uz1//zz

- Uwzzz - ((bzwz)zza
wzzt = ,Uwzzzz - szwz - 2‘/zwzz + (8 - V)wzzz - Uzz¢z - 2Uz¢zz (518>

- U¢zzz - %(Qﬁ + wg)zz

Multiplying the first equation of (5.18) by ¢.,/U and the second equation by .. /U,
using the facts

2
¢zzzz zz = zzz'L[;z)zf d)?]zz 7% (qu(%)z)
( )¢zzz :%( Ez (S?]V))Zi%(s?jv) z

we obtain

¢ Z /¢ZZZ //lpZZZ
2 = / dz+D dz+p dz

TG e

_/7(¢z¢z2+¢zwzz)dz_2/ﬁ( §z+w§z)dz_/ U (wzd)zz'f'ﬁbzwzz)dz
Uz (¢zw2)zz¢zz 1 (Qﬁ +qug)zzwzz

Using (5.8) and (5.9), one has

1)) b [ Jrwen o
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The combination of (5.19) and (5.20) yields that
2 = / ot D Z2dz4p dz

zz ‘/Z Uzz

74/7@2%@7/#@75/#@ (5.21)

Using (2.18), (5.14), and the facts 0=u4 <U <wu_ and vy <V <wv_, one can derive
that
(V=9)U| _(v_
= <
1= | Y52 <

|(V=s)U.+ UV,
o =| =2
V—-s)V,+UU,

149

+)u—

— U
D )

N2
< (o gg) 4= +C~%§C, (5.22)

<C.

Then we have the following estimates by using (5.22) and the Cauchy-Schwarz in-
equality:

2z |¢z ¢zz +¢zwz2|
et o)z <C [ 1020 el

2 2
SC/<z>z+¢z+U<z> T2,

[Vt ipsc [ty

(5.23)
2 2
7/UZZ (wz¢2z+¢z¢zz dZ<C/¢ =t +U¢ +w22d
_4/ U ¢zzwzzd2<c/¢ sz
Using (5.3), (5.14), and the Cauchy-Schwarz inequality, we have
st
(¢Z1/)Z)Z¢ZZZ (qssz)Zd)ZZUZ
= [ettea | sz
<N( / ‘wZZ¢ZZZ+¢ZZ¢ZZZ‘ U+N /¢ +|wZZ¢ZZ
3v_ _3/1)++D /¢zzd N st —’U++D /wzzd +N /¢zzzd
(5.24)
and

1 [(62+92)eat:e
S
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B (02 +92).0..U, (P2 +12). wm
o 2/ U2 ~dz +2/ U

S —U+ /‘(bz(bzzwzz"’_wz zz|d +/‘¢z¢zzwzzz+wzwzzwzzz|
<oty [ gy BOmved gy [V, NO) [SR0R
e /wm .

< _U++D /¢zzd e sl B 3’U++D /wzzd +N /wzzzdz

(5.25)
Inserting (5.23), (5.24), and (5.25) into (5.21), one has
2dt/¢ ZZd—i—D N /¢zzzdz+ /wzzzd

(5.26)

20_ —2v, +D P2+ 492, + 92
< N zZZ zZ zZ zZZ
= (t)/(U U)d e = dz.

Integrating (5.26) with respect to ¢, then using (2.35), Lemma 5.5, and the assumption
N(t) <min{p, D}, we obtain (5.17). Then the proof of Lemma 5.6 is completed. 0O

5.3. Proof of Theorem 5.1. Now we are in a position to prove Theorem 5.1.
In fact we only need to prove (5.5). From the global estimate (5.4) which has been
indicated by lemmas 5.4-5.6, we have

(6= (0), = ()1, =0 as T— o0 (5.27)

Hence, for all z € R, we have

02(2,1) =2 /_ 626 (y:)dy

o 12, noo 1/2 (5.28)
<2 (/ qﬁdy) ( ¢§Zdy> —0 as t—+o00.
Applying the same procedure to v, leads to
Y. (2,t) =0 as t—+oo forall zeR. (5.29)

Thus (5.5) is proved.
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