LONG-TIME BEHAVIOR OF SOLUTIONS TO THE BIPOLAR
HYDRODYNAMIC MODEL OF SEMICONDUCTORS
WITH BOUNDARY EFFECT
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Abstract. For a bipolar hydrodynamic model of semiconductors in the form of Euler-Poisson
equations with Dirichlet or Neumann boundary conditions, in this paper, we first heuristically analyze
the most probable asymptotic profile (the so-called diffusion waves) and then prove this long-time
behavior rigorously. For this, we construct correction functions to show the convergence of the original
solution to the diffusion wave with optimal convergence rates by the energy method. Moreover, in
the case with Dirichlet boundary condition, when the initial perturbation is in some weighted L'
space, a faster and optimal convergence rate is also given.
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sion waves, asymptotic behavior, convergence rates.

AMS subject classifications. 35150, 351.60, 35L.65, 7T6R50

1. Introduction. This is a continuation of our study on the stability of diffusion
waves for the bipolar hydrodynamic system of semiconductors. Based on the work
[15] on the initial value problem (IVP), in this paper, we consider the initial-boundary
value problem (IBVP) of the 5 x 5 Euler-Poisson system in the half-space

nie + Jiz =0,
2

Ji + (;% +p(n))e =mE - Ji,

No¢ + JQI = 0, (ZE,t) € R+ X R+, (11)
2

Jor + (22 + q(n2))s = —noE — Ja,

E,; =n; —na,
with the initial data
(n1,n2, J1, J2)|t=0 = (n10, n20, J10, J20) (), (1.2)
and either the Dirichlet boundary condition
J1lz=0 = Jo|z=0 = El|z=0 =0, (1.3)
or the Neumann boundary condition
J1z]z=0 = Joz|e=0 =0, and E(4o0,t) = a(t). (1.4)
Here, for the later case, two situations will be considered, that is, either
la(t)| = O(1)e™" for n > 0, (1.5)
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la(t)] = O(1)(1 + 1)~ for 6 > g (1.6)

In the above system, nq(z,t), nao(z,t), Ji(z,t), Jo(x,t) and E(x,t) represent the
electron density, the hole density, the current density of electrons, the current density
of holes and the electric field, respectively. The nonlinear functions p(s) and g(s)
denote the pressures of the electrons and the holes which are assumed to be identical
and smooth, and satisfy

p(s) =q(s) >0, p'(s)=¢(s) >0 fors>0. (1.7)
Moreover, we assume the initial data satisfying

lim (n1o(x), Jio(x), nao(x), J2o(x), E(x,0)) = (ng, Jy,ny, I+, Ey), (1.8)

r—+00
together with the compatibility condition with the Dirichlet boundary condition:
J10(0) = J20(0) =0, and E; = / [no1(z) — noz(x)]dx, (1.9)
Ry
or the compatibility condition with the Neumann boundary condition:
15(0) =0, ni|lz—0 =ni(0) fori=1,2, and a(0) = E,. (1.10)

Here (n4, Jy,ny, Jy, Ey) are some constant states. Please refer to (3.3) for deriving
the expression of F, in (1.9).

According to the Darcy’s law, in long-time, the solutions to the Euler-Poisson
system behave similar to those solutions to the porous media equations because of
the frictional damping, like Euler equation with damping that has been extensively
studied, cf. [10]. In fact, this can be verified by variables scaling [14, 26, 33, 35]:

r—xje, t—t/e?, ng =y, J;—el, E—E,

for i = 1,2 with an arbitrarily small number € > 0, then the system (1.1) becomes

nit + jla: :707

€3j1t + 53(%)1‘ + a(p(ﬁl))l‘ = ﬁlE - sjl’

Tiog + Joy = 0, (1.11)
_ 72 — -

8Tt + €% (32 )0 + £(p(02))s = —MoE — T,

EEI = N1 — No.
Neglecting the small terms with e, (1.11) gives

Rt + Jiz =0, 1=1,2
0=mF,

0=nok,

0=mn; —ng,

which implies

nmo=ng=n, J=J=J E=0. (1.12)
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Thus, substituting (1.12) to (1.11) yields

e+ Jp =0,
2], + (L), + p(i), = —J.

Again, by omitting the small terms with e, we obtain the following equations which
can be used to describe the asymptotic profiles of (1.1):

: fit — p(M)ze =0, porous media equation,
_ or equivalently, B _ ,
p(n), = —J, Darcy’s law.

Therefore, we expect that the solution (ny, Ji,n2, Jo, E)(x,t) converges to (7, J, @, J, 0)
(z,t), where (7, J)(x,t) satisfies the above porous media equations.

In most of the previous works, the asymptotic profiles for the damped Euler-
Poisson equations (1.1) are chosen to be the self-similar solutions (7, J)(x/v/1 + t)
of the above porous media equations, called diffusion waves. On the other hand, as
indicated in [26, 28] for the IBVP to the damped p-system, originally see [33] for the
IVP, a better asymptotic profile is the solution of the corresponding IBVP to the
porous media equations itself, rather than the self-similar solution. Based on this
thinking, for the problems considered in this paper, we expect the asymptotic profile
of the Dirichlet IBVP (1.1)-(1.3) satisfying

ﬁt + jac = O7 ﬁt _p(ﬁ)xaﬁ = 07
)y = *j, . )y = 7ja
23 (") - or equivalently, Zj(n) - (1.13)
nli=o0 = no(x), nlt=o0 = no(z),
j|w:0 =0, ﬁa:lm:O =0

while the asymptotic profile of the Neumann IBVP (1.1), (1.2) and (1.4) satisfying

g+ Jp =0, Nt — p()zz = 0,
n)y = _j, . )z = _j7
]f (7) B or equivalently, ?(n) B (1.14)
nli=0 = no(), nli=o = no(z),
Ja:|:c=0 =0, 7_7’|:C=0 = ’FLO(O)

Here, the initial data fg(x) — no as x — oo will be specified later in (3.41) for the
Dirichlet boundary, and (4.32) for the Neumann boundary respectively. We also call
such a particular solution (#,.J)(x,t) for the IBVPs (1.13) or (1.14) as a diffusion
wave without any confusion.

Let us now review some previous works on the Euler-Poisson equations. For the
unipolar hydrodynamic model, the existence of steady-state solutions was studied in
[4, 5, 6], and their stability was given in [7, 11, 16, 17, 21, 27, 39] in different settings.
Moreover, the global existence of classical and /or the entropy weak solutions as well as
the zero relaxation limits were investigated in [1, 2, 9, 12, 11, 21, 22, 23, 31, 43, 48|. On
the other hand, for the bipolar hydrodynamic model, the related research is much less.
For this, Natalini [37], and Hsiao and Zhang [12, 13] established the global entropy
weak solutions in the framework of compensated compactness on the whole real line
and spatial bounded domain, respectively. Hattori and Zhu [50] proved the stability
of steady-state solutions for a re-combined bipolar hydrodynamic model. Y. Li [24]
studied the relaxation limit of a bipolar isentropic hydrodynamic model with small
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momentum relaxation time. For the stability of diffusion waves, Gasser, Hsiao and
H. Li [8], and Huang and Y. Li [14] studied it in strong and weak sense, respectively,
under a restrictive condition

/[nlo(:c) — ngo(z)]dx = 0. (1.15)
R

Note that this together with (1.1)5 imply
E(+00,0) — E(—00,0) = 0.

This is called the switch-off case for the device because there is no voltage. For the
switch-on case

E(+400,0) — E(—00,0) # 0, or equivalently /[nlo(a:) — ngg(z)]dx # 0,
R
there is some difference between the original solutions and the diffusion waves at the
far fields so that the perturbation of a diffusion wave can not be in L? space. Note
that the L°°-stability of diffusion waves remained open. To overcome this difficulty,
recently, by constructing some correction functions to take care of the difference, we
proved in [15] the stability of diffusion waves for the IVP of (1.1).

Note that, for the IVP studied in [15] the far field layer due to the fact that
Jilz=co — Jilz=—co # 0 and E|y—co — E|s=—oo # 0 was analyzed. With the boundary
effect (Dirichlet or Neumann) in the half space considered in this paper, we also need
to take care of the boundary layer. For the one-side layer at the far field x = oo,
the correction function for the IBVPs in some sense can be constructed in a more
straightforward way than the IVP in the full space. In fact, we can linearize n;(z,t)
around the constant state n, and derive the explicit integral equations with Green
functions to the corresponding IBVPs (see (3.66) and (3.71), and (4.39) and (4.40),
respectively). With this advantage, by using the energy estimates for the elementary
solutions to the linear damped wave equations introduced by Matsumura [32] and
Tkehata [18] (see also the improvements in [26, 28, 30, 44] for nonlinear damped p-
system), together with the new techniques in [15, 16, 17, 36] on the construction of
correction functions, we succeed in proving the following optimal convergence results:

1. In the Dirichlet boundary case (1.3), the solution (nq,Ji,ns, Jo, E)(z,t) of
Dirichlet IBVP (1.1)-(1.3) converges to its corresponding diffusion wave
(n, J,n,J,0)(x,t) of IBVP (1.13) with the optimal convergence rates:

||(Tl1 - T_L, Jl - j,ng - 7_7,, JQ - j, E)(t)HLoo(RJr)

=0t~ it e, (1.16)
for the initial perturbations in H3(R;) x H?*(R;), where 0 < v < 1; and

||(n1 - T_L, Jl - j,ng - 7_7,, JQ - j, E)(t)||Loo(R+)

=0t T2 R e, (1.17)
for the initial perturbation in (H?(Ry) x H*(R,;)) N L*(R,). Furthermore,

[(n1 —n,J1 — J,ng =, Jo — J, E)(t) || Lo (r,)

=0t R e, (1.18)

for the initial perturbation in the weighted space (H2(Ry) x H'(R4)) N
LY(Ry) with 0 < 5 < L.
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2. In the Neumann boundary case (1.4), the solution (nq,J1,ng2, Jo, E)(x,t) of
Neumann IBVP (1.1), (1.2) and (1.4) converges to its corresponding diffusion
wave (7, J, 7, J,0)(z,t) of IBVP (1.14) with the optimal convergence rates:

||(n1—7_1,J1—jn —T_L JQ_J,E)(t)HLOC(]R+)

_jom €7, asa(t)] = O(e™),n >0,
o)t~ 7, 70, asla(t)=0(t7%),0 > 3,

5 3 5
R 1, 1, 1
5 3 5
1 1 1

(1.19)

»Mo. Mw

BN
NN

for the initial perturbations in H3(R ) x H2(R, ), where 0 < v < min{~, %},
and

[(n1 — 7, Ji — J,ma — 71y Jo — J, E) ()| oo ()
_ {O(l)(t‘l,t‘g,t_l,t_g&_”t)v as fa(h)] = O(c™),n > 0, o

o)t~ Lt~ 2,671 ¢72,t7%),  asla(t)] = O(t™9),0 > 3,

for the initial perturbation in (H?(R;) x H'(Ry)) N L'(Ry). Note that
different from the Dirichlet IVBP, there is no weighted L'7-decay obtained
for this case.

Finally, for the study on diffusion phenomena to damped p-system or relaxation
models, we refer to [3, 10, 25, 26, 33, 34, 40, 41, 42, 47, 49] and the references therein.

The rest of the paper is organized as follows. Firstly of all, at the end of this
section, we introduce some notations for readers’ convenience. In section 2, we will
introduce some known results about the diffusion waves, and the properties of solu-
tions to the Dirichlet/Neumann IBVP of linear damped wave equations. In section 3,
inspired by [15], we first heuristically study the behavior of solution for the Dirichlet
IBVP (1.1)-(1.3) at the far field z = oo, and the difference between the original solu-
tion and the possible asymptotic profiles. We then construct the correction function
to take care of the difference. Here, the correction function depends on the original
initial data (1.2). Later on, after we show how to find the most suitable asymptotic
profiles by carefully choosing the initial data for the IBVP of porous media equa-
tions (1.13), we prove the convergence of the original IBVP solution (1.1)-(1.3) to
the selected asymptotic profile (1.13). In Section 4, instead of the Dirichlet boundary
condition (1.3), we consider the Neumann boundary case J;;|z—0 with F|,—~ = 0 for
the system (1.1). After constructing some correction function and determining the
asymptotic profile of (1.14) with some specified initial data 7ig(x), we prove the con-
vergence of the solutions for the Neumann IBVP (1.1), (1.2) and (1.4) to the chosen
diffusion wave satisfying (1.14).

Notations. Throughout the paper, (7,.J, E)(z,t) denotes the diffusion wave,
that is, the solution of the IBVP (1.13) or (1.14), and (7, i, fig, Jo, E)(x,t) de-
notes the correction function. C > 0 denotes a generic constant, while C; > 0
(1 =0,1,2,---) represents some specific constant. The derivatives of f are denoted
by fu, few or OXf, k=0,1,2,---. LP(R;) (1 < p < o0) is the usual Lebesque space
with the norm

/
e = ([ 1f@Pda) " for 1<p< o0 and [flu = sup 7o)

Sometimes, the integral region R, will be omitted for brevity. LPV(Ry) with v > 0
and 1 < p < oo is a weighted LP(R ) space with the weight (1 + x)7. Its norm is

1/
o= ([ a+ari@pa)”,  1<pse

+
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H¥(R,) (k > 0) is the usual Sobolev space with the norm

k . 1/2
I = (3 |, insraz)

For simplicity, we also denote ||(f, g, h)[|32 = || fI32+gll3 2+ hl|32 and ||(f, g, h) |3 =
I £ + lgll3 + [[R]13;x. Let T > 0 and B be a Banach space. C°([0,T7]; B) is the
space of B-valued continuous functions on [0,7], and L?([0,T7]; B) is the space of B-
valued L?-functions on [0,77]. The other spaces of B-valued functions on [0,00) can
be defined similarly.

2. Preliminaries. In this section, we state some known results which will be
used for the proof of the convergence in Section 3 and 4.

LEMMA 2.1 ([19, 30]). Let ig—ny € LY(Ry)NH™(R,) for some positive integer
m. Then the solution (n, J)(z,t) of the IBVP (1.13) globally and uniquely ezists, and
satisfies

4j42k+1

10507 (7 — 1) (Dl 2z, ) = O(ME(1+ )55 0<2k+j<m, (21)
10507 (7 — 0 ) ()| Loy = O(Ma(1+8)" 2, 0<2%k+j<m, (22)
(7 — 1 )ae (@) 1y ) = O(1)0a2(1 + )73, (2.3)

where §3 := max,er, |[no(x) — Nyl
Furthermore, for the linear damped wave equation on the first quadrant with null
Dirichlet boundary condition

b+ adp — poge = g(x,t), (x,t) e Ry x Ry,
(¢, &¢)|t=0 = (¢0, 1) (), z € Ry, (2.4)
(b‘m:() :07 t€R+,

where @ > 0 and g > 0, as shown in [30] (originally, we refer to [32] for the IVP case),
its solution can be expressed as

oant) = [ [Kota = 0t) = Koo + 3.0l 5)dy
+ [TH = ) = Kalo 0oty
+ /Ot /OOO[Kl(x —y,t—38)— Ki(z+y,t —s)|gly, s)dyds, (2.5)
where K;(z,t) (j =0, 1) are the fundamental solutions of the homogenous equation
0K + a0 Kj — 0z K; =0, v €R, t € Ry,
with

Ko(z,0) = 0(x), and Ki(z,0) =0,
%K@(ﬂ?,()) =0, %Kl(l’,(]) = 6(%),
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where §(z) is the Dirac-Delta function. The Fourier transforms of K;(z,t) (i = 0,1),
denoted by K;(£,t) (i =0,1), are given explicitly by

272 Ginp (7V o —dpe? t)7 €] <

3

Jor e 2 SN
Ky (€,t) = { te™t/2, €l = 5%
\/Q:JQZ; sin (\/4“5227_0‘275), €] > ﬁ,
and
Ro(€.1) = SE1(6.1) + Ral&: D),
where
e~ /2 cosh (7@15), €] < ﬁ
Ry(&,t) = § e /2, €l = 5%
e~ /2 cog (7&#522—0@75)7 €] > ﬁ

For the linear damped wave equation with the null Neumann boundary condition

¢tt+a¢t_/u¢$x :g(l'7t), (xat) ER-‘:— XR-I-a
(®, ¢1)|e=0 = (b0, ¢1)(7), z € Ry, (2.6)
¢x|x:0207 t€R+,

its solution can be expressed as
oo
o(w.t) = [ [Kole = .0) + Kolz + . O)én(u)dy
0
oo
4 [ - ) + Koy tln )y
0

+/o /ooo[Kl(x —yt—s)+ Ki(w+y,t—s)lgly s)dyds.  (2.7)

The decay rates for the solutions are also obtained in [32] for the Cauchy problem,
and extended in [30] for the Dirichlet IBVP (2.4). Without any difficulty, the same
decay rates for the solution to the Neumann IBVP (2.6) can be derived similarly. Now
we summarize these decay estimates as follows.

LEmMA 2.2 ([32, 30]). If f € LY(Ry) N HITF(R,), then

010k [ (e~ .0) £ Ko+ )10}

L2(Ry)
i 2k41
<CU+ )75 I lpy + Wlamomo],  @8)
Joiot [~ kit = 5.0y £ Kato+ o))
0 Leo(Ry)
s k41
< CU+ T Il + 1 lmsence, - (2.9)
If f € LY(Ry) N HIPFL(R,), then
|00t [ ote = u.0) £ Koo+ w0l )|
0 L2(Ry)
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k+1
< COA+ D5 [ fllas + 1 moces) (2.10)
‘a{a’;/o [Ko(z — y,t) £ Ko(z + 1, 0)]f dyHLw o
. k+1
<CO+) 7 I fll) + Wlmonw,]  (211)

Furthermore, as shown in [18], see also [28, 44], for the Dirichlet IBVP (2.4), we
have the following faster decay estimates if the initial data belongs to the weighted
space L1 (Ry).

LeEMMA 2.3 ([18, 28, 44]). Let v € [0,1]. If f € LY7(Ry) N HITF(R,), then

010 [ (e~ yot) = K+ .01 ()]
0

L2(Ry)
,-,M,,
<CU+ 2 @) + I flnsaey],  (212)
oot [~ it = u.0) — ato+ ) )
0 L (Ry)
_ki_,
<CU+ T F T | fllpomy) + 1 ls)- (2.13)
If f € LY (Ry) N HIPFL(RY), then
oot [~ trote - vot) — Koo+ w0l )y
0 L2(Ry)
<CU+) 723 @y + I flmom,|,  (214)
; g’,f/ [Ko(z —y,t) — Ko(z + y, )] f dyH
0 Lo (Ry)
_ﬁ_,
<O+ F I flpn@e + Iflmnne,) . (215)

REMARK 1. As shown in [18], for the Neumann IBVP (2.6), the solution does not
possess such faster decay rates (2.12)-(2.15), no matter the initial data is (¢o, P1) €
LY (R,) or not.

Finally, we state a known and useful auxiliary lemma as follows.

LEMMA 2.4 ([45]). Let a >0, b> 0. Then

. C(1 4 t)~ min(a.b) max(a,b) > 1,
/ (1+t—s)"*(1+s)""ds < O +t)~ ™) n(2 4 1), max(a,b) =1, (2.16)
0 C(1+t)t-ab max(a,b) < 1.

3. Dirichlet initial-boundary value problem. In this section, we will first
investigate the exact difference between the original solution of (1.1)-(1.3) and the
diffusion wave of (1.13) at the far field. Then, as shown in [15], we will construct the
correction functions to take care of this difference so that the estimation can be done
in a L2-framework. Finally, for a given initial data (1.2) to the IBVP (1.1)-(1.3), we
will specify the solution to the IBVP for the porous media equations (1.13) as the
asymptotic profile of the original IBVP (1.1)-(1.3), and then prove the convergence
of the solution to the IBVP (1.1)-(1.3) to the selected diffusion wave to (1.13).
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3.1. Correction functions. In order to show the convergence of the solution
(n1,J1,n2, Ja, E)(x,t) of the IBVP (1.1)-(1.3) to the solution (n,J,n,J,0)(z,t) of
the IBVP for the corresponding porous media equations, we now heuristically study
the difference between these two solutions at the far field.

Let us first investigate the solution (n1, Ji, na, Ja2, E)(z,t) of the IBVP (1.1)-(1.3)
at the far field z = +o00. Define

(nii_a ‘]f_ang_v J2+7 E+)(t) = (nla Jla”?a J2a E)(+Oo7t) (31)

Integrating (1.1)s over [0, 00) with respect to z, we have
ET(t) — E(0,t) = /R [n1(x,t) — na(z, t)]de, (3.2)
+
which implies, with the boundary condition E|,—¢ = 0, that,
E+:EHaMD=Eﬂﬁm:A[md@—nmmmm. (3.3)
+

Noting the boundary conditions (1.3), and differentiating (1.1)5 with respect to ¢ and
using (1.1); and (1.1)3, we get
d

SEE®) = [ aulmie,t) = na(w, H)de = LI (1) - JF (1) (3.4)
Ry

So, taking limit in the equations (1.1);-(1.1)4 as z — 400, and combining (3.4), we
have

ny (t) =ny,

D1 @) =m0 - 1),

ng (t) =ny,

DI = —n B0~ ), (35)
9By =) + 0,

(i IS ED) =0 = (Jig, Joy, E).

Differentiating (3.5)5 with respect to ¢ and using (3.5)2 and (3.5)4, we obtain

d—2E+(t) + iEJr(t) +2n ET(t) =0

dt? dt
Ef im0 = By, (3.6)
%hzo = —(J1y — Jay),

which possesses the eigenvalues

1+ yT—8n;
Ao = f* (3.7)
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By a similar computation but simpler than in [15] for the initial value problem case,
we can solve the above ODEs in the following three cases.
Case 1: when 1 — 8ny = 0, then

Jig + J _ 1 ¢ 1 1
() = e e (g — i) + §[<J2+ — i)+ 54t} (38)
Jiv + J -~ 1 . 1
) = I et s L = ) 4 Gl — D)+ 5B (39)
B (t) = e—%{E+ 4 [Joy — Jis + 5E+]t}. (3.10)

Case 2: when 1 — 8ny < 0, then
1 1 Veng —1
Ji(t) = §(J1+ + ot )e™" + 16_5{ (Ji+ = J14) cos ————t

)
N (ﬁﬁ) ﬁ} 610

1 1 8y —
J (1) = §(J1+ + Joy)e " — Zeff{ (J1+ — Ja4) cos \/Jrit

)
+( 2(Jo — iy) + By T \/WEJF) sin ‘/87”7_175}, (3.12)
)

Veny —1
ET(t) = *%{E+cos Ve =1, Aoy — i)+ Er VB +71t}.(3.13)
2 ey —1 2
Case 3: when 1 — 8n4 > 0, then
—+ 1 —t 1 A1t Aot
‘]1 (t) = §(J1+ + J2+)€ — 5{)\1148 + )\QBB }7 (314)
1 1
JS(t) = 5(J1+ + Joyp)e b+ 5{AlAeM + )\gBe’\Qt}, (3.15)
E*(t) = AeM! + Bet?t, (3.16)

where A and B are defined as
Jor — Jiy) — MoEy _
w/1—8n+ \/1—8714_

However, according to the properties of the solutions to the IBVP of porous media

A:(

equations (1.13), the expected asymptotic profiles (n, J,n, J, E)(z,t) = (0, J,n, J,0)(x

at far filed x = 400 are
(n,J,n,J, E)(+00,t) = (ny,0,n4,0,0). (3.17)
From (3.8)-(3.16) and (3.17), it holds
|n; (00, t) — fi(oo,t)| = 0, 1=1,2,

|Ji(+00,t) — j(+oovt)| = O(l)eiwﬂ #0, 1=1,2,
|E(+00,t) — 0] = O(1)e~"t £ 0,

for some constant 0 < vy < % So, there are some difference between the original

solutions and their asymptotic profiles such that

Ji(x,t) — J(z,t) and E(x,t) & L*(R,).

1)
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Hence, we need to introduce some correction functions to take care of this differ-

ence. Asshown in [15], we may similarly construct the correction functions (71, jl, na, jg,
such that

g+ Jiz =0,

Ji=n B — Jh, fi(z,t) = 0,

for 4 Joz = 0, with { Ji(z,t) = JF(t), asz— oo, (3.18)
Joy = —ny B — o, E(x,t) — E*(t),

E, = fy — f,

for i = 1,2. Let us select the initial data for the system (3.18) as follows

{Ji(m,()) = Jix [y mo(y)dy, i=1,2, (3.19)

BE(z,0) = By [y mo(y)dy,

where mg(x) is a smooth function satisfying

mo(z) >0, mo € C5°(Ry), mo(y)dy = 1.
Ry

Then the correction functions can be constructed as follows.

Case 1: when 1 — 8n, = 0, then
. L1 B
Jl(:v,t) =Ji_e +*{(J2++J1+)€
1 1 ¢
e 8 [(he = o)+ 5 Uas = Dy + 3 Et]} [ moy)dy, (320
0
. 1
JQ(SC,t) = Jz_eit + 5{(J2+ —+ J1+)€7

e[y oy %[(JH )+ %qus] ! /O Cmo()dy,  (3.21)

Bz, t) = e*%{& + [J2+ S %E+]t} /w mo(y)dy, (3.22)
) = "0 (4 et 4 et (B (o - D+ B01) ) 3:23)

fia(z, 1) = ”“’T(””){(JQ+ Y )et—es <E+ + (Jay — Jig + E;) )} (3.24)

Case 2: when 1 — 8n4 < 0, then

A Joy + 1y, [T 1 _: V8ny —1
Ji(z,t) = %e t/ mo(y)dy + ¢ {2(J1+ — Joy) cos n%t
2(Jogr — Jiy) + E4
+( W + /By — 1B, )
X gin ~———— + — / mo(y)dy, (3.25)
A J: J ¢ V8ny —1
Ja(z,t) = % _t/ mo(y)dy — Ze 5{ (Ji4 — Jaq ) cos n%t

E)(x,1)



12 F.-M. HUANG, M. MEI, Y. WANG AND T. YANG

p(ARDOER: | )

\/87’1,_;,_ —1
Veng —1 *
csin Y2t} [ ma(y)dy, (3.26)
0
R ; V8ny —1
Ef(z,t)=e"2 {E+ cos n%t
2 — E Vi -1 *
+ o = Jii) £ By sin Sn+ t} / mo(y)dy, (3.27)
/8y — 1 2 o
1 : -1
iy (z,t) = %mo(x)e% + Ton mo(x)e*%{8n+E+ cos 8n;t
+
2(Joy —Jiy)+ E
+[\/ 8ny — H(E4 +2(J24 — J14)) + ( 2Ji/8n+17+—)1 ﬂ
X sin L”gflt}, (3.28)
. Joy +J _ 1 _t 8ny —1
Aoz, t) = %mo(x)e b Tom, mo(x)e? {8n+E+ cos %t

— B 2(Jay — J1y) + By
+[ VB — LBy + 2 — D)) + ey ]

Vi -1
x sin 8”%:5}. (3.29)
Case 3: when 1 — 8n4 > 0, then
i) = LT [ o)y
1 N v
—3 (AlAe/\lt + )\gBe’\Qt) / mo(y)dy, (3.30)
0
. Jor + iy 4 [7
Jo(z,t) = %e t/ mo(y)dy
0
Jr% A AeMt 4 )\gBe)‘Qt) / mo(y)dy, (3.31)
0
E(x,t) = (/\1Ae)‘1t + )\gBeA2t)/ mo(y)dy, (3.32)
0
1 1
i (w,t) = 5 (Jas + Jis)mo(@)e ™ + Smo(x) (AlAeM + )\gBe)‘Zt), (3.33)
1 .1

fig(x,t) = §(J2+ + Jip)mo(x)e " — imo(a:) (AlAe’\lt + /\gBe>‘2t>. (3.34)

Summarizing the properties of these correction functions, we have
LEMMA 3.1. It holds that

[(, g, Ty, Jo, B) (1)l e () < Cre™", (3.35)

(ﬁlajlaﬁZanaE”l‘:O = (070707070)7 (336)

(1, J1, fia, Joy B lamooe = (0, J7(£),0, J5 (£), E* (1)), (3.37)

/ (1 (2, 0) — o (, 0)]dar = / 10 (2) — nao(2)]dz = Es, (3.38)
Ry Ry

where 61 := |Ji4| + |Joy| + |E4].
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3.2. Asymptotic profiles. Now we turn to show how to find the particular
asymptotic profiles for the original solutions. Let us make a perturbation of the orig-
inal system (1.1) around the specified diffusion waves (1.13) by adding the correction
functions (3.18), then we obtain

(nl—ﬁ1—ﬁ)t+(J1 Ji—J). =0,
(Ji — 1= J)e+ (2 +p(na) — p(ﬁ))w

_mE—mE (J1 — J1 — J) + p(7d)t,
(ng — Ny — ’ﬁ)t (Jg — J2 — J_) =0, (339)
(J2—j2—j)t+(J +p(n2) = p(n))s

= —noF + ?’L+E (JQ - J2 - J) —‘y—p(ﬁ)xh

) =(ny — Ny —n) — (ng —Ng — 0).

(B
Integrating (3.39); and (3.39)3 over R} with respect to x, and noting J;(c0,t) =
Ji(00,t) = J(co,t) =0, J;(0,t) = J;(0,t) = J(0, t)—OforZ—l 2, we have

d

— [n;(x,t) — ny(x,t) — n(z,t)]de =0, i=1,2.
dt Jy.

Integrating the above equation with respect to ¢, we further have
/ [ni(z,t) — g (z,t) — n(x, t)]de = / [nio(z) — Ny (x,0) — fig(z)]dz = 0, (3.40)

by selecting the initial data 7g(x) for the IBVP porous media equations (1.15) such
that

/]R [nio(x) — 15(x,0) — Rg(z)lde =0, i=1,2, (3.41)
namely,
/ (a0 () — 7o) dar = / fi(z,0)dz, =12, (3.42)
Ry R,

Here, the determined initial data 7ig(x) in (3.42) is consistent for the pairs of (nio(x),
f1(x,0)) and (n2o(x), n2(x,0)), because, from (3.38), with the same selected initial
data ng(x),

/R+ [n10(x) — fig(x)]dx = /R+ fia (2, 0)da
is equivalent to
/ﬂh [n2o(z) — N (x)]de = /R+ A1 (x, 0)da.

With this preparation, we can study the perturbation around the diffusion wave in
the L2-framework:

ng—n—ng, Ji—J—J, E—EeL*Ry), i=1,2
CrLAaM 1. The asymptotic profile for the original solution (ny,Ji,ne, J2, E)(x,t)

of the Dirichlet IBVP (1.1)-(1.3) is (0, J,n, J,0)(x,t), where (i, J)(z,t) is the solu-
tion of the IBVP (1.13) with a specified initial data fig(x) satisfying (3.41).
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3.3. Convergence theorem. Let us define

@@J%Zlﬁm@¢%4M&ﬂ—n®ﬂW&
Yi(x,t) = Ji(x, t) — Ji(z,t) — j(x,t), 1=1,2,
H(x,t) := E(z,t) — E(x, 1),

then we get the following equations for perturbation

¢1t+¢1 207

- Ji+ J)?
Y1 + (( ;Z]l::_rﬁll —tﬁ) + p(¢1 + N1 + 1) *p(ﬁ))x

= (1o + 1 + )H + (P12 + 71 + 70 — 1y ) E — 1 + p(R) gt
@2t + P2 =0,

_ 7 7\2
( ;i%iiji;) +p(¢2x+ﬁ2+ﬁ)—p(ﬁ))m

= —(ou + g + A)H — (¢20 + g + 11— 1y ) E — g + p(R)ar,
H = ¢1 — ¢,
with the initial data
i0(w) 1= 0x(2.0) = [ lmo(€) = (€, 0) ~ (&),
Vio(w) = i, 0) = Jio(x) = Ji(w,0) = J(w,1), i=1,2,
Ho(x) = dr0(x) — P20(2),

and the boundary conditions

{(@,wi,%)u_o =0,

¢2t+(

1=1,2.

)

(¢i7 wia H)|w:OO = 0)
Substituting (3.44); to (3.44)5 and (3.44)3 to (3.44)4 respectively, we have

D11t + d1 — (p(¢1z +n1+n)— 10(77))3c + (p1z + 71 +1)H
= _fl + g1z _p(ﬁ)zta
Dot + P2 — (P(¢2x + g+ 1) — P(ﬁ)) — (p2g + 12 +1)H

x

= f2 + 922 — p(ﬁ)ztv
where

- (7¢)it+ji+j)

i = [piw + (R —ny) +R)E, gi= ST =12,
fi = i + ( +)+alE, g P

with the initial-boundary values
Gili=0 = ¢io(), Pitli=0 = —VYio(x), Pilz=0 =0, Pils=0c =0, i =1,2.
Furthermore, subtracting (3.48) from (3.47), we get
Hie +He +20H = h := higy — ho — hg + hyag,
Hli=o =: Ho(z),

Hilt—o = —[th10(z) — ¥20(0)] =: Ha(2),
H|w:0 = 0;

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)
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where

= (P12 + M1 + 1) — P2z + N2 + 1),
ho = (¢14 + G2z + 1 + 1ix)H,

hs = [p1z + Poe + (1 — ny) + (No — ny) + 2A]E, (3.52)
by — (=pu+ L+ ) (=g +J2 + J)?
SRR bt P2t

We now state the convergence results as follows.

THEOREM 3.2. Let (¢i0,%i0) € H}(Ry) x H*(Ry) fori = 1,2, § := |J14| +
|Ji-| + [Jog| + [J2—| + [E4| + maxger, [[n1o(z) — ng| + [n2o(z) — ny|] and @o =
(@10, P20) | &3 &)+ | (V105 20) | 12 (R, ) - Then, there exists &g > 0 such that if §4+®o <
do, the solution (ni,ng,J1,J2, E) of the Dirichlet IBVP (1.1)-(1.3) is unique and
globally exists. And the following optimal decay rates (in L*-sense of initial data), for
i1 =1,2, hold:

108 i ()|l r2(ry) = O(1)(1 + t) k72, k=0,1,2,3,
[05¢i ()| L2,y = O(1) (1 + )~ (’”2)/ k=0,1,
105y H ()| L2 () =

1 <k+1<2
))6 Osk+is<2, (3.53)

O(
10K ()| oo (my) = O(1)(1 4 ¢)~FFD/A 1k =0,1,2,
i (t) || Loy = O(1)(1 + )75/,
0K OLH (t)|| oo () = O(1)e ™", 0<k+1<1.

Moreover, if (¢i0,1%i0) € LY*(Ry) for i = 1,2, then the optimal decay rates (in
L'-sense of initial data) hold:

105 ()| 2,y = O(1)(1 +¢)~CF+D/4 1 | =0,1,2,
i)l 2 ry) = (1)(1 t) =5/,

108 ()| Lo,y = O(1)(1 + )~ R+HD/2 | = 0,1,
[0i ()| Lo (ry ) = O(1) (1 + ) 3/2.

(3.54)

Furthermore, if (¢i0,%i0) € NLYY(Ry) fori = 1,2, where 0 < v < i, then faster
decay rates hold:

(3.55)

Notice that ¢;, = n; —n —n; and ; = J; — J — ji for i = 1,2, and the correction
functions (n;, J;, E‘)(x, t) decay exponentially (see Lemma 3.1). We then immediately
obtain the following optimal convergence to the diffusion waves in L°°-norm.

COROLLARY 3.3 (Convergence to diffusion waves).

1. When ((bio,l/)io) < H3(R+) X HZ(R+) f07’ 1=1,2, then

(s — 71, J; — J, E) (1) || p sy = O(1)(t7 5,17 %, e7¥), (3.56)
[(n1 —ng, Ji — Jo, B) ()| Lo (ry) = O(L) (e e " e7¥h);  (3.57)
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2. When (¢i0,i0) € L'(Ry) N (H?*(Ry) x H'(Ry)) fori= 1,2, then

l(ni =, Ty = JE) Oy = O 73 e7), (358)
l(m =, s = T, B)(0)] 1) = O™ ™) (350)

3. When (io,i0) € LY (Ry) N (H?(Ry) x HY(RY)) for i = 1,2, where 0 <

v < i, then

(s — 71, J; = J, E)(O) | ne sy = O3 473,677, (3.60)
[(n1 = no, J1 — Jo, E)(t) | Lo (v, ) = O(1) (e, e e7"").  (3.61)

REMARK 2.
1. By comparing with linear heat equations, the convergence rates shown of

(3.53) and (3.54) are optimal, in the cases of the initial perturbations in
L? and L', respectively. Moreover, the convergence rates of (3.55) are also
optimal in the case of the initial perturbation in the weighted space LY. In
particular, ||V;i(t)|| L@,y = @)l e®,) = O(1)t=3/2 is optimal, due to
the slower decay of the nonlinear source term caused by the diffusion wave
lp(P) et ()l L1 (ry) = O(1)t=3/2. In fact, it can be easily seen from the follow-
ing example. Consider the linear heat equation

bt — pw = (1 4+ )73 2my(2),
Pli=0 = 0, (3.62)
¢|QL’=0 = 07

with sufficiently smooth initial data ¢(x,0) = 0, where mo(x) is in CF°(RL).
Its solution can be expressed by

b, 1) = / / (Gla —y.t— 5) — Cla —yt+ )1+ 5)~%mo(y)dyds,

_a?
t

where G(x, t) is the heat kernel. A simple computation gives

_ 1
= W@
|6, 1) ~ O()t~3/2, |03 (x,t)| ~ O(1)t~*/2.

This confirms that, even for the linear heat equation (3.62), the optimal decay
rates of the solution in the higher order derivatives ¢y, Gppr and Prpz, etc.
are of the order t—3/2 only.
,J,E)(x,t) is the asymptotic profile to the
original solution (n1,J1,na, Jo, E)(x,t) to the IBVP (1.1)-(1.3), comparing
(3.56), (3.58) and (3.60) to (3.57), (3.59) and (3.61), we can see that the
solutions (n1,J1) and (ng,J2) are closer to each other. This is due to the
dispersion effect of the Klein-Gordon equation (3.51) with the null-Diriichlet

boundary.

3.4. Proof of Theorem 3.2. This subsection is devoted to the proof of the

Theorem 3.2. The global existence and uniqueness of solution for evolution equations
as well as the corresponding energy decay estimates can be usually obtained by the
elementary energy method and a continuity extension argument, which is based on
the local existence and the a priori estimates. To establish the a priori estimates
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plays a key role in the whole proof. Here we focus ourselves on establishing the a
priori energy estimates in different solution spaces.

Step 1: Proof of (3.53). Let the initial perturbation be (¢i0,%i0) € H3(R4) x
H?(R,) for i = 1,2. Let T € (0, +oc], we define the solution space for (3.47), (3.48),
(3.50) and (3.51) as follows

Xl(O?T) = {(¢17¢1t7¢25¢2t7H)(I7t) 6tj¢l S C(O7T7 HSij(R-i—))?i = 1527 j = Oa 17
O/H € COTH* (R ), j=0.1, 0<¢ < T},

with the norm
3

Ni(T) = sup {Z (1+ 1) 2|85 (61, 62) (8) | L2 (ke

0<t<T C 1T

2
k42 i
+Z(1+t) > |05 (Dres d20) (D)l L2 (res ) + Z e t‘|aga§H(t)||L2(R+)}-

k=0 k+5=0

As shown in [15], by the basic energy method but a tedious computation, we can prove
the following lemma. The detail of proof is omitted for brevity. Interested reader can
refer to [15].

LEMMA 3.4. When (qﬁu)7 ®20, V10, ¢20) S Hg(R+) X HS(R+) X Hz(R+) X HQ(R+),
then there exists a unique and global solution (¢1,1, d2,v¥e, H)(x,t) € X1(0,T) for
the IBVP (3.47)-(3.51) satisfying

(H Mo s Mo Mo, Hit) (1) 121, ) < C(6 + Bo)e ™, (3.63)
105 (61, 62) (1)l L2,y < C(6+ @) (1 +8)7%, 0< k<3, (3.64)
105 (1, 2) ()| 12y < C(6+Bo)(1+8)"" 7, 0<k<2 (3.65)

provided 6 + N1(T) < 1.

Step 2: Proof of (3.54). Let the initial perturbation be (¢, %) € L'(Ry) N
(H3(R4) x H*(Ry)) for i = 1,2. First, we already have all the decay estimates
(3.63)-(3.65). Now what we need is to improve the decay rates for (¢;,1;)(x,t) as in
(3.54) when the initial perturbation is in L'. Let T € (0, +o00], we define the norm
Ny(T) for the solution space X2(0,7") as follows

X2(0,T) = {(61,d2) (. t)|¢: € C(0,T; H*(R+)), dir € C(0,T; L*(Ry) N L (Ry))},

and
2

Ny(T) = sup { (1+1) 2 (01, 02) ()| L2 (r,)
0<t<T k=0
1
3 ()05 (1, 62) (1) | e (=)
k=0

(1 + 1) 3 [|(D1e, S2e) Dl L2y + (1 + )2 [[(1e, ¢2t)(t)||L°°(R+)}'
Let us rewrite (3.47) and (3.48) as follows, for i = 1,2,
Gitt + bit — D' (n4)biza = F,
(¢4, Dit)|t=0 = (di0, —i0)(x), (3.66)
Gila=0 = 0,
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where
F,: = Fy + Fyp + Fi, (3.67)
Fu s = (pgu + i +70) = p(a) = 9/ (n4)u0) ) . (3.68)
Fip o = (=1)"(ip + 7oy + 1) H, (3.69)
Fiz : = (=1)"fi + iz — P(N) - (3.70)

From (2.5), then (3.66) can be expressed in the integral form, for i = 1,2,
0iwnt) = [ 1Kol —.0) = Kolo + 5. 0)6n(y)dy
0
oo
- [ ) = K () dy
0

—|—/O /OOO[Kl($_y7t—5)_K1($+y7t—3)]Fi(y,S)dyds, (3.71)

By applying Lemma 2.2, we immediately have the following estimates.
LEMMA 3.5. Let ¢pi0 € L'(Ry) x H?*(Ry) and 1o € L*(Ry) x H'(R,). Then,
fori=1,2,

J 9k = _ _ )
010k | Kot =) = Koo+ 9ut) ot , .

2kt )
<O+t {H@oHLl(Rg + ||¢i0||H1(]R+)}7 0<j+k<2, (3.72)

ag’aj;/o [Kl(a: —y,t) — Ki(z+y, t)] Yio(y)dy

L2(Ry)
2k+1

<C(L+1)7"

(Iiollzse, + ol ], 0<i+k<1, (3.73)

ajajj/oo Ko(z —y,t) — Ko(z + y,t)| dio(y)d
08 [ Kol = wot) — Kol +9.0) [y,

ol ok /OC [Kl(x —y,t) — K1($+y7t)}¢io(y)dy’

0

)
k41 )
<C(+t)77 2 {H(ﬁioHLl(Rg + ||¢i0||H2(]R+):|7 0<j+k<2 (3.74)
) L>(Ry)

ikt .
SCA+0)777 = il prmyy + \\¢¢0||H1(R+)]7 0<j+k<1.  (3.75)

Next we establish the decay energy estimates for the nonlinear term.
LEMMA 3.6. Let (¢i,¢i, H)(z,t) € X2(0,T). Then

/;Hazaf | [ =t =5 = Kot g2t = )] it

k+1
/
0

L2(R4)

< C[5 + No(T))(1 + )44

8j6§/oo Ki(zx —y,t—s)— Kiy(x+y,t—s)| F;(y,s)d ds
W | K=yt - Kl yt = 9| Fody|

0<2j+k<2, (3.76)

<CBE+No(D)(1+8) =5, 0<j+k<l. (3.77)
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Proof. By Taylor’s expansion, we have

+|7 = 1y | Giza| + [T Pia| + |dic + i + 1 [H] + |7igt]
iz + i+ (7 = )N E]+ (1] + il + 1))
A straightforward but tedious computation with the help of the decay estimates (2.1)-

(2.3) and the a priori assumption of the solution within X5(0,T") with the norm Ny (T'),
gives

IE ()| ie, ) < C(8 + No(T))(1+1)"%, (3.78)
IF: ()] ey ) < C(6 + Nao(T))(1+1)75. (3.79)

Nfw

Thus, by using Lemma 2.2 and Lemma 2.4 and noting % > j+% for 0 < k+25 <2,
we have

/ ‘
0
2k+1

t
<C [0t t=9 B IR + IR @, |ds

ds
L2(R4)

00k [ [Kilw —ut = 5) — Ko+t = )] Fly: )
0

2k+1

<C[5+N2(T)]/Ot(1+t—s)f a {(1+s)*%+(1+s)*%}ds

+1

< C[5 + No(T))(1 + )=~ %5

0<2j+k<2 (3.80)

Similarly, (3.77) can be proved and the detail is omitted. Thus, the proof is
complete. O

Combining Lemma 3.5 and Lemma 3.6, we prove

LEMMA 3.7. It holds that, fori=1,2,

10]05ds(D) | L2(r,) < C(L+ 1)~ 0<2j+ k<2, (3.81)
18]05 (1) | ooy < CA+1) 775, 0<j+ k<1, (3.82)
provided with 6 + No(T) < 1.

REMARK 3. Since the diffusion wave decays as ||fige(t)||L1r,) = O(1)(1 + )2
(see (2.3) in Lemma 2.1), which implies that the decay of F; is |[Fi(t)||Liw,) =
O()(1 + t)"2 only. As shown in (3.80), we can obtain the optimal decay rates
105 (t) | 2w,y = O(1)(1 + )~ for k = 0,1,2 only. For k > 3, notice that
% > %, by Lemma 2.4 we can ;)btain the higher order (k > 3) energy estimates
as |08 ()| L2r,) = O(1)(1+t)~2. So, in order to get the optimal decay rates, we
consider only k = 0,1,2. And also, different from Lemma 3.5 where we may allow
0<j+k<2, weneed0<2j+k<2in Lemma 3.6.

Step 3: Proof of (3.55). Let the initial perturbation be (¢, %) € L7 (R4) N
(H3(Ry) x H?(Ry)) with 0 < v < 1 (we will show later that the selection of v = %
is the optimal). We define the norm N5(T') for the solution space X2(0,T) as

2 1
- 2k+1 ) . k+1 v
Na(T) = sup {30 (IR 0] 050 (0) e+ (140 050 ()] .
0=t<T * 5, k=0 k=0
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As shown in [28] for the linear damping case (see Theorem 2.2, (2.20) in [28]), we can
similarly prove that, for v € [0, 1],

10705 6s ()| 2 < C(1+ 1)~ UFR/2,

0<j+k<2 (3.83)
Furthermore, we can also prove
1005 (8)l| L2 (m,y < C(L+1)~ i, 0<j+k<2, (3.84)
i 10§05 1 (1) | 2 yy < C(1+1)

Now let ¢(z,t) € X2(0,7) with the norm Ns(¢). From (3.71), and by using
integration by parts and Holder inequality, as in [26, 30|, we can similarly derive, for
v€[0,1),

IFi ()| i,y < Cl6+ N3(D)(1+1)3%3, i=1,2

(3.85)
Thus, from (3.71) and noticing Lemma 2.3 and (3.85), we have

105 ¢ (8)[| L2 ()

¢ [t = 0t) = Koo + 3016 ()]

L2(R4)

m/oo[Kl(x_yat)_Kl(x+yv )hbzo

o/

<O+t
+C1 41"

‘ L2(R4)

/ le_yvt_s) K1($+y7t—3)]F Y, y’

ds
2(R4)
%(H@oHu A @®y) T 1diolla2 )

2 (a0l pr ey + 1Yol i vy )
+C/ (14t—s) 5
0

<C(1+ t)_T_%(H(biOHLl Ay 1ol B2 Ry )
+O(1+ )~ 3

“3[||Fi(s @,y + 1F:(8) | mr wy)ld

il v,y + 1Yiollmr(®y))

t 2 1

+C77[1+N3(T)]/ (1+t—s) "a
0

4
k=0,1,2.

F(145)"313 4+ (145)"7]ds,

(3.86)
Let us balance the order of rates in the last term of (3.86)

2k+1 v

4 2 2

% for the largest case k = 2
which gives

(3.87)
So, we have

NG
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Applying Lemma 2.4 to (3.86), we obtain

2k4+1 5

1050 (D)]l 2@y <CS1+1)""% ~2, k=0,1,2, 0<y< (3.88)

| =

where
6 := il L1y + 1Uollrv@yy + ldiollmz@,y + 1ol i,y + [0 + Na(T).
Similarly, we have
@it (Ol z2®,)
o0 [ ol 1) = Kol + ()i

L2(R4)

+H8t /W[Kl(x_y’t)_f(l(xw, H]vio(y ‘

L2(R4)

/ [Ki(z—y.t—s)— K1(ﬂf+y,t*S)]Fi(y,S)dy’LZR

< O 1+t> 3 (ol ey ) + Idioll 2 ey
_5_2a
+C(L+1) 737 2([[Yioll 1 ey + 1Yol a1y )

+C/ 717%[||Fi(5)”L1W(R+) + |1F:(8) | 5 ryy] ds

<CO+t)7i" %(H@OHLM(M+||¢lo||Hz<R+)

5

+C(1+ t)_r%(||1/1i0||L1ﬁ(R+) + [[%ioll 1))

5

+C5[1 + N3(T)] /t(1 Ft—s8)TiT3[(145)" 3 4 (14 5)"3]ds
0

5

< CA+1)7172 (|0l + bl m2@,))
+O+ 17572 (il Lo sy + [iollar zs)
+C8[1+ N3(T)|(1+1)"172 + C[5+ Ny(T)](1 +1) 2

< Cl5+ N3(T)(1+¢)" 173, (3.89)
We may also prove L*°-estimates similarly:
105 (1) | Lo ms) < C[6 + No(T)(1+1)""F "3, k=0,1, i = 1,2. (3.90)

However, since the decay of the source term likes || F;(t)|[ L1 (r,) = O(t=3/?) due
to the decay of the diffusion wave ||7,:(t )HL1(R+) O(t=3/2), the decay rate for 0;¢;
is [|¢it(t)|| 1 (=, ) = O(t=3/?) rather than ¢~ 273, So we have only

()l yy < O + Na(T)(1+18) /2. (3.91)

Combining (3.88), (3.89), (3.90) and (3.91), we prove the following lemma.
LEMMA 3.8. It holds that, fori=1,2 and 0 <y < %
105 6i ()| 2,y < CL+ )75 —3, £=0,1,2, (3.92)

~

k41
108 i) pe(m,y < C(L+ 1)~ F ~3, k=0,1, (3.93)

|
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lpre(t)ll2ryy < C(1+8)7573, (3.94)
it (t) | ooy < C(L+18) 2, (3.95)
provided with § + N3(T') < 1.

4. Neumann initial-boundary value problem. In this section, we consider
the Euler-Poisson system (1.1) with the initial data (1.2) and the Neumann boundary
(1.4). We will first study the solutions to (1.1), (1.2) and (1.4) at the far field so that
we know what is the exact difference between the original Neumann IBVP solution
and the corresponding asymptotic profile (1.14) at the far field. And then we construct
some suitable correction functions and show how to select the initial data fig(z) in
(1.14) such that we can find the suitable asymptotic profile. Finally, we will prove the
convergence of the solution of the IBVP (1.1), (1.2) and (1.4) to the chosen diffusion
wave (1.14).

4.1. Correction functions. Let us study the solution of (1.1) at far field
r = 4oo. Taking limits in (1.1) as  — +o0, and denoting (n], J;",ng, E*)(t) =
limy o0 (11, J1, N2, Jo, E)(z,t), where E*(t) = a(t) as the boundary condition given
in (1.4), then we have

d 4

a'

d 4 + + + . nfli—o =ny,

SIEH®) =0t OET@0 = I ®, with {7 i=12
I =0 = Jiy,

(t) =0,

d
I3 (0) = —nd (OB (1) = T (1),

which gives

n;r(t) =N,
GHO=DE O HO G i @
SIF(0) = —n B 0) I (),
namely,
JH(t) = Jipe 4 ny /Ot e~ t=%)q(s)ds, (4.2)
J(t) = Jipet —ny /Ot e~ =q(s)ds. (4.3)

Since (see (1.5) and (1.6))

O(e™™), n >0, or,
o@t=9), 6> 32

2

|E(c0,t)| = |EF(t)] = |a(t)] = {
we immediately obtain

—vst . 1
|Ji+(t)|§{C’e ) 0 < vz <min{7n, 5}, —1,2 (4.4)

C(1+t)7% 6>3,
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Notice that, the expected asymptotic profile of the IBVP (1.14) behaves like

n(+oo,t) =ny, Ji(oo,t) =0, E(+oo,t) =0, (4.5)
so there are some difference between J;" (t) and J(oo,t):

|EF(t) — 0| = |a(t)| #0 and |J(t) = J| = O()t™32#0, i=1,2. (4.6)

To overcome this, we need to construct some correction function. As shown in
Section 3, we can similarly construct the correction functions (71, J1, 72, Jo, F)(z,t)
such that

g + Jiz = 0,

ju = n+E - jh

figr + Jow = 0,

Joy = —ni B — Jy, (4.7)
E, =iy — g,

ji|:r::oo = Jj(t)v

Elpeoo = aft).

These correction functions can be technically constructed as follows.
Case 1. When 1 — 8n, = 0, then

i (z,t) = *%mo(fﬁ){ — (Jiy + Ja)e ™t +te 2 (Jiy — Jay) ), (4.8)
fa(z,t) = —%mo(fﬂ){ — (Jiy + Jag)e™t —te2 (Jiy — Jay)}, (4.9)

A 1
Jl(x,t) = Jr(t) + 5{ - (J1+ + J2+)6_t
“+oo

+e 2 { — (Jip — o) + %(J1+ - J2+)} }/ mo(y)dy,  (4.10)

x

. 1
Jo(,t) = J5 (1) + 5{ — (Jip + Jay)e™!
+oo

—e7? { = (J1+ — Jo4) + %(JH - J2+)} }/ mo(y)dy,  (4.11)

~ + +oo ’
Ba,t) = BV (#) + te b (Juy — Jos) / mo(y)dy, (4.12)

x

where the nonnegative and smooth function mq(z) is selected as
+oo
mo(z) >0, my € C(RY), / mo(y)dy = 1. (4.13)
0

Case 2. When 1 — 8n4 < 0, then

. J1+—J2+ _t \/8n+—1

1
i (z,t) = <§(J1+ + Jap)e!

Sy hn T mole), (114)
A _ (1 o Jig—Jop e \Bng—1
Aoz, t) = <§(J1+ + Jagp)e™" + \/8”+7*16 7 sin 5 t)mo(a:)7 (4.15)
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t
(4.16)

t

~ 1 _ 1 _t \/871 -1
Ji(x,t) = J () + { - §(J1+ + Jay)e t — 5¢ 7 (Jix — Jot) cos%
1 o Jiy — VBng =1 [T
+—e" 2 Jir — Jay sin Sn+ t}/ mo(y)dy,
2¢  Bn; —1 2 ;
N 1 1 _:
oz, t) = J () + { — 5 Uns o )e™ + e (g — oy ) cos

1 e Jiy —J V8ny — 1 Foo

el T gy VO t}/ mo(y)dy,
2 V8ny — 1 2 -

2J1+*J2+ _t . \/8n+71t> /Jroo

€ 28

By -1 Yy ; mo(y)dy.

Case 3. When 1 — 8n, > 0, then

Ba,t) = B (1) + (

Ay (z, 1) = {%(JH_ +Joy)e Tt — %(/\1A26)\1t + )\nge)‘Qt)}mo(x),
fig(x,t) = {%(JH_ + Joy et + %(AlAge)‘lt + )\2326)‘2t)}m0(x),
i@ t) = JH(t) — %{(J1+ b Jo)et + A At

+)\2B26X2t} /+OO mo(y)dy,
Jo(z,t) = Jy (t) — %{(J1+ + Joy et Agett

*)\2326)@} /*oo mo(y)dy,

A~ +OO
E(x,t) = ET(t) + (M AzeM" + XaBoe™?!) / mo(y)dy,

xr
with

Jig — Joy Jig — Jog
A= DE T4 g By = T 2
2T T osny T T T8,

These correction functions have the following properties.
LEMMA 4.1. It holds that

(A1, Pi2) (8)[| Low ey < Cdze™ ",
1(J1, J2, B) () e v
- {cagevst, as |a(t)] = O(e~™), 5 > 0,
| Cs(1+1)70  asla(t)| = O, 0> %,
(1, 712)|s=0 = (0,0), (71, 72)|s=cc = (0,0),
(J1, T2, B)|a=oe = (Ji" (), 5 (£), EF (1)),
Oy (1, J1, 72, J2, E)|s=0 = (0,0,0,0,0),
(1, J1, M, J2, B)|a=ce = (0,0,0,0,0),

where 63 := |Ji4 |+ |24 | and 0 < 1 < 3.

\/871_;,_ -1
2

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)
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4.2. Asymptotic profiles. We are going to show how to specify the initial data
to(x) for the IBVP (1.14) for choosing a desired asymptotic profiles for the Neumann
IBVP (1.1), (1.2) and (1.4). Let us heuristically consider a perturbation of the IBVP
(1.1), (1.2) and (1.4) around a potential asymptotic equations (1.14) by adding the
correction functions (4.7),

(nl—ﬁl—ﬁ)t+(J1—j1—j)I:0,

(Ji =y = D)+ (2 + p(n) — p()e

=mE —nyE—(Jy—J—J) 4 p(R)a,
(na —fip = A)y + (J2 — Jo — J)p = 0, (4.30)
(Jo = Ja = J)e + (2 + p(na) — p(it))s

= 7TL2E+TL+EA' — (J2 — j2 — j) +p(ﬁ)xt,
(E—E)x = (n1 —TAL1 —ﬁ)—(ng—’ﬁg—ﬁ).

Notice the boundary conditions (1.4), (1.14) and (4.29), i.e., Jiz|z=0 = 0, Jele=o =10
and Jiz|z=0 = 0 for ¢ = 1,2, then (4.30); and (4.30)2 give that

(ni - ﬁi - ’ﬁ‘)t|z:() = 07 1= 1727

which implies

(ni = f; = 1)(0,t) = n4io(0) — Mig(0) — 710(0) = n40(0) — 1o (0) = 0, (4.31)
by selecting the initial data 7ig(z) to the IBVP (1.14) such that
ﬁo(—i—oo) =0 and ﬁo(O) = ni0(0>, 1=1,2. (432)

Here, we need

n10(0) = n20(0), or equivalently E,|,—0 = 0. (4.33)
If n10(0) # n20(0), then the diffusion wave (7, J, 7, J, 0)(x, t) to the IBVP (1.1), (1.2)
and (1.4) is unstable. For details, we refer to Remark 4 below.

CrAM 2. The asymptotic profile for the original solution (n1, Ji,n2, J2, E)(z,t)
of the Neumann IBVP (1.1), (1.2) and (1.4) is (0, J,n,J,0)(z,t), where (7, J)(z,t)
is the solution of the IBVP (1.14) with a specified initial data no(x) satisfying (4.32).

4.3. Convergence theorem. Define

¢i(x,t) = —/Oo[ni(g,t) —n;(&,t) — n(,t)]dE,

Wi, t) = Ji(, ) — Ji(a, t) — J(x,t), i=1,2, (4.34)

H(z,t) := E(z,t) — E(x, 1),
then we get the following equations for perturbation:

1t + Y1 =0, o
Y1 + (% +p(¢1z + 71 + 1) — p(ﬁ))l

= (¢10 + 711 + A)VH + (P10 + 711 + 70— 1) B — 91 + p(R)ar,
far + 12 =0, (4.35)
Yo + (% + p(p2z + N2 + 1) — P(ﬁ))gE

= —(pog + Ao + A)H — (d2z + N2 + 71 — 13 ) E — o + p(7i) o,
H=¢1— ¢,
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with the initial data

bule) = 0,5.0) = [ 0(©) ~ 14(6,0) — noflde,
._ 7 - ; - (4.36)
Yio(z) = Yi(x,0) = Jio(z) — Ji(2,0) — J(2,1), i=1,2,

Ho(x) == ¢r0(x) — d20(2),
and the boundary conditions

(pizs Hy)|w=0 = 0, (Neumann bounary)
Y[z=0 =0, i=1,2. (4.37)
(¢i7 wia H)|r:oo =0,

From the above equations , we have the following IBVP for H

Hit + He +20°H = h,

Hli—o =: Ho(z),

Hili=o = —[t10(x) — ¥20(0)] =: Ha(z),
Helz—0 =0,

(4.38)

where h := h1z — ha — h3 + hyg, is defined similarly to (3.52) and satisfies

h] ~ Ce~vst, as |a(t)| = O(e™), n >0,
1o+t asla(t) =0@?), 6> 2.

The IBVP of damped wave equations for ¢; (i = 1,2) are

Gitt + Gir — V' (N4 ) Pize = F;
(¢is dit)|t=0 = (bio, —%io)(x), (4.39)
(z)ixl:v:o = 07

which can be expressed in the integral form
iant) = [ Kole = y.) + Kol + . 0]6(u)dy
0
~ [ Ko = .0+ KaGo+ g 0inlo)dy
0

+/O /OOO[K1(£E—%?5—S)+K1(x+y,t—s)]Fi(y,s)dyds. (4.40)

As shown in Theorem 3.2, we can obtain the following convergence.

THEOREM 4.2. Let nlo(O) = n20(0) and ((blo, ®20, Y10, ¢20) S Hg(R+)XH3(R+)X
H%(Ry) x HX(Ry), & := |Jig| + |Jiz| + [Jog| + [Jo—| + |E4| + maxger, [[nio(z) —
ni| + [n20(x) — ny ] and @ := [|(d10, ¢20) | m3ry) + (Y10, ¥20) |2 (R, ). Then, there
exists 69 > 0 such that if § + @y < g, the solution (ny,ne, J1,Ja, E) of the Neumann
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IBVP (1.1), (1.2) and (1.3) is unique and globally exists, and it satisfies, fori = 1,2,

105 i(t) ]| 2y ) = O(1) (1 +1)~/2, k=0,1,2,3,
105 ()| L2ryy = O()(1 + £)~B+2/2, k=0,1,
|05 OFH(t) ||L2
{ —Vt asla()) =0(e™™),n >0, (o
)(1 —|—t 9. asla(t)|=0(@"7),0 > 3, (4.41)
105 i (1) IILm(R+> = O(1)(1+ 1)~ GO/, k=0,1,2, '

[0 ()| oo,y = O(1)(1 4 £)75/4,
1050 H ()| o= ()
O(l)e—ut, as |a(t)] = O(e—nt)’n >0

- T 0<k+1<1,
0(1)(1 —|—t)79, as |a(t)| — O(t76)70 > %7 < <

for 0 <v <uws.
Moreover, if (¢i0,%i0) € L*(Ry) fori = 1,2, then the optimal LP(R}) (2 <p <
+00) decay rates hold

108 i (t)|| L2,y = O)(L+ )~ CFFD/MA -k =0,1,2,

1)l L2 ry) = (1)(1 +1)75/4,
1056 ()| oo () = O(1) (1 + )~ D2 |k = 0,1,

[9i ()| e (ry ) = O(1) (1 + ) 3/2.

(4.42)

From the above convergence theorem, and noting the exponential /algebraic decay
of the correction functions (7, J;, E)(z,t) (see Lemma 4.1), we immediately get the
following L°°-stability of diffusion waves.

COROLLARY 4.3 (Convergence to diffusion waves).

1. When (d)io,wio) S Hg(R+) X HQ(R+) fO?” i1 =1,2, then

(n; — 0, J; — J, E)(t)|| Lo (=)

(

Jomyti i e, asa(t)| = O(e™),n > 0,

B {0(1)(ti,ti,t 9, aslat)=0(t"),0 >3, (4.43)
[(n1 = na, J1 = J2) (t)[| Los (r )

_Jo)(em e, asla(t)| = O(e™"),n > 0,

- {0<1><ew,te>, as la(t)] = O(~),0 > 3. 444

2. When (¢i0,%i0) € L*(Ry) N (H2(Ry) x HY(RY)) fori = 1,2, then

1(ni =70, Ji = J, E) ()| oo ()

ot R e, as|a(t) = O(e™"),n > 0

B {0(1)(t—1,t—2, =0, asla(t)] =0(t%),0 > 3, (4.45)
[(n1 =2, J1 = J2) ()| Loy

_Jo)(e e, asla(t)| = O(e™""),n >0,

N {O(l)(e‘”t,t_g), as |a(t)| = O(t=%),0 > 3. (4.46)

REMARK 4.
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1. Different from the case with Dirichlet boundary condition studied in Section 3,
no matter the initial perturbations (¢io, Vi) (x) fori = 1,2 are in the weighted
LYY (Ry) or not, like linear damped wave equations [18], we cannot have the
improved decay rates like (3.55) for the solutions ¢;(x,t) and ¥;(x,t) for the
Neumann IBVP (4.35)-(4.37).

2. As mentioned before, the condition n10(0) = nag(0) or equivalently E,|.—¢ =
0 is necessary for the convergence of the solution (ny,Jy,ng, Jo, E)(x,t) of
the Neumann IBVP (1.1), (1.2) and (1.4) to the corresponding diffusion

wave (7, J,7,J,0)(x,t) of the IBVP (1.14). Otherwise, the diffusion wave

z,

(n,J,n,J,0)(x,t) is unstable, because
E;(0,t) = nig — n20(0) # 0,
implies
0z (E)(z,t)|z=0 - 0 ast — +o0.

3. For the Neumann boundary (1.4), if we replace the boundary condition E|;—oo
= a(t) by E|z=0 = a(t), since (J1,J2, E)(+00,t) is implicitly determined by
the IBVP system of (1.1), (1.2) and (1.4), we cannot find the exact difference
between J; and J, and E and E = 0 at the far field x = co. Hence, we cannot
construct the corresponding correction functions and the stability of diffusion
wave s still not known.
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