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BEST ASYMPTOTIC PROFILE FOR HYPERBOLIC p-SYSTEM
WITH DAMPING*

MING MEIT

Abstract. For the 2 x 2 hyperbolic p-system with damping, its asymptotic profile has been
traditionally regarded as the self-similar solution, the so-called diffusion wave, to the corresponding
parabolic equation by Darcy’s law, and the convergence of the original solution to the diffusion
wave has been intensively studied by many people. However, by a deep observation and a heuristic
analysis, we realize that the best asymptotic profile for the solution to the Cauchy problem of the
p-system with damping is a particular solution to the corresponding nonlinear parabolic equation
with a specified initial data, and we further show the convergence rates to this particular asymptotic
profile. These new rates are much better than the existing convergence rates to the diffusion waves.
Our results essentially improve and develop the previous studies. Finally, some numerical simulations
are carried out, which also confirm our theoretical results.
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1. Introduction. For the model of the compressible flow through porous media
with dissipative external force field, it can be described in Lagrangian coordinates as
the p-system of hyperbolic conservation laws with damping (see [1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32, 33, 34]),

vy — Uy = 0,

(1.1) (z,t) € R x R..

Ut + p(v)I = —Qu,
Here, v(x,t) > 0 is the specific volume, u(z,t) is the velocity, and p(v) is the pressure
(a smooth function) such that p(v) > 0, p’(v) < 0. A typical example, in the case of a
polytropic gas, is p(v) = v~7 with v > 1. The external term —au with « > 0, called
a linear damping, appears in the momentum equation.

In this paper, we consider the damped p-system (1.1) with the following initial
data:

(1.2) (v,u)(x,t)|t=0 = (vo,uo)(x) = (v4,us) as x — Fo0,

where v > 0 and u4 are constant states.

According to Darcy’s law, the solutions (v, u)(z,t) of (1.1) and (1.2) are expected
to behave time asymptotically as the solutions to the following (parabolic) porous
media equations

Up — Uy =0, . B = — (@),
o or equivalently, t 3 P(0)ze

(13) p(0), = —aa, p(0), = —aa,

(ZE,t) € R x R+,
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2 MING MEI
with
(1.4) (v,a)(x,t) = (vs,0), as z — Loo.

In fact, by setting the following scalings to the variables
t=1t/e*, x=1I/e, v="0, u=c¢cu

for 0 < ¢ <« 1, we then scale the damped p-system (1.1) to the new system (still

denoting ¢ and Z as t and =, respectively)

T)t - ’ﬁw = 0,
2ty + p(0), = —adi.

Neglecting the small term £2i;, we derive the asymptotic state equations as (1.3).

For the system (1.3), with a different initial value, the solution (v,@)(z,t) is
different. In other words, the asymptotic profiles for the system (1.1) and (1.2) are
not unique. The interesting and natural questions are, which particular solution of
(1.3) will be the best asymptotic profile, and what will be the better convergence rates
for the original solution to the best asymptotic profile? To solve these problems will
be our target in the present paper.

It is well known that the asymptotic state equations (1.3) satisfying (1.4) pos-
sess self-similar solutions (v,a)(x,t) = (¢,)(x/\/t), which are usually called the
(nonlinear) diffusion waves for the damped p-system (1.1). The existence of such
self-similar solutions (which are unique up to shift) had been proved by Duyn and
van Peletier [2] early in 1970. The convergence to the diffusion waves was first
studied by Hsiao and Liu [3, 4] in 1992. In these pioneering frameworks, they
showed that the solutions of (1.1) and (1.2) converge to a specified diffusion wave
in the form of ||(v — ¥, u — @)(t)||p~ = O(1)(t~*/2,t~/2). The correction functions
were ingeniously constructed to eliminate the gap yielded by the original solutions
and the diffusion waves in L2-space. Then, by taking more detailed but elegant
energy estimates, Nishihara [22] succeeded in improving the convergence rates as
(v = 0,u — @)(t)||p~ = O)(t=3/4,t=5/4), when the initial perturbation is in H?3.
Furthermore, when the initial perturbation is in H3* N L', by constructing an approx-
imate Green function with the energy method together, Nishihara, Wang, and Yang
[27] completely improved the rates as ||(v — @, u —@)(t)| .~ = O(1)(t~*,¢3/2), which
are optimal in the sense comparing with the decay of the solution to the heat equa-
tion. Later then, Wang and Yang [30] further gave a more detailed piecewise form on
the convergence rates. These convergence results need the initial perturbation around
the specified diffusion wave and the wave strength both to be sufficiently small. Such
restrictions were then partially released by Zhao [31], where the initial perturbation
in the L sense can be arbitrarily large, but its first derivative still needs to be small,
which implies that the wave must also be weak. For the 2 x 2 quasi-linear p-system
but still with linear damping, the convergence with some decay rates was obtained
by Li and Saxton [13]. We note also that, for the 3 x 3 system with linear damping,
the convergence to the corresponding diffusion waves was studied by Hsiao and Luo
[5] and by Pan [28], respectively, and then improved by Nishihara and Nishikawa in
[25]. Regarding the p-system with linear damping and vacuum, the corresponding
convergence has been deeply studied by Huang and Pan [10], and by Huang, Mar-
cati, and Pan [9], respectively. Recently, when the damping effect is nonlinear, the
convergence to the diffusion waves has been investigated by Zhu and Jiang [33, 34]
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HYPERBOLIC p-SYSTEM WITH DAMPING 3

for uy = u— = 0, and further studied by Mei [20] and C.-K. Lin, C.-T. Lin, and
Mei [14] with u4 # u_ for the initial value problem and the initial-boundary value
problem, respectively. For other studies related to this topic such as the conver-
gence in weak sense, as well as the convergence with boundary effect, etc., we refer to
[1, 6, 7, 8, 11, 15, 16, 17, 23, 26, 29, 32] and the references therein.

We notice that the optimality of the convergence rates obtained in [27, 30] for the
Cauchy problem case and in [17] for the initial-boundary condition case is just based
on the selection of the self-similar solutions (v,%)(x/v/t) as the asymptote profile.
Namely, for one selected self-similar solution as the asymptotic profile, the convergence
rates O(1)(t~1,t7%/2) in the L™ sense are the best and cannot be improved at all.
However, the selected self-similar solutions to the parabolic system (1.3) are not the
best asymptotic profiles for the damped p-system (1.1) (intuitively, see the numerical
results presented in section 5). As testified also by Nishihara [23] in the special case
vy = v_, by specifying the location of diffusion waves, the convergence rates can be
further improved as O(1)(t=3/?logt, t~2logt) in the L sense.

In this paper, we consider the general case vy # v_. By a heuristic analysis,
we realize that the best asymptotic profile of the damped p-system (1.1) and (1.2)
is a particular solution (7, @)(z,t) to the corresponding nonlinear parabolic equations
(1.3) with specified initial data (see (2.23) below), which satisfies also (1.4). We will
further derive the convergence rates O(1)(t=3/?logt, t=2logt) in the L> sense, which
are the same as that obtained in [23] for the case v; = v_, but much better than the
rates obtained in the previous works for the case vy # v_. The reason causing us to
have an extra logt is that the decay in the nonlinear perturbation term for #; in L'
is only as ||v¢(t)|| 1 = O(1)t L.

The paper is organized as follows. In section 2, we give a heuristic analysis to
find the best asymptotic profile for the system (1.1) and (1.2), and build up the
working equations, and then we state our main results. To prove the convergence of
the solution for the system (1.1) and (1.2) to its best asymptotic profile, as well as
the convergent rates, is the main effort in the present paper, which will be done in
section 3. As a supplement to section 3, we prove the existence of the best asymptotic
profile and derive its properties of decay rates in section 4. Finally, in section 4, we
carry out some numerical computations, which confirm also our theoretical results.

Notations. We give some notations as follows. Throughout the paper, C > 0
denotes a generic constant which may change its value from line to line or even in the
same line, while C; > 0 (i = 0,1,2,...) represents a specific constant. L?(R) is the
space of square integrable functions, and H*(R) (k > 0) is the Sobolev space of L2-
functions f(z) whose derivatives %i fyi=1,...,k, also belong to L?(R). The norms
of L*(R) and H"*(R) are denoted as ||f||12(r) and || f| s« (r), respectively. For the
sake of simplicity, we also denote ||(f, g, h)||2L2(R) = ||f||2L2(R) + Hg||2L2(R) + ||h||2L2(R).
Let T > 0 and let B be a Banach space. We denote by C°([0,T]; B) the space of
B-valued continuous functions on [0, 7], and L?([0,7]; B) as the space of B-valued
L? functions on [0,T]. The corresponding spaces of B-valued functions on [0, 00) are
defined similarly.

2. Best asymptotic profile and main theorems. In what follows, we are
first going to make a heuristic analysis, and then we will show how to find the best
asymptotic profile and what will be the best asymptotic profile. Finally, we will estab-
lish the working equations and state our main convergence results with the improved
decay rates.
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4 MING MEI

We first investigate the asymptotic behavior of (v,u)(x,t) at © = +oo. Let us
take the limits as  — 400 to the damped p-system (1.1), and note that u, and p(v),
will vanish at £ = £00 due to the boundedness of (v,u)(z,t), and then we have

%v(:l:oo,t) =0,
(2.1) (oo, t) = —au(+oo, ),
(v,u)(£00,0) = (vo,up)(£o0) = (v4,ust),

which can be exactly solved as

(2.2) {“(ioo’t) - t>0.

u(Foo,t) = ure

As shown in section 1, the expected asymptotic profile of (1.1) is the (parabolic)
porous media equation (1.3) with the restriction (1.4). In the same way as (2.1), it
can be easily verified that the solution (7, @) of (1.3) satisfies

(2.3) (0,0)(Fo0,t) = (vg,0).

From (1.1); and (1.3)1, we have

(v—0) = (u—1u)y.
Integrating the above equation with respect to « over (—oo,o0) and noting (2.2) and

(2.3), we then get

%/Z(v —9)(z,t)dr = u(+00,0) — u(—00,t) = (uy —u_)e ** #0.

In order to eliminate the gap u(+00,0) — u(—00,t) = (uy — u_)e~*, we need to
construct a pair of correction functions (0,4)(x,t), which was first introduced by
Hsiao and Liu in [3]. Namely, let @(z,t) be the solution to the following equation:

d
Eﬁ(x,t) = —ad(z,t) with a(+o0,t) =ure

and then it can easily be solved as
(2.4) iz, t) = m(x)e” ™,

where m(z) needs to be m(+o0) = ux. For this, we construct it as

(2.5) me) =+ (e — ) [ " o)y,
and
(2.6) mo(x) € Cg°(R) with /:)o mo(x)de = 1.

Here, mo(z) may be chosen in many different ways. One example for mg(z) is

(2.7) mo(z) = %wﬁf
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HYPERBOLIC p-SYSTEM WITH DAMPING )

for some constant A > 0. Now setting 9(z, ¢) such that

UVt = Uy,
one then immediately obtains

Uy — U—

(2.8) o(x,t) = mo(x)e

[0

Thus, the correction functions (9, 4)(x,t) satisfy

I —)
(29) ’llt = —O[’ll,

(’ﬁ,ﬁ)h;ioo = (0, uie*"‘t).

Now we are going to look for the best asymptotic profile (7, @)(z,t). Traditionally,
we take the self-similar solution (7,@) = (¢,9¥)((z + )/+/1 +t) as the asymptotic
profile for the solution (v, u)(z,t). Here, in order to avoid the singularity, we use
(¢, ) (x/\/T+1) to replace (¢,v)(z/v/t), and T is a shift constant. However, this is
not the best asymptotic profile. In fact, as shown in [3, 22, 27], one can expect only

/ (v — 5 — ) (@, t)dz = 0,
but

/00 (u—a—a)(z,t)dx # 0.

— 00

This implies that the selected asymptotic profile (7,a) = (¢, ¢)((x + Z)/V/1+¢t) is
not optimal. In order to get the best asymptotic profile (7, @), we need technically to
construct a particular solution (7,a)(x,t) such that

(2.10) /00 (v—7—0)(z,t)dx =0,

— 00

(2.11) /m( — @ —a)(z,t)dz =0, for all ¢ > 0.

(2.12) // (v = — 8)(y, )dy =0,

Let (v, 4)(x,t) be the expected particular solution of the Cauchy problem

b — 1y = 0, T}t=——p( )m,
(2.13) p(0)s = —ad, or equivalently, ( i,
Vli=0 = vo (), 0= ( )
where the initial data vy(x) satisfy
() — vy, as & — oo,

and will be specified later. Furthermore, let us consider the correction function
(0,4) = (0,a)(x + xo,t) with a shift zp which will also be determined later. Namely,

Uy —U—

(2.14) (0,0)(z + x0,t) = ( - mo(z 4 zo)e™ ", m(z + xo)e*at),

«
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6 MING MEI

and satisfies
(2.15) 6, @) Ol () = Oy — u_|(e=, &),
From (1.1), (2.9), and (2.13), we have
(v—0—0)— (u—u—1u)
(219 {w —a— i+ (o) — p(o

Integrating (2.16)2 with respect to « over R, and noting that p(v) — p(vy), p(v) —
p(vy) as ¢ — £oo (see (2.2) and (2.3)), we have

d [ o
7 _Oo(u—u—u)(x,t)da:
{0 -p@1+ @[ —a [ w-a- i

=« /00 (uw—a—a)(z,t)dr,
which can be solved as (by using (1.3),, (2.14), and (2.3))
/OO (u—1u—1)(z,t)dr
_ oot /Oo fuo () — @(,0) — iz + a0, 0)]dx

— oot /Z [uo(x) + ép(f}(x, 0))s — m(z + xo)] d

e[ tuoto) e+ anldo+ L [ ptote, 0

— 00 — 0o

e {| [ tuote) = o+ | + Lt0) w0031}

(2.17) =:e I (z0).

Notice that

= —(U+ - U_),
and then integrating the above equation with respect to zo yields
(2.18) I(xzo) — I(0) = —(ug — u_)xo.

Since we expect

/_Z(u G- @)z, t)dz = 0,
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HYPERBOLIC p-SYSTEM WITH DAMPING 7

which is, due to (2.17), equivalent to I(xg) = 0, then we get from (2.18) that
(2.19)
1 1

0= ot 100) = e { [ lunle) — m@ld + 2lplos) - pio- 1}

Uy — U— Uy —U— —o0

Thus, we arrive at

(2.20) /OO (=7 — )@ )z =0, t>0.

—00
Now we return to (2.16);. Integrating it over (—oo, z] yields
d x

7 (v—1—0)(y,t)dy = (u —a — 4)(x, ).

Again, integrating the above equation over (—oo,00) with respect to = and noting
(2.20), we have

%/_Z/_;(v—v—@)(y,t)dydx:/_O;(u—u—a)(a:,t)dx:().

Then, integrating the above equation with respect to ¢, we further obtain

/Z /, ;(” — 0= 0)(y, t)dydx
= /°° /I [vo(y) — To(y) — 0(y, 0)]dydx

Ugp — U
(2.21) / / vo(y) — vo(y) + ———mo(y + xo)} dydz.
Now we select the particular initial data vg(z) such that
Ugp — U
(2.22) / / vo(y) — To(y) + ——mao(y + $0)} dydz = 0;

as a particular example, we may take

Uy — U—

(2.23) vo(x) := vo(x) + mo(x + x0),
and then we can expect, from (2.21), that
(2.24) / / (v—v—-0)(y,t)dydr =0, t>0.

Thus, we have found such a particular solution (v, u)(z,t) satisfying (2.10)-(2.12).
Defining

(2.25) V() = /_OO /_yoo(” 5= 0)(2, £)dedy,

(2.26) Uz, t) = / (u — @ — @)(y, )dy,

(2.27) / / [vo(2) — To(2) — 9(2, 0)]dzdy,
(2.28) oo i= [ fualy) = ,0) ~ a(y,0)ds
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8 MING MEI

namely,

Vie =0 —0—10, Uy,=u—1u-—1,

and applying them to (2.16), we finally establish a new working system of equations

‘/t -U= 0)
(2.29) U+ p(0+ 0+ Vi) — p(0) = —alU + 2p(v),,
(V,U)lt=0 = (Vo, Uo)(),
namely,
Vi—-U=0,
(230) Ut + (p/ @)Vz)z =—aU — Fl — FQ,
(V,U)li=0 = (Vo, Up()),
where
1
(2.31) Fi:=——p(0),
(232) F2 L= [p(@ + 0+ wa) - p(’[}) - p/('f))wa] - p/(’[})wvm

which implies, by Taylor’s formula, that

(2.33) [F1| = O(1)[ve,
(2.34) |Fy| = O()[|9] + |9 + Vaw|* + |02 Ve |]-

Now we are going to state our convergence results. First of all, we have the
following existence of the solution (v, @)(z,t) (the best asymptotic profile) for the
system (2.13) and (2.23).

PROPOSITION 2.1 (property of the best asymptotic profile). Suppose By — vg €
H™(R), v)(z) € H" Y(R), where m > 3 is an integer, and

= V4, T >0,
2.35 =
( ) vo(@) {v_, z < 0.

Then the unique solution (v,u)(x,t) for (2.13) and (2.23) globally exists and satisfies

,_.

(2.36) [1050(t)|| 12 (m) = O(1)|og — v_|(1 + 1)~ (F—) k=1,2,3,...,m,

(2.37) 105 a(t)|| z2m) = O(1)|vg — v_|(1 + )~ <§+% k=01,2,...,m—1,
(2.38) |50, ()| L2y = Oy —o_|(1+1)"GHE) | £ =0,1,2,...,m—2,
(2.39)10F ()| 22y = Oy —vo_|(1+)"G+E) £k =0,1,2,...,m —3.

Furthermore, if vo — vo € L*(R) N H™(R) and v)(z) € H™ (R), then

Doy —v_|(1+8)"GT0,  k=1,23,...,m,
1+6)"GHD k=0,1,2,...,m—,
1+t~ k=0,1,2,....,m—2,
2.43) (| 0%, (t) || L2(r) = OW)|vy —v_|(1+6)~GFD,  k=0,1,2,...,m - 3.
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HYPERBOLIC p-SYSTEM WITH DAMPING 9

THEOREM 2.2 (convergence). Let To(xz) be chosen such that (2.22) holds, and let
(Vo,Uo) € H3(R)x H?(R). There exists a number e1 > 0, when the initial perturbation
(Vo,Uo)(x) and the wave strength § := |vy — v_| + |ug — u_| are suitably small such
that 6+ [|Vol| a3 (ry +|Uol| 2 (ry < €1, and then the global solution (V,U)(x,t) of (2.29)
(or (2.30)) uniquely exists and satisfies

V(x,t) € C*(0,00; H*¥(R)), k=0,1,2,3, U(xz,t) € C*(0,00; H* *(R)), k =0,1,2,

and

3 2
Zl‘H loyv )H%2(R)+Z(1+t)k+2||a§U(t)H%2(R)

k=0
~/0

2
1 + ) HIOEV ()72 ) + Z(l + ) THIOEU ()| 72y | s
(2'44) (||V0||H3(R) + ||U0||H2(R) + 5)

k=0

Moreover, if (Vo,Up) € (H?*(R) N LY(R)) x (H?(R) N L'(R)), then the rates can be
further improved as follows:

(245)  OEV(Ollam) < CO(1+1)"T % log(2+1),  k=0,1,2,3,
(246) AUt r2r) < CH1(1+8)"F 5 log(2+1t),  k=0,1,2,

where §; := ||V()||%13(R) +|Uol|3 + 4.

Notice that Vpp = v —0 — 0, U, = u — @ — 4, and use (2.14) and (2.15), i.e
[o(x,t)], |a(x,t)] ~ O(1)e”*, and Sobolev’s embedding inequalities ||f||r=(r) <
V2| f ||1/2 (R) I f z||1L/22 (R)’ and we immediately obtain the following convergence rates.

COROLLARY 2.3 (convergence to the best asymptotic profile). Under the condi-
tions in Theorem 2.2, the system (1.1) and (1.2) possesses a uniquely global solution
(v,u)(x,t), which converges to its best asymptotic profile (v,u)(x,t) defined in (2.13)
and (2.23) in the form of

(2.47) (v = 2)()| oo (r) = O(1)(1 + )~ log(2 + 1),
(2.48) ll(w — @) (1) Lo (ry = O(1)(1 + ) log(2 + 1).
Remark 2.4.

1. In Theorem 2.2, the restriction on the initial perturbation (Vp,Up)(z) €
H3(R) N H?(R) with the facts Voze = vo(z) — vo(x) — 9(0,2) and Uy, =
ug(x) — to(x) — 4(0, z) = uo(z) + 2p'(vo(2))v)(z) — 4(0, ) implies that the
initial perturbation is most like

wo(e) = Bo() — 0(0,2) = O+ o) >, 7>,
ug(z) — to(x) — (0,2) = O(1)(1 + |z|) ™' 77, v > %

2. The rates shown in (2.47) and (2.48) are the same as that shown by Nishihara
[23] for the case v4 = v_, and much better than all existing convergence rates
obtained in the previous works. However, it seems hard for us to remove log ¢
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10 MING MEI

in (2.47) and (2.48), because the nonlinear source term ||[Fy = O(1)|7;| (see
(2.31) and (2.33) above) decays in the L! sense as |[Fi| 1 = O(1)]|v¢(t)|| 11
= O(1)t™!, after integration which leads us to have an extra logt (see (3.33)
below).

3. Convergence to the best asymptotic profile. Substituting U = V; (the
first equation of (2.30)) into the second equation of (2.30), we obtain
(3.1) Vit aVit (0 (0)Va)o = =Fi = P, (a,1) € Rx Ry,

' (Va W)'tZO = (‘/07 UO) x)? T e R

It is well known that Theorem 2.2 can be proved by the classical continuation method
based on the local existence and the a priori estimates. The local existence of the
solution for (3.1) can be obtained by the standard iteration method (cf. [19, 21]). To
establish the a priori estimates for the solution usually is technical, which will be the
main effort in this section.

We are going to prove Theorem 2.2 in two steps. The first step is to establish
the a priori estimates for (2.44) by the basic energy method. The second step is

to improve the decay rates to that given in (2.45) by using the approximate Green
function method.

3.1. Proof of the a priori estimates (2.44). Let T € [0, oo|; we define

3 2
(32) N(T)*:= sup {Z(1+t)k|8§V(t)||%2(R)+Z(1+t)k+2”agls€v;f(t)“%2(1%)}'

0<t<T | 1= k=0

We first establish the following basic energy estimate.
LEMMA 3.1 (basic energy estimates). It follows that

t
IV, Vi, V(D122 + /0 1V, V) () 122y s

(3.3) < ClIVollzrs ) + 100l 72y + N(T)6 + N(T)*] := Co.

Proof. Multiplying (3.1) by AV 4+ V; with small constant 0 < A < 1, we have

(3.4) {EL(V, Ve, Vi) b+ B2 (Vi Vi) + {E3(, 1) }o = —(F1 + F2)(AV + V),
where

(3.5) E\(V,V,, V) = %V{" +AVV; + %AVZ - %p/(ﬁ)Vf,

(36) By(Va, Vi) = (o= WP + | 20! (0) + 5" (0)00 | V2,

(3.7) Bs(z,t) == p/(0)Va(\V + 13).

Notice that —p’(7) > Cy > 0 for some positive constant Cy. When A\ < 1 and
|y —v_| < 1, then the following estimates hold:

(3.8) Ci(V2+ V24V <E(V,V,,V;) < Co(VE+VE4 V2,
(3.9) Cs(VZ +V2) < By (Vy, V),

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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for some positive constants C; (i = 1,2,3). Integrating (3.4) over R x [0,t] with
respect to x and t, we have

t
|V Vi, Vi) D12 ) + / (Ve VoY ()2
t
(310) < C(IVolliy + [1UolZamy) + C / /R (F2] + |Ea YAV + Vi) derds.

Noting (2.33) and (2.34), as well as the decay rates of & and ¥ shown in (2.15), and

(2.40)-(2.43), respectively, in particular, [V (s)[| o (r) < V2|V ()20 ) IVi () o gy

< CN(T)(1+ )72, and ||[Vi(s)|| o (ry < CN(T)(1 + s)~%/2, we can estimate

/t/(|F1|+Ile)(AIV|+|Vt|)dxds
0 JR
= C/ot /R('“' + 18]+ [0 + [ Veo P + [0.Va)AIV| + Vil dads
< C/Ot[HV(s)IIwR) + 1Va(s)l 2wl 19e () L2y + 195 L2(m)
+[0(5) 174 ()l
+C/Ot[IIV(s)IILoo<R> V() | oo ()l Vi ()32
()22 (r) + V(912 () lds

S CN(t)|U+ — ’U,| /t[(]_ —+ 5)75/4 + e as + 672as]d8
0
+ON() /t[(l +8) 72 (L) 2oy — | (L4 5) "% 2ds
0
+ CN(t)/0 [(1+5)"Y2 + (14 8) /2| Vi ()22 + Ve ()] 22y )dls

< ON(t)§ + ON(t)? /t[u +5) V24 (145)" 31 +5) "2+ (1 +5) " Yds
0
(3.11) < CN(t)6 + CN(t).

Substituting (3.11) into (3.10) yields

t
V-V VO ey + [ 10V Vo5 s
(3.12) < OllVollzr gy + 10l Z2(ry + N(£)3 + N(t)°].
The proof is complete. O
Similarly, using (3.3) and multiplying (3.1) by (1 4+ ¢)V;, we can further obtain

the following energy estimate.
LEMMA 3.2 (decay rate for V). It holds that

(3.13) (L4 ) (Ve VO ) gy + / (1+ 9)|IVi()|2(y s < Co

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Furthermore, differentiating (3.1) with respect to x and multiplying it by (1 +
t)(A\Vy + Vi) for 0 < A < 1, and integrating the resultant equation over R x [0, t]
with respect to  and ¢, noting also the boundedness obtained in (3.3), we then have

t
(3.14) (1+t)||(vwvthavww)(t)H%?(R)+/O (1 + $)1(Vat, Vaa ) (8)lI72(ryds < Co.

Again, by taking fot Jr0:(3.1) - (14 8)*Vae da ds (k = 0,1,2), and using (3.13) and
(3.14), we obtain the decay rate for V,, as follows.
LEMMA 3.3 (decay rate for V,,.). It holds that

t
(3.15) 1+ ) (Vaa, Vat) ()lI72(m) +/O (L + ) Var(s)l72(ryds < Co.

Similarly, differentiating (3.1) with respect to x, multiplying it by —(14-£)* (Viper+
AVaesz), K = 0,1,2, and then integrating the resultant equation over R x [0,¢] with
respect to x and ¢, we can prove

t
(316) (1 + t)QH(Vrra szz; Vimt)(t)H%?(R) + /0 H(Vrmh Vrmm)(s)”%?(R)dS < CO-

Thus, by taking fot [ 02(3.1) - [=(145)*Vigat] da ds (k = 0,1,2,3) and using (3.16),
we further obtain the decay rates for V.
LEMMA 3.4 (decay rate for Vi..). It holds that

t
(3.17) (1 4+ 6)*[| (Vi th)(t)H%%R) + /0 (1+ 5)2|‘th(5)”%2(R)ds < Co.

Now we are going to establish the energy decay estimates for V;, V¢, and V..
Differentiating (3.1) with respect to t yields

(3.18) Vier + Vi — (p'(0) Vi) ot = —Fie — Foy.
Multiplying (3.18) by (14 £)*(Vit + AVi), 0 < A < 1, and k = 0,1,2, and integrating

it with respect to x and ¢, then we can obtain the decay rate for V; as follows.
LEMMA 3.5 (decay rate for V;). It holds that

t
(3.19) (1+t)2||(Vtaththt)(t)H%z(R)+/O (14 8| (Var, Vi) (8)l[72(myds < Co.

Next, multiplying (3.18) by —(1 +¢)¥Vj, k = 0,1,2, 3, and integrating the resul-
tant equation with respect to x and ¢, we obtain the decay rate for V.
LEMMA 3.6 (decay rate for V). It holds that

t
(3.20) (L + 81V, Vee) 122 () +/O (L +8)°[Vee(s)l| 72y ds < Co.

Finally, in a similar way as before, differentiating (3.1) with respect to x, multi-
plying it by (1 + ¢)*V,4, and then integrating the resultant equation over R x [0, ]
with respect to  and ¢, also using Lemmas 3.2-3.6, we can get the following decay
rate for Vi ;.
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LEMMA 3.7 (decay rate for Vi.:). It holds that
(L4 0 N (Vawts Ve () |72y
t
B21) [ 1 IVt gy + (9 Vo) sy} < Co

Based on Lemmas 3.1-3.7, adding (3.3), (3.13), (3.15), (3.17), (3.19), (3.20), and
(3.21), we have proved that

3 2
> (LD RV (Ol Fa(r) + DA+ O 2ORU )22y

k=0 k=0
+ 3 2
+ D1+ TRV () e + D (L + )" ||8§U(5)||%2(R)1 ds
k=0 k=0
(322) < C(IUollZz(m) + N(T)8 + N(T)?).

So, for all 0 <t < T, we have
3 2
sup {Z(l + R OEV 72y + > _(1+ t)“zllan(t)II%z(R)}

0<t<T k=0 k=0
2
DA+ AV () Famy + (1 + ) 5U(s )||2L2(R)‘| ds
k=0

T
+
0 k=0

(3.23) < C(IUollzp2(ry + N(T)3+ N(T)%),

s

(3:24) < C(IUollZ2(ry + N(T)d + N(T)%),

3

namely,

3 2
Zﬁ+skwm(m;®+§]HwWW%WM&mJ%
k

k=0

which is equivalent to

3

D@+ ) OV () Zany

k=0

T
(1—CN(T))N(T)? + /
0

2
+y 1+ 3)k+1”a§U(S)HQL2(R)‘| ds

k=0
(3.25) < C(IUollZ2(r) + N(T)6).
Let N(T') <1 be small enough such that
1 - CN(T) > 0,
and then (3.25) implies
Tl 3 2
N(T)* + /O Y () TRV () Faimy + DL+ ) U ()1 Fan | ds
k=0 k=0

(3.26) < C(|Uoll32(g) + 9)-
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This implies (2.44), namely, the following lemma.
LEMMA 3.8 (the a priori estimates). It holds that

3 2

Z 1+ 1)*)05V ( O Z2(r) +Z(1+t)k+2||3§U(t)H%2(R)

k=0 k=0

t[ 3 2

+/ S (4 ) OV () I7er) + D>+ ) THOEU(9) 17 2(m) | ds
0 k=0 k=0

(327) < ClIVollzs ) + 1Uollr2(m) + 9]
provided N (T) < 1.

3.2. Proof of the decay rates (2.45) and (2.46). Now, we are going to adopt
the technique of approximating the Green function to obtain the improved decay rates
(2.45) and (2.46).

As in [27], we rewrite Eq. (3.1) as

(3.28) Vi — (a(x, t)Ve)e = —F1 — Fy — Vi,
where a(z,t) = —p'(v(z,t)) > Cy > 0, and construct a minimizing Green function as
(4.23), i.e
o V2 0 —afe—y)?
2 t; =|—FF — ).
(3.29) Gl tiy,s) (47Ta(x, t)(t — s)) xp (4a(y, s)(t — s))

Then the solution of (3.28) can be written in the integral form

V(z,1) /Gxty, 0)Vo (y)dy
+a” // G(z, t;y, 8)[—Fi(y,s) — Fa(y, s) — Vss(y, s)]dyds

(3.30) 4 / / Re(e.ty, )V (y, s)dyds,
0 —00
where

RG(Q:, t7 ya S) = Gs (33’ t7 ya S) + a_l{a(ya S)Gy(xa t? ya 3)}y
Differentiating (3.30) with respect to « and ¢, we have, for | < 1,k +1 < 3,

0LV (a.t) = 0108 [ Glatip 0)Valw)ay
= t | Gt )Rty s)dvas
= t | Gt ) Faly.s)dvas
otofot [ t | Glatin Vit s)duds

t [e'e)
ol / / Re(x, t:y, )V (y, 5)dyds
0 —00

(3.31) = "+ L+ I+
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Based on the estimates obtained in (2.44), and by applying the decay of the approx-
imating Green function G(z,t;y,s), as exactly shown in [27], we can further prove,
fori<1,k+1<3,

(3.32) I17* ) z2(r) = O(1)(
(3.33) 15| z2(r) = O(1)(
(3.34) 15 || L2gry = O()A +)"3 71752,
(3.35) 1551 22 (ry = O(1)(
(3.36) 11551 22 (r) = O(1)(

Here, since ||F1|jzr = O1)||oe(t)||zr = O(1)t 1, after integration, which leads us to

have an extra logt in (3.33). The detail of proof for (3.32)—(3.35) is omitted.
Combining (3.31)—(3.36), we then obtain the improved rates (2.45) and (2.46).
LEMMA 3.9. It holds that

15V (Ol 2(my = O (1 +6) 5 2 log(2+1),  k=10,1,2,3,
105V (Dl 2(r) = O)(L +) 12 log(2 +1),  k=0,1,2.

4. Property of the best asymptotic profile. This section is devoted to the
proof of Proposition 2.1; namely, we are going to prove the existence and uniqueness
of the particular solution (v, u)(z,t) to (2.13), as well as its optimal decay rates
(2.40)—(2.43).

Let ¢(x/+/1 +t) be the self-similar solution to the nonlinear equation (1.3) and
(1.4), ie.,

(4.1)

{¢t = _ép((b)zza

QS(\/f—H)—)vi as r — +oo.

As shown in [2], the self-similar solution ¢(z/+/1 + ¢) exists uniquely (up to shift) and
satisfies

(42)  11056(0)n(r) = OW)foy —v-|(1+1)" 75, k=1,2,...,1<p

(43) 1056u(0) oy = OWoy —v | (141" CF ), k=012, 1<p< .

Let 9(x,t) be the solution for the following initial value problem:

Bli=0 = Do(x) — v4 as x — £o0,

(4.4) {WZ_ﬁM””

with the specified initial value 7p(x) given in (2.23), and consider the perturbation of

o(z,t) around gb(f/%) for some shift z;:

(45) (@ ) =~ [p(0) = PO

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Integrating it with respect to (x,t) over R x [0,t], we get
_ T+ T
/R [U(x,t) — ¢ ( Ty +t>} dx
1t
= 0] — dx — — v) — wwd d
[ livte) =6t +aide =< [ [ @) = pt)aads

- /R [B0(2) — b(z + a1))da
(4.6) —0

by selecting x; as

(4.7) ry = = | (@) — ota)ld.
Define

(4.8) B, 1) - :/_OO [v(x,t) —¢<"f/1+_ﬁ>} de,
(49) bofe): = [ (o) - oo o)
namely,

b, =0— ¢, Dy (z) = vo(x) — Pz + 21).

Then ®(z,t) satisfies

{ét = —2[p(®2 + @) — (D)),

P[i=0 = Po(x),
ie.,
a®y + (p'(¢)Pz)e = —Fo,
(4.10) {q)|t_0 oot
where
(4.11) Fy == p(® + &) —p(¢) — p'(¢) Py

The existence and uniqueness of ®(x,t) for (4.10) are given as follows.
LEMMA 4.1. Suppose that &g € H™(R). When ||®o|gm(r) < 1, then the solution
O(x,t) of (4.10) uniquely exists and satisfies

® € C°0,+00; H™(R)), ®, € L*(0,+o00; H™(R)),

and
(4.12) S ()N EB) T2y < ClPolFim (g
k+2j=0

Proof. This can also be proved by the classical continuity-extension method based
on the local existence and the a priori estimates (cf. [18, 19]). The local existence
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for (4.10) can be obtained by the iteration technique, which yields a Cauchy sequence
and leads the existence of the solution within a local time #y3. The detail is omitted.
Here, we give the proof of the a priori estimates.

For T > 0, we denote

No(T)*:= sup > (1+6)""0]0;(1)]|72(r):
0=t<T ) 559

Multiplying (4.10) by ® and integrating it with respect to (z,t) over R X [0, t], noting
—p/(¢) > Co > 0 for some positive constant Cy and |Fy| = O(1)|®,|*, we have

t t
@172 (r) +/0 192()[|72(ryds < Cll|®ol|Z2(ry + CNo(t)/O 12 (5)[172( ) s,

which gives

t
(4.13) 1172 r) +/O 122 ()] Z2(ryds < CllPollZar)

provided Ny(t) < 1.
Similarly, by taking fot [ 05(4.10) - 0k ®dads, k < m, we can further prove

t
(4.14) 105 @ ()12 ) +/O 105® ()72 (ryds < Cll®ollFprry: k< m,

provided Ny(t) < 1.

Moreover, by taking fg Ir B0k (4.10) - (1 + s)F12 9] 9Fddxds, 0 < k + 25 < m,
k=0,1,2,....m, j = 0,1,2,...,[%], and using (4.14), we obtain the following a
priori estimates:

(4.15)
t
(L+6)"*10]050(1) 1 22(r) +/O (1+8) 2710 05 @ () [|72 () ds < ClI o Fpm gy
provided No(t) < 1. Here, 0 < k+2j <m, k=0,1,2,...,m, j =0,1,2,...,[F]

Thus, the proof is complete. O
Notice that &, = v — ¢ and

10502 ()| 2 () < 105 Paa(t)l|2(r) + 10560 ()| L2(),

as well as Lemma 4.1, (4.2), and (4.3), and we immediately prove the global existence
of the particular solution v(z,t) for (4.4) with the same decay rates of ¢p(z/v/1 + t):

(416)  055(t) | r2r) = OW)oy —v_|t=E70), k=12, .m,
417) (|05 5(8) | 2my = OW)|oy —o_ |t GHD | k=0,1,2,...,m 2.

Now we are going to improve the above rates to the optimal ones as follows.
LEMMA 4.2. If 5y — g € L*(R) N H%(R) and v)(z) € H™ Y(R), then

(418)  [|o50(t) | Lo(ry = O(W)vy —v_ =G+, k=1,2,....m,
(419) (080, (D)2 (my = OV oy — o[t~ G+, k=0,1,2,...,m 2.
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Proof. 'We use the approximate Green function method to prove (4.18) and
(4.19).
Let w(x,t) := 0y (z,t). Then, differentiating (4.4) with respect to x yields

aw; + (p'(D)w) g = 0,
(4.20) {w|t_0 hfbyay
namely,
owy — (a(x, t)wy)e = —Hy,
(4.21) {w|t_0 — o),
where a(z,t) :== —p'(v(z,t)) > Co > 0, and H(z,t) := p"(v)w? = p"(v)v2.

As shown in [27], we can construct an approxmlate Green function

a(t_s))1/2exp(_ a(z —y)

2
(47ra(x t) m)

(4.22) Gz, t;y,s) =

Thus, the solution of (4.21) can be expressed as

w(z,t) /Gxty, dy——//Ga:ty, Hy(y, s)dyds

(4.23) + / / Re(, 9, s)w(y, s)dyds,
0 R
where
(4.24) Ra(x,t;y,s) == Gs(s, t;y, 8) + o~ Haly, $)Gy (@, £y, 5) }y.

Let M. (z) be the mollifier, and v.(x) = (M. x v)(z). By using the smooth approxi-
mation technique and integrating (4.23) by parts, we have

w(z,t) = lim G(x t;,0)[05(y) — 0L (y)]dy

e—0
/ / 0,G(x,t;y,s)H(y, s)dyds

+ / / Re(x,t;y, s)w(y, s)dyds
0 R

= — lim a LGz, ty,0)[vo(y) — v (y)]dy

e—0

/ / 0,G(x,t;y,s)H(y, s)dyds
; / [ R tiy.s)uty.s)duds
o JR

— _/ 0yG(x,t;y,0)[vo(y) — V]dy
R

1 t
—I——/ /3yG(x,t;y,s)H(y,s)dyds
&« Jo JR

t
(4.25) +/ /Rg(x,t;y,s)w(y,s)dyds.
0o JR
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Differentiating w(x, t) with respect to x and ¢, we have
A OF o, (x,t) = 0 tw(a,t)

~ 00" [ 0,Glatsn.0)lin(y) — ildy
t
+l(‘9§3§_1/ /GyG(x,t;y,s)H(y,s)dyds
«a 0 JR

) t
+ojok / / Re(z, t;y, 8)0, (y, s)dyds
0 R

(4.26) = T T T k=120, 1=0,1,2,.
In the same way as [27], we can obtain

(4.27) 1T L2y = O(W) oy — v |(1 4 8)~1717 3,

(4.28) I T* " L2 my = O(W) oy — v |(1 4+ )~ 17173,

(4.29) 1T5* M b2 ry = O vy — v_|(1 + fy"alms

Since the proof is really tedious but can be exactly followed as [27], we omit it
all. Substituting (4.27)—(4.29) to (4.26), we obtain (4.18) and (4.19). The proof is
completed. a

Finally, from (2.13), i.e., & = —1p/(0)7,, we then obtain from Lemma 4.2 the
decay rates for u(z,t).

LEMMA 4.3. It holds that

(4.30) | 95a(t)llz2(my = OW)vs —v-|(1+6)" T, k=0,1,2,...,m—1,
(4.31)|05 @ (1) || o my = O(W)oy —v_ |1+ )~ EFD | k=0,1,2,...,m -3,

[V

Proof of Theorem. 2.1 Combining Lemmas 4.1-4.3, we have proved Proposition
2.1. O

5. Numerical computations. In this section, we present some numerical sim-
ulations, which also confirm our theoretical results.

Let vy, =4, v_ =2, uy =1, u_ = —1,a =1, and p(v) = v=2. We choose the
initial data as follows:

2, for z < —10,
(5.1) vo(z) = %aj +3, for —10 <=z <10,
4, for z > 10,
and
-1, for z < —10,
(5.2) uo(z) = § —oog5 %> + 152 + 15, for — 10 <z < 10,
1, for > 10.
Then we select mg(x) as
0, for z < —10,
1 1
) 0% + 15> for —10<z <0,
(5:3) mo() = —L o4+l for0<z<10
100 10° = ’
0, for x > 10,
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which is continuous and compact supported and satisfies ffooo mo(z)dx = 1. Then

—1, for z < —10,
z 1241, for —10<2<0
5.4) m(x) :=u_+ (u —u,/ m dy = { ' o) P 7
(5.4) m(x) () J moWdy=13"1 0 D1y 0 <o <10,

1, for x > 10.

By a straightforward calculation, it can be verified that (see (2.19))

0= ot 100) = e { [ luote) — mi@ld + 2ip(os) - w1} =0,

Uy — U— Uy — U— — oo

So, according to (2.23), we choose the initial data vp(z) for the particular solution
v(z,t) as follows:

2, for z < —10,
3 16
_ . Uy — U_ e+, for —10<2z <0,
5.5 vo(x) == vo(x) + ———— mo(z + 20) =
( ) O() 0() o O( O) %{E—f—%, for0§x<10,
4, for > 10.

It can also be verified that

|ttt 0)-te. e = | [ fualo) = o + 20|+ o) -p(0-)] =0,

— 00 — 00

and
vo(z) — vo(x) — 0(x,0) = vo(x) — V() —

which ensure (2.17) and (2.24).
By using the central finite-difference scheme to the equations

vy — Uy =0,
(5.6) ut +p(v), = —au,

(v, u)|t=0 = (Vo, Uo) (),

and
t

and to the equations for the self-similar solution (¢, )(€) with &€ = 2/v/1 + ¢, i.e.,

age’ —2(p(¢))" =0,
(5.8) ¥(€) = —a W+ Hp((S))),

d(&) vy as € — oo,

respectively, where the initial data are chosen as in (5.1), (5.2), and (5.5), then we
obtain the following numerical results (see Figure 5.1 below).
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38f 38l

361 361

3.4r 3.4}

32f 32r
3t 3l

28t 281

261 261

24t 24f

22t 22f
%0 50 5o 0 50
al

381 |

|
36f “/

341 If

3.81
3.6
34r
32r 3.2r
281 28F
261 26

241 24F
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50 -50 0 50

381 3.8

36t 36l
34f 34r
32r 32t
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28f 28]
26f 26F
24f 24t

22r 22f

2 .
50 -50 0 50

-50

Fic. 5.1. The graphs of v(x,t)=“the middle graph of three graphs counted in the half bot-
tom of each box,” v(x,t)=“the left graph of the graphs counted in the half bottom of each boz,”
and ¢(x/v/1+ t)=“the right graph of three graphs counted in the half bottom of each box” at time
t=0,5,10, 50, 100, 300.

In Figure 5.1, we show the graphs for v(z,t), v(z,t), and ¢(z/+/1+1t) at time
t =0, 5, 10, 50, 100, 300. Here, the graphs of v(z,t) are plotted as the middle graph
of three graphs counted in the half bottom of each box, while the graphs of v(z,t)
and ¢(x/+/1+t) are plotted as the left and right graphs of three graphs counted in
the half bottom of each box, respectively. It can be seen that, comparing with the
diffusion wave ¢(x/+/1 + t), the particular parabolic solution o(z,t) is much closer to
the original solution v(z,t). So, as the asymptotic profiles of v(z,t), the particular
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parabolic solution ©(z, t) is better than the diffusion wave ¢(z/+/1 + t). In fact, when
t = 300, the graph of ¥(z, t) is almost the same as the graph of v(x, t), but ¢(x/+/1 +t)
is still a bit away from v(z,t). This also confirms numerically our theoretical results
obtained in Theorem 2.2 and Corollary 2.3.
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