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STABILITY AND DECAY RATE OF
VISCOUS CONTACT WAVE TO ONE-DIMENSIONAL

COMPRESSIBLE NAVIER-STOKES EQUATIONS∗

XINXIANG BIAN† AND LINGLING XIE‡

Abstract. This paper studies the large-time asymptotic stability and optimal time-decay rate of
viscous contact wave to one-dimensional compressible Navier-Stokes equations. We prove that one-
dimensional compressible Navier-Stokes equations are asymptotically stable for viscous contact wave
with arbitrarily large strength, under large initial perturbations. The time optimal decay rate of viscous
contact wave is also obtained under the small initial perturbations. In the proof, the Lagrange transform
is used to cancel the convection terms, which are difficult to estimate due to the lower spatial derivatives
compared with the diffusion terms.
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1. Introduction
The two-dimensional compressible isentropic Navier-Stokes equations read as{

ρt+div(ρu)=0, x=(x1,x2)∈R2,t>0,

(ρu)t+div(ρu⊗u)+∇p(ρ)=µ∆u+(µ+λ)∇divu,
(1.1)

where ρ=ρ(t,x)>0,u=u(t,x)=(u1,u2)(t,x) and p represent the fluid density, velocity
and pressure, respectively, x=(x1,x2)∈R2 is the spatial variable and t>0 is the time
variable. The pressure p=p(ρ) is given by the well-known γ-law:

p(ρ)=Aργ ,

with the adiabatic constant γ>1 and the fluid constant A>0. If we consider the one-
dimensional solution ρ=ρ(t,x1), u=(u1,u2)(t,x1) to the two-dimensional compress-
ible Navier-Stokes Equations (1.1), then ρ(t,x), (u1,u2)(t,x)

1 satisfy the following one-
dimensional(1D) compressible Navier-Stokes equations

ρt+(ρu1)x=0, x∈R, t>0,

(ρu1)t+(ρu21+p(ρ))x=(2µ+λ)u1xx,

(ρu2)t+(ρu1u2)x=µu2xx.

(1.2)

The initial data to (1.2) is prescribed by

(ρ,u1,u2)(0,x)=(ρ0,u10,u20)(x)→ (ρ̄, ū1,ū2±), as x→±∞, (1.3)

with the far-field constant state (ρ̄, ū1,ū2±) satisfying ρ̄>0 and ū2− ̸= ū2+.
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Note that in the above 1D system (1.2), the first two Equations (1.2)i(i=1,2) are
exactly the classical 1D isentropic compressible Navier-Stokes equations decoupled with
the third one (1.2)3. However, (1.2)3 depends on the solution to (1.2)i(i=1,2) and it
leads to new solution behaviors. More precisely, the large-time asymptotic behaviors of
the solution to 1D compressible Navier-Stokes Equations (1.2)-(1.3) are expected to be
determined by the corresponding 1D compressible Euler equations:

ρt+(ρu1)x=0, x∈R, t>0,

(ρu1)t+(ρu21+p(ρ))x=0,

(ρu2)t+(ρu1u2)x=0,

(1.4)

with Riemann initial data

(ρ,u1,u2)(0,x)=

{
(ρ̄, ū1,ū2−), x<0,

(ρ̄, ū1,ū2+), x>0.
(1.5)

The Euler Equations (1.4) with normal Riemann initial data contains broad classes of
basic waves: shock waves, rarefaction waves on genuinely nonlinear characteristic fields,
contact discontinuous waves on linearly degenerate characteristic fields by Lax [16] and
Riemann [29].

It is observed that the compressible Euler Equations (1.4) are strictly hyperbolic
in the non-vacuum region. Due to the third Equation (1.4)3, besides the two gen-
uinely nonlinear characteristic fields, there exists a linearly degenerate characteristic
field, which is quite different from the classical isentropic Euler Equations (1.4)1,2 with
only genuinely nonlinear fields. Therefore, besides the nonlinear shock or rarefaction
waves, there is a linearly degenerate wave, i.e., contact discontinuity, to the compressible
Euler Equations (1.4).

There is extensive literature on the stability analysis of viscous contact waves. The
nonlinear stability of a weak contact discontinuity for the compressible Euler equations
with uniform viscosity was proved by Xin [31]. This was generalized by Liu and Xin
[21] to the stability of contact discontinuity for a class of general systems of nonlinear
conservation laws with uniform viscosity. This result was improved by Xin and Zeng [32].
Huang et al. first [9] showed the asymptotic stability of viscous contact waves for
the compressible Navier-Stokes equations with free boundary. When the zero mass
condition is added to the initial perturbations, it was studied in [10]. The zero mass
condition was removed in [12]. There also exist some interesting results on the stability
of composite waves. Zeng [33] showed the large-time asymptotic nonlinear stability of
the superposition of viscous shock waves and contact discontinuity for system of viscous
conservation laws with artificial viscosity under small initial perturbations. Recently,
the stability of the combination of viscous contact waves and rarefaction waves to one-
dimensional compressible Navier-Stokes system was studied in [7]. We refer to [4,8,18,
19, 22, 30] for viscous shock waves, [20, 24–26] for rarefaction waves, [2, 5, 13, 14, 23] for
viscous contact discontinuities, [3,6,11,17] for the composition of viscous contact waves
and rarefaction waves, and the references therein.

In the present paper, we are concerned with the nonlinear time-asymptotic stability
and optimal time-decay rate of viscous contact wave to the 1D compressible Navier-
Stokes Equations (1.2)-(1.3), which is a viscous version of contact discontinuity solution
to (1.4)-(1.5). Since (1.2)1,2 is decoupled with (1.2)3, we have that ρ→ ρ̄, u1→ ū1 as
t→+∞, by Kanel’s result [15]. Due to the existence of (1.2)3 and the different far-field
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states of u20, the asymptotic function ū2(x,t) satisfies the diffusion equation

(ρ̄ū2)t+(ρ̄ū1ū2)x=µū2xx, (1.6)

with

ū2(0,x)=

{
ū2−, x<0,

ū2+, x>0.

From (1.2)3 and (1.6), we find that the convection terms of the corresponding error
equation cannot be controlled due to the lower spatial derivatives compared with the
diffusion terms. The main idea in this paper is to use the Lagrange transform to
cancel the convection terms in (1.2)3 and (1.6). By this transform, one-dimensional
compressible Navier-Stokes Equations (1.2) has the following form:

vt−u1x=0,

u1t+p(v)x=(2µ+λ)(u1x

v )x,

u2t=µ(
u2x

v )x,

(1.7)

where the volume v= 1
ρ and pressure p(v)=v−γ . The initial data (1.3) is converted to

(v,u1,u2)(0,x)=(v0,u10,u20)→ (v̄, ū1,ū2±), as x→±∞. (1.8)

Correspondingly, the large-time behavior of the solution to the 1D compressible Navier-
Stokes Equations (1.7) is determined by the viscous wave (v̄, ū1,ū2) with the constant
states (v̄= 1

ρ̄ ,ū1) and ū2= ū2(1+ t,x) satisfying the different diffusion equation

ū2t=
µ

v̄
ū2xx, (1.9)

with

ū2(0,x)=

{
ū2−, x<0,

ū2+, x>0.
(1.10)

The diffusion Equation (1.9)-(1.10) has a self-similar solution ū2(
x√
t
) satisfying

∂k

∂xk
ū2(1+ t,x)=O(1)(1+ t)−

k
2 e−

C|x|2
1+t , ∀ k=1,2,3, ·· · , (1.11)

with the uniform-in-time positive constants O(1) and C.
Let

ϕ(t,x) :=v(t,x)− v̄, ψ1(t,x) :=u1(t,x)− ū1,

ψ2(t,x) :=u2(t,x)− ū2(1+ t,x), Ψ:=(ψ1,ψ2),

By (1.7) and (1.9), we can get:
ϕt−ψ1x=0,

ψ1t+(p(v)−p(v̄))x=(2µ+λ)(ψ1x

v )x,

ψ2t=µ(
ψ2x

v )x+µ
[
( 1v −

1
v̄ )ū2x

]
x
,

(1.12)
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with the initial perturbation

ϕ0=v0− v̄, ψ1=u10− ū1, ψ2=u20− ū20,

where ϕ0,ψ10,ψ20∈H1(R). Let

X(0,t1)=
{
(ϕ,Ψ)|(ϕ,ψ1,ψ2)∈C0([0,t1];H

1(R)),ϕx∈L2([0,t1];L
2(R),

(ψ1x,ψ2x)∈L2([0,t1];H
1(R))

}
.

The following theorem involves the global existence and the asymptotic stability of
(ϕ,Ψ) in X(0,+∞).

Theorem 1.1 (Stability). There exists a constant C1 only depending on the ini-
tial perturbations ||(ϕ0,Ψ0)||1, such that the error Equations (1.12) has a unique global
smooth solution (ϕ,Ψ) in X(0,∞) satisfying

sup
0≤t≤∞

||(ϕ,Ψ)||21+
∫ ∞

0

(||ϕx||2+ ||Ψx||21)dτ ≤C1, (1.13)

and lim
t→+∞

||(ϕ,Ψ)(t,.)||L∞(R)=0.

Remark 1.1. Here viscous contact waves can have arbitrarily large strength and
perturbations. The Lagrange transform may not be applied directly to the higher di-
mension, since the lower spatial derivative still exists and it comes from the diffusion
terms even if the compressible Navier-Stokes Equations (1.1) are transformed into the
Lagrangian coordinates. Therefore, it is an interesting future work to study the stabil-
ity for the two-dimensional compressible Navier-Stokes Equations (1.1) with the initial
data (1.3).

The optimal time-decay rate is obtained in the following theorem.

Theorem 1.2 (Optimal decay rate). Assume that E0 is sufficiently small and F0 is
bounded. Then,

||(ϕ,ψ1)||∞≤CE0(1+ t)
− 1

2 , ||ψ2||∞≤CF0(1+ t)
− 1

2 ,

where E0= ||(ϕ0,ψ10)||2+ ||(ϕ0,ψ10)||L1 ,F0= ||ψ20||2+ ||ψ20||L1 .

There exists an optimal decay rate t−
1
2 for the error Equations (1.12)1,2 with small

perturbations ϕ0,ψ10. When the initial perturbations are not small, the problem is still
open. For our concerned optimal decay rate, the small perturbations are only added to
ϕ0,ψ10.

The rest of the paper is to prove Theorem 1.1 and Theorem 1.2. We present the
following notations used in this paper. The notation H l(Ω) (l≥0,l∈Z) denotes the
usual Sobolev space with the norm || · ||l, and L2(Ω) :=H0(Ω) with the norm || · || := || · ||0.
We write by C,C1 a generic positive constant independent of T , but only C1 depends
on ϕ0,Ψ0.

2. Proof of Theroem 1.1
In this section, we give the proof of Theroem 1.1. The global existence is based on

the local existence and a prior estimate for the solution to the perturbation Equations
(1.12) in X(0,t). The asymptotic behavior of (ϕ,Ψ) is proved by the one-dimensional
Sobolev’s inequality. The local existence is standard and thus omitted. In the following,
we will give a prior estimate.
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Proposition 2.1 (A prior estimate). Let (ϕ,Ψ)∈X(0,t0), ∀t0∈ (0,T ], there exists a
constant C1 only depending on ||(ϕ0,Ψ0)||1 such that

sup
0≤t≤t0

||(ϕ,Ψ)||21+
∫ t0

0

(||ϕx||2+ ||Ψx||21)dτ ≤C1.

To get such a prior estimate, we first derive the L2 energy estimates (cf., Lemma 2.1)
and the first-order derivative estimates (cf., Lemma 2.2).

In Lemma 2.1, we give the L2 energy estimates. In fact, we only need to obtain
the energy estimate of ψ2 by using the fact that ρ is bounded upper and lower, and the
estimates of ϕ,ψ1 in [15].

Lemma 2.1. There exists a constant C1 only depending on ||ϕ0||1 and ||Ψ0|| such that

sup
0≤t≤t0

(||ϕ||21+ ||Ψ||2)+
∫ t0

0

(||ϕx||2+ ||Ψx||2)dτ ≤C1. (2.1)

Proof. By Kanel [15], it holds that

sup
0≤t≤t0

(||ϕ||21+ ||ψ1||2)+
∫ t0

0

(||ϕx||2+ ||ψ1x||2)dτ ≤C(||ϕ0||21+ ||ψ10||2), (2.2)

and

C−1≤v≤C,

for some uniform-in-time positive constant C. Thus, we only need to get the L2 estimate
for ψ2.

We multiply (1.12)3 by ψ2,

(
1

2
ψ2
2)t+

[µψ2x

v
ψ2+µ(

1

v
− 1

v̄
)ū2xψ2

]
x
+µ

ψ2
2x

v
=−µ(1

v̄
− 1

v
)ū2xψ2x.

By integrating the above equation over [0,t]×R and using Young’s inequality, we get

1

2

∫
R
ψ2
2(t,x)dx+µ

∫ t

0

∫
R

ψ2
2x

v
dxdτ

=
1

2

∫
R
ψ2
20dx−µ

∫ t

0

∫
R
(
1

v
− 1

v̄
)ū2xψ2xdxdτ

≤1

2

∫
R
ψ2
20dx+

µ

16

∫ t

0

∫
R

ψ2
2x

v
dxdτ+C

∫ t

0

∫
R
ū22xϕ

2dxdτ, (2.3)

where ū2x∼e−
α|x|2
1+t /

√
1+ t :=wα(t,x) for some positive constant α.

Inspired by the method in Huang, Li, and Matsumura [7], we can get the estimate

for the third term of the right-hand side in (2.3). Let f(t,x) :=
∫ x
−∞

(
wα(t,y)

)2
dy, then

||f(.,t)||∞≤Cα(1+ t)−
1
2 , ||ft(.,t)||∞≤Cα(1+ t)−

3
2 .

Multiplying (1.12)2 by (p(v)−p(v̄))f ,

1

2
(p(v)−p(v̄))2w2−

[1
2
(p(v)−p(v̄))2f−(2µ+λ)

ψ1x

v
(p(v)−p(v̄))f

]
x
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=(ψ1(p(v)−p(v̄))f)t−ψ1(p(v)−p(v̄))tf−ψ1(p(v)−p(v̄))ft

+(2µ+λ)
ψ1x

v
(p(v)−p(v̄))xf+(2µ+λ)

ψ1x

v
(p(v)−p(v̄))w2

:=

5∑
i=1

Ii. (2.4)

By Hölder’s inequality, it yields that∫ t

0

∫
R
I1dxdτ =

∫
R
ψ1(p(v)−p(v̄))fdx|t0

≤C
[
||(ϕ,ψ1)(t,·)||2+ ||(ϕ0,ψ10)||2

]
.

We integrate by part over I2 and obtain∫ t

0

∫
R
I2dxdτ =−

∫ t

0

∫
R
p′(v)ϕtψ1fdxdτ

=−
∫ t

0

∫
R
p′(v)ψ1xψ1fdxdτ

=
1

2

∫ t

0

∫
R
p′′(v)ϕxψ

2
1fdxdτ−

1

2

∫ t

0

∫
R
|p′(v)|ψ2

1w
2dxdτ,

the first part of which is bounded by

1

2

∫ t

0

∫
R
p′′(v)ϕxψ

2
1fdxdτ ≤C

∫ t

0

||f ||∞||ϕx|| · ||ψ1||∞||ψ1||dτ

≤C
∫ t

0

(1+ t)−
1
2 ||ϕx|| · ||ψ1||

3
2 ||ψ1x||

1
2 dτ

≤
∫ t

0

||ϕx||2dτ+C
∫ t

0

(1+ t)−1||ψ1||3||ψ1x||dτ

≤C
∫ t

0

||(ϕx,ψ1x)||2dτ+C sup
0≤τ≤t

||ψ1(τ,·)||6,

and the other part is a good term. By Hölder’s inequality, we have∫ t

0

∫
R
I3dxdτ ≤C

∫ t

0

||ψ1|| · ||ϕ|| · ||ft||∞dτ

≤C sup
0≤τ≤t

||ψ1|| sup
0≤τ≤t

||ϕ||

≤C sup
0≤τ≤t

[
||ϕ(τ,·)||2+ ||ψ1(τ,·)||2

]
.

Similarly, I4 and I5 can be estimated as∫ t

0

∫
R
I4dxdτ =(2µ+λ)

∫ t

0

∫
R

ψ1x

v
p′(v)ϕxfdxdτ

≤C
∫ t

0

||ψ1x|| · ||ϕx|| · ||f ||∞dτ

≤
∫ t

0

||ψ1x||2dτ+C
∫ t

0

||ϕx||2dτ.



XINXIANG BIAN AND LINGLING XIE 321∫ t

0

∫
R
I5dxdτ ≤C

∫ t

0

||ψ1x|| · ||(p(v)−p(v̄))w|| · ||w||∞dτ

≤ 1

16

∫ t

0

||(p(v)−p(v̄))w||2dτ+C
∫ t

0

||ψ1x||2dτ.

Combining these estimates, (2.2) and (2.4) imply that∫ t

0

∫
R
(ϕ2+ψ2

1)w
2dxdτ ≤C1. (2.5)

We combine (2.5) with (2.3) and then get the following estimates

sup
0≤τ≤t

||ψ2||2+
∫ t

0

||ψ2x||2dτ ≤C1, (2.6)

for some uniform-in-time positive constant C1 only depending on ||ϕ0||1 and ||Ψ0||. Due
to (2.2) and (2.6), Lemma 2.1 is proved.

In the following, we will give the first-order derivative estimates. In fact, it suffices
to derive the first-order derivative estimate of ψ2.

Lemma 2.2. There exists a positive constant C1 only depending on ||(ϕ0,Ψ0)||1 such
that

sup
0≤t≤t0

||(ϕ,Ψ)||21+
∫ t0

0

(||ϕx||2+ ||Ψx||21)dτ ≤C1.

Proof. By Kanel’s result [15], we have

sup
0≤t≤t0

||(ϕ,ψ1)||21+
∫ t0

0

(||ϕx||2+ ||ψ1x||21)dt≤C1, (2.7)

and

C−1≤ρ≤C,

for some uniform-in-time positive constant C1 that only depends on ||(ϕ0,ψ10)||1. We
only need to get the L2 estimate for ψ2x. Multiplying (1.12)3 by −ψ2xx,

(
1

2
ψ2
2x)t+(ψ2xψ2t)x+µ

ψ2
2xx

v
=−µψ2xψ2xx(

1

v
)x+µ

[
(
1

v
− 1

v̄
)ū2x

]
x
ψ2xx.

By Hölder’s inequality and Young’s inequality, it holds that

−
∫ t

0

∫
R
µψ2xψ2xx(

1

v
)xdxdτ ≤Cµ

∫ t

0

||ψ2x||∞
∥∥∥∥ψ2xx

v
1
2

∥∥∥∥ · ||ϕx||dτ
≤Cµ

∫ t

0

||ψ2x||
1
2 ·

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥ 3
2

· ||ϕx||dτ

≤ µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C sup
0≤τ≤t

||ϕx||4
∫ t

0

||ψ2x||2dτ

≤ µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C,
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where the last inequality uses Lemma 2.1. Then we have∫ t

0

∫
R
µ(

1

v
− 1

v̄
)ū2xxψ2xxdxdτ ≤

µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C∫ t

0

||ū2xxϕ||2dτ

≤ µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C∫ t

0

(1+ t)−
3
2 dτ

≤ µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C,∫ t

0

∫
R
µ(

1

v
)xū2xψ2xxdxdτ ≤Cµ

∫ t

0

||ū2x||∞
∥∥∥∥ψ2xx

v
1
2

∥∥∥∥ · ||ϕx||dτ
≤ µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C∫ t

0

||ϕx||2dτ

≤ µ

16

∫ t

0

∥∥∥∥ψ2xx

v
1
2

∥∥∥∥2dτ+C.
Thus,

sup
0≤τ≤t

||ψ2x||2+
∫ t

0

||ψ2xx||2dτ ≤C1, (2.8)

for some uniform-in-time positive constant C1 only depending on ||(ϕ0,Ψ0)||1. The
relations (2.7) and (2.8) imply that Lemma 2.2 is true.

Combining Lemma 2.1 and Lemma 2.2, we can directly get Proposition 2.1.

Proof. (Proof of Theorem 1.1.) With the standard and omitted local existence,
the first part of Theorem 1.1 is obtained. Next we turn to the remaining part of the
Theorem 1.1. We claim that∫ ∞

0

{
||ϕx,Ψx||2+

∣∣∣∣ ddτ ||ϕx,Ψx||
∣∣∣∣}dτ <+∞.

Since the estimates (1.13) are established, in fact, it suffices that we check∫∞
0

∣∣ d
dτ ||ϕx,Ψx||

∣∣dτ <+∞. By Cauchy’s inequality and the Equation (1.12)1, we obtain∫ ∞

0

∣∣∣∣ ddτ ||ϕx||2
∣∣∣∣dτ =2

∫ ∞

0

∣∣∣∣∫
R
ϕxϕτxdx

∣∣∣∣dτ
=2

∫ ∞

0

∣∣∣∣∫
R
ϕxψ1xxdx

∣∣∣∣dτ
≤
∫ ∞

0

||ϕx||2dτ+
∫ ∞

0

||ψ1xx||2dτ

<+∞.

Similarly, we use (1.12)2 to prove that∫ ∞

0

∣∣∣∣ ddτ ||ψ1x||2
∣∣∣∣dτ =2

∫ ∞

0

∣∣∣∣∫
R
ψ1xψ1τxdx

∣∣∣∣dτ
=2

∫ ∞

0

∣∣∣∣∫
R
((ψ1xψ1τ )x−ψ1xxψ1τ )dx

∣∣∣∣dτ
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=2

∫ ∞

0

∣∣∣∣∫
R
ψ1xx((2µ+λ)(

ψ1x

v
)x−(p(v)−p(v̄))x)dx

∣∣∣∣dτ
≤C

∫ ∞

0

||ψ1xx||2dτ+C
∫ ∞

0

||ψ1x||∞||ψ1xx|| · ||ϕx||dτ+C
∫ ∞

0

||ψ1xx|| · ||ϕx||dτ

≤C
∫ ∞

0

||ψ1xx||2dτ+C
∫ ∞

0

||ψ1x||
1
2 · ||ψ1xx||

3
2 · ||ϕx||dτ+C

∫ ∞

0

||ϕx||2dτ

≤C
∫ ∞

0

||ψ1xx||2dτ+C
∫ ∞

0

||ϕx||2dτ+C sup
0≤τ≤∞

||ϕx||4
∫ ∞

0

||ψ1x||2dτ

<+∞.

Finally, it holds from (1.12)3 that∫ ∞

0

∣∣∣∣ ddτ ||ψ2x||2
∣∣∣∣dτ =2

∫ ∞

0

∣∣∣∣∫
R
ψ2xψ2τxdx

∣∣∣∣dτ
=2

∫ ∞

0

∣∣∣∣∫
R
((ψ2xψ2τ )x−ψ2xxψ2τ )dx

∣∣∣∣dτ
=2

∫ ∞

0

∣∣∣∣∫
R
ψ2xx(µ(

ū2x+ψ2x

v
)x−µ

ū2xx
v̄

)dx

∣∣∣∣dτ
≤C

∫ ∞

0

||ψ2xx||2dτ+C
∫ ∞

0

||ū2xx||2dτ+C
∫ ∞

0

||ū2x||∞||ψ2xx|| · ||ϕx||dτ

+C

∫ ∞

0

||ψ2x||∞||ψ2xx|| · ||ϕx||dτ

≤C
∫ ∞

0

||ψ2xx||2dτ+C
∫ ∞

0

(1+τ)−
3
2 dτ+C

∫ ∞

0

||ϕx||2dτ

+C

∫ ∞

0

||ψ2x||
1
2 · ||ψ2xx||

3
2 · ||ϕx||dτ

≤C
∫ ∞

0

||ψ2xx||2dτ+C
∫ ∞

0

||ϕx||2dτ+C sup
0≤τ≤∞

||ϕx||4
∫ ∞

0

||ψ2x||2dτ+C

<+∞.

Therefore,
∫∞
0

∣∣ d
dτ ||ϕx,Ψx||

∣∣dτ <+∞ is checked. By the one-dimensional Sobolev’s in-
equality, it implies that

lim
t→+∞

||(ϕ,Ψ)(t,.)||L∞(R)=0.

3. Proof of Theorem 1.2

In this section, we prove Theorem 1.2. The proof is based on the linear spectral
theory discussed in Matsumura [27, 28]. First we introduce the pointwise difference
between the fundamental solution to the linearlized hyperbolic-parabolic equations and
to the linearlized parabolic equations in Zeng [34], which is crucial in our analysis of
decay rate to viscous contact wave. The solution to the linearlized parabolic equations
is equivalent to heat kernel in the usual Sobolev’s norm. Combining local linearization
with suitably small initial data E0 defined in (3.6), we obtain Lemma 3.2 and Lemma
3.3.
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For the convenience of readers, we review the results obtained in Zeng [34]. The
system (1.12)1,2 around the constant state (v̄, ū1) is linearized as

ϕt−ψ1x=0, t>0, x∈R,

ψ1t+p
′ϕx=µ1ψ1xx,

Φ(0,x)=Φ0(x),

(3.1)

with p′=p′(v̄)<0, µ1=
2µ+λ
v̄ >0 and Φ=(ϕ,ψ1), Φ0=(ϕ0,ψ10). We denote the Fourier

transform of v(x) by v∧(ξ). Then the linearized system (3.1) is transformed into
ϕ∧t − iξψ∧

1 =0,

ψ∧
1t+p

′iξϕ∧=µ1(iξ)
2ψ∧

1 ,

Φ(0,ξ)∧=Φ∧
0 (ξ).

The solution is expressed as

Φ∧(t,ξ)= [eλ−(ξ)tP−(ξ)+e
λ+(ξ)tP+(ξ)]Φ

∧
0 (ξ),

where

λ±(ξ)=−µ1

2
ξ2∓ iξ

√
−p′−(

µ1ξ

2
)2,

P±(ξ)=


1
2 ±

iµ1ξ
2

2

√
−p′−(

µ1ξ
2 )2

∓ 1

2

√
−p′−(

µ1ξ
2 )2

± p′

2

√
−p′−(

µ1ξ
2 )2

1
2 ∓

iµ1ξ
2

2

√
−p′−(

µ1ξ
2 )2

.
By taking the inverse Fourier transform, it holds that

Φ(t,x)=F−1{[eλ−(ξ)tP−(ξ)+e
λ+(ξ)tP+(ξ)]Φ

∧
0 (ξ)}

=
1√
2π
G(t,x)∗Φ0(x)+e

p′
µ1
tAΦ0(x),

where

G(t,x)=F−1{eλ−(ξ)tP−(ξ)+e
λ+(ξ)tP+(ξ)−e

p′
µ1
tA}, (3.2)

A=

[
1 0
0 0

]
,

and “∗′′ denotes the convolution with respect to x.

In order to give pointwise estimate for G(t,x), we need to consider the linearlized
parabolic system 

ϕ̃t− ψ̃1x=
µ1

2 ψ̃1xx,

ψ̃1t+p
′ϕ̃x=

µ1

2 ψ̃1xx,

Φ̃(0,x)=Φ̃0(x).

(3.3)



XINXIANG BIAN AND LINGLING XIE 325

We take the Fourier transform to (3.3) and it yields that
ϕ̃∧t − iξψ̃∧= µ1

2 (iξ)2ψ̃∧,

ψ̃∧
1t+p

′iξϕ̃∧= µ1

2 (iξ)2ψ̃∧,

Φ̃(0,ξ)∧=Φ̃∧
0 (ξ).

The solution is expressed as

Φ̃∧(t,ξ)= [eλ̃−(ξ)tP̃−+eλ̃+(ξ)tP̃+]Φ̃
∧
0 (ξ),

where

λ̃±(ξ)=−µ1

2
ξ2∓ iξ

√
−p′,

P̃±=

[
1
2 ∓ 1

2
√
−p′

∓
√
−p′
2

1
2

]
.

By taking the inverse Fourier transform, we have that

Φ̃(t,x)=
1√
2π
G̃(t,x)∗ Φ̃0(x),

where

G̃(t,x)=F−1{eλ̃−(ξ)tP̃−+eλ̃+(ξ)tP̃+}

=
1√
µ1t

e−
(x+t

√
−p′)2

2µ1t P̃−+
1√
µ1t

e−
(x−t

√
−p′)2

2µ1t P̃+. (3.4)

The following lemma describes the pointwise difference between G(t,x) and G̃(t,x).

Lemma 3.1 (Lemma 2.8, [34]). Let G(t,x) and G̃(t,x) be defined by (3.2) and (3.4).
Then

|G(t,x)−G̃(t,x)|≤C(1+ t)− 1
2 t−

1
2 (e−

(x+t
√

−p′)2
Ct +e−

(x−t
√

−p′)2
Ct ).

Due to (3.4) and Lemma 3.1, we obtain the estimates

||∂lxG(t,.)||≤C(1+ t)−
1+2l

4 , 0≤ l≤3, l∈Z,

||∂2xG(t,.)||L1 ≤C(1+ t)−1.
(3.5)

Set

E0= ||(ϕ0,ψ10)||2+ ||(ϕ0,ψ10)||L1 , F0= ||ψ20||2+ ||ψ20||L1 . (3.6)

Now, we could exploit (3.5) and (1.12)1,2 to derive the decay rate to (ϕ,ψ1).

Lemma 3.2. Assume that E0 is suitably small. Then

||(ϕ,ψ1)||≤CE0(1+ t)
− 1

4 ,

||(ϕx,ψ1x)||1≤CE0(1+ t)
− 3

4 .
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Proof. We consider the initial value problem to the system (1.12)1,2
ϕt−ψ1x=0,

ψ1t+p
′(v̄)ϕx− 2µ+λ

v̄ ψ1xx=f1(t,x),

Φ(x,0)=Φ0(x),

(3.7)

where

f1(t,x)= [(−p(v)+p(v̄)+p′(v̄)ϕ)+(2µ+λ)ψ1x(
1

v
− 1

v̄
)]x :=g1x(t,x).

We utilize G(t,x) defined by (3.2) to obtain the integral equation

Φ(t,x)=
1√
2π
G(t,x)∗Φ0(x)+e

p′
µ1
tAΦ0(x)+

1√
2π

∫ t

0

G(t−s,x)∗(0,f1(s,x))⊤ds.

(3.8)

Set

M1(t)= sup
0≤τ≤t

[(1+τ)
1
4 ||Φ||+(1+τ)

3
4 ||Φx||1].

We consider L2 estimate for Φ(t,x). By Minkowshi’s inequality and Young’s inequal-
ity for the convolution of two functions (cf., [1]), the first two terms on the right-hand
side of (3.8) are bounded by∥∥∥∥ 1√

2π
G(t,x)∗Φ0(x)+e

p′
µ1
tAΦ0(x)

∥∥∥∥≤C||G(t,.)|| · ||Φ0||L1 +e
p′
µ1
t||Φ0||≤CE0(1+ t)

− 1
4 .

The last term can be divided into two terms, one of which can be majored by∥∥∥∥∥ 1√
2π

∫ t
2

0

G(t−s,x)∗(0,f1(s,x))⊤ds

∥∥∥∥∥
=

∥∥∥∥∥ 1√
2π

∫ t
2

0

Gx(t−s,x)∗(0,g1(s,x))⊤ds

∥∥∥∥∥
≤C

∫ t
2

0

||Gx(t−s,.)|| · ||g1(s,.)||L1ds

≤C
∫ t

2

0

(1+ t−s)− 3
4 (||ϕ||2+ ||ψ1x|| · ||ϕ||)ds

≤CM1(t)
2

∫ t
2

0

(1+ t−s)− 3
4 (1+s)−

1
2 dt

≤CM1(t)
2(1+ t)−

1
4 ,

and the other term is estimated by∥∥∥∥∥ 1√
2π

∫ t

t
2

G(t−s,x)∗(0,f1(s,x))⊤ds

∥∥∥∥∥
≤C

∫ t

t
2

||G(t−s,.)|| · ||f1(s,.)||L1ds
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≤C
∫ t

t
2

(1+ t−s)− 1
4 ||Φ||1 · ||Φx||1ds

≤CM1(t)
2

∫ t

t
2

(1+ t−s)− 1
4 (1+s)−1ds

≤CM1(t)
2(1+ t)−

1
4 ,

where we use the definition of M1(t). Thus,

||Φ||≤CE0(1+ t)
− 1

4 +CM1(t)
2(1+ t)−

1
4 . (3.9)

We differentiate the integral Equation (3.8) with respect to x,

Φx(t,x)=
1√
2π
Gx(t,x)∗Φ0(x)+e

p′
µ1
tAΦ0x+

1√
2π

∫ t

0

Gx(t−s,x)∗(0,f1(s,x))⊤ds.

(3.10)

Similarly,∥∥∥∥ 1√
2π
Gx(t,x)∗Φ0(x)+e

p′
µ1
tAΦ0x

∥∥∥∥≤C||Gx(t,.)|| · ||Φ0||L1 +e
p′
µ1
t||Φ0x||≤CE0(1+ t)

− 3
4 .

The last term is controlled by∥∥∥∥∥ 1√
2π

∫ t
2

0

Gx(t−s,x)∗(0,f1(s,x))⊤ds

∥∥∥∥∥=
∥∥∥∥∥ 1√

2π

∫ t
2

0

Gxx(t−s,x)∗(0,g1(s,x))⊤ds

∥∥∥∥∥
≤C

∫ t
2

0

||Gxx(t−s,.)|| · ||g1(s,.)||L1ds

≤C
∫ t

2

0

(1+ t−s)− 5
4 (||ϕ||2+ ||ψ1x|| · ||ϕ||)ds

≤CM1(t)
2

∫ t
2

0

(1+ t−s)− 5
4 (1+s)−

1
2 ds

≤CM1(t)
2(1+ t)−

3
4 ,

and∥∥∥∥∥ 1√
2π

∫ t

t
2

Gx(t−s,x)∗(0,f1(s,x))⊤ds

∥∥∥∥∥≤C
∫ t

t
2

||Gx(t−s,.)|| · ||f1(s,.)||L1ds

≤C
∫ t

t
2

(1+ t−s)− 3
4 ||Φ||1 · ||Φx||1ds

≤CM1(t)
2

∫ t

t
2

(1+ t−s)− 3
4 (1+s)−1ds

≤CM1(t)
2(1+ t)−

3
4 .

Thus,

||Φx||≤CE0(1+ t)
− 3

4 +CM1(t)
2(1+ t)−

3
4 . (3.11)
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Finally, we differentiate the integral Equation (3.10) with respect to x

Φxx(t,x)=
1√
2π
Gxx(t,x)∗Φ0(x)+e

p′
µ1
tAΦ0xx+

1√
2π

∫ t
0
Gxx(t−s,x)∗(0,f1(s,x))⊤ds,

(3.12)

to get the L2 estimate of Φxx. Similarly,∥∥∥∥ 1√
2π
Gxx(t,x)∗Φ0+e

p′
µ1
tAΦ0xx

∥∥∥∥≤C||Gxx(t,.)|| · ||Φ0||L1 +e
p′
µ1
t||Φ0xx||≤CE0(1+ t)

− 5
4 .

The last term is estimated by∥∥∥∥∥ 1√
2π

∫ t
2

0

Gxx(t−s,x)∗(0,f1(s,x))⊤ds

∥∥∥∥∥=
∥∥∥∥∥ 1√

2π

∫ t
2

0

Gxxx(t−s,x)∗(0,g1(s,x))⊤ds

∥∥∥∥∥
≤C

∫ t
2

0

||Gxxx(t−s,.)|| · ||g1(s,.)||L1ds

≤C
∫ t

2

0

(1+ t−s)− 7
4 (||ϕ||2+ ||ψ1x|| · ||ϕ||)ds

≤CM1(t)
2

∫ t
2

0

(1+ t−s)− 7
4 (1+s)−

1
2 ds

≤CM1(t)
2(1+ t)−

5
4 ,

and ∥∥∥∥∥ 1√
2π

∫ t

t
2

Gxx(t−s,x)∗(0,f1(s,x))⊤ds

∥∥∥∥∥≤C
∫ t

t
2

||Gxx(t−s,.)||L1 · ||f1(s,.)||ds

≤C
∫ t

t
2

||Gxx(t−s,.)||L1 ·(||ϕ||∞ · ||ϕx||+ ||ψ1x|| · ||ϕx||∞+ ||ψ1xx|| · ||ϕ||∞)ds

≤C
∫ t

t
2

(1+ t−s)−1(||ϕ|| 12 · ||ϕx||
3
2 + ||ψ1x|| · ||ϕx||

1
2 ||ϕxx||

1
2 + ||ϕ|| 12 ||ϕx||

1
2 ||ψ1xx||)ds

≤CM1(t)
2

∫ t

t
2

(1+ t−s)−1(1+s)−
5
4 ds

≤CM1(t)
2(1+ t)−

5
4 ln(1+ t).

Thus,

||Φxx||≤CE0(1+ t)
− 5

4 +CM1(t)
2(1+ t)−

5
4 ln(1+ t). (3.13)

Combining these estimates (3.9), (3.11) and (3.13), we obtain the inequality M1(t)≤
CE0+CM1(t)

2, from which follows the desired estimateM1(t)≤CE0 if E0 is sufficiently
small. Therefore, this lemma is proved.

Finally, we exploit (1.12)3 to obtain the decay estimate of ψ2.

Lemma 3.3. Assume that E0 is suitably small and F0 is bounded. Then,

||∂lxψ2||≤CF0(1+ t)
− 1+2l

4 , 0≤ l≤2, l∈Z.
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Proof. We rewrite (1.123) as{
ψ2t− µ

v̄ψ2xx=µ
[
u2x(

1
v −

1
v̄ )
]
x
:=f2(x,t)=g2x(x,t),

ψ20=u20− ū2(1,x).

The solution can be expressed as

ψ2(t,x)=H(t,x)∗ψ20+µ

∫ t

0

H(t−s,x)∗
[
u2x(

1

v
− 1

v̄
)
]
x
ds,

=H(t,x)∗ψ20+

∫ t
2

0

Hx(t−s,x)∗g2(s,x)ds+
∫ t

t
2

H(t−s,x)∗f2(s,x)ds,

where H(t,x) is the fundamental solution to heat equation ψ2t=
µ
v̄ψ2xx satisfying

||∂lxH(t,x)||≤C(1+ t)−
1+2l

4 , 0≤ l≤2, l∈Z.

Set

M2(t)= sup
0≤τ≤t

[(1+τ)
1
4 ||ψ2||+(1+τ)

3
4 ||ψ2x||+(1+τ)

5
4 ||ψ2xx||].

Thus, by Hölder’s inequality and the definition of M2(t), we get

||f2||L1 ≤C(||ū2x||+ ||ψ2x||) · ||ϕx||+C(||ū2xx||+ ||ψ2xx||)||ϕ||

≤CE0(1+ t)
−1+CE0M2(t)(1+ t)

− 3
2 ,

||g2||L1 ≤C(||ū2x||+ ||ψ2x||)||ϕ||≤CE0(1+ t)
− 1

2 +CE0M2(t)(1+ t)
−1.

By Lemma 3.2, we can get the following estimate for ||ψ2||

||ψ2||≤ ||H(t)|| · ||ψ20||L1 +

∫ t
2

0

||Hx(t−s)|| · ||g2(s)||L1ds+

∫ t

t
2

||H(t−s)|| · ||f2(s)||ds

≤CF0(1+ t)
− 1

4 +CE0

∫ t
2

0

(1+ t−s)− 3
4 (1+s)−

1
2 ds

+CE0M2(t)

∫ t
2

0

(1+ t−s)− 3
4 (1+s)−1ds+CE0

∫ t

t
2

(1+ t−s)− 1
4 (1+s)−1ds

+CE0M2(t)

∫ t

t
2

(1+ t−s)− 1
4 (1+s)−

3
2 ds

≤CF0(1+ t)
− 1

4 +CE0(1+ t)
− 1

4 +CE0M2(t)(1+ t)
− 3

4 ln(1+ t).

(3.14)

||ψ2x|| can be bounded by

||ψ2x||≤ ||Hx(t−s)|| · ||ψ20||L1 +

∫ t
2

0

||Hxx(t−s)|| · ||g2||L1ds+

∫ t

t
2

||Hx(t−s)|| · ||f2||L1ds

≤CF0(1+ t)
− 3

4 +CE0

∫ t
2

0

(1+ t−s)− 5
4 (1+s)−

1
2 ds

+CE0M2(t)

∫ t
2

0

(1+ t−s)− 5
4 (1+s)−1ds+CE0

∫ t

t
2

(1+ t−s)− 3
4 (1+s)−1ds
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+CE0M2(t)

∫ t

t
2

(1+ t−s)− 3
4 (1+s)−

3
2 ds

≤CF0(1+ t)
− 3

4 +CE0(1+ t)
− 3

4 +CE0M2(t)(1+ t)
− 5

4 ln(1+ t). (3.15)

Finally, ||ψ2xx|| is majored by

||ψ2xx||≤ ||Hxx(t−s)|| · ||ψ20||L1 +

∫ t
2

0

||Hxxx(t−s)|| · ||g2(s)||L1ds

+

∫ t
2

0

||Hxx(t−s)|| · ||f2||L1ds

≤CF0(1+ t)
− 5

4 +CE0

∫ t
2

0

(1+ t−s)− 7
4 (1+s)−

1
2 ds

+CE0M2(t)

∫ t
2

0

(1+ t−s)− 7
4 (1+s)−1ds+CE0

∫ t

t
2

(1+ t−s)− 5
4 (1+s)−1ds

+CE0M2(t)

∫ t

t
2

(1+ t−s)− 5
4 (1+s)−

3
2 ds

≤CF0(1+ t)
− 5

4 +CE0(1+ t)
− 5

4 +CE0M2(t)(1+ t)
− 7

4 ln(1+ t). (3.16)

Therefore, combining estimates (3.14), (3.15) and (3.16), we obtain the inequality

M2(t)≤CF0+CE0+CE0M2(t)(1+ t)
− 1

2 ln(1+ t),

from which follows the desired estimateM(t)≤CF0 if E0 is sufficiently small. Therefore,
this lemma is proved.

Proof. (Proof of Theorem 1.2.) From one-dimensional Sobolev’s inequality and
Lemma 3.2, we can get

||(ϕ,ψ1)||∞≤CE0(1+ t)
− 1

2 ,

if E0 is sufficiently small. By Lemma 3.3, we have that

||ψ2||∞≤CF0(1+ t)
− 1

2 ,

Thus, we finish the proof.

Acknowledgments. The authors would like to thank Professor Yi Wang (AMSS,
Chinese Academy of Sciences) for fruitful discussions.

REFERENCES

[1] H. Bahouri, J.Y. Chemin, and R. Danchin, Fourier Analysis and Nonlinear Partial Differential
Equations, Berlin, Springer, 2011. 3

[2] Z.Z. Chen and Q.H. Xiao, Nonlinear stability of viscous contact wave for the one-dimensional
compressible fluid models of Korteweg type, Math. Meth. Appl. Sci., 36:2265–2279, 2013. 1

[3] Z.Z. Chen, L.J. Xiong, and Y.J. Meng, Convergence to the superposition of rarefaction waves
and contact discontinuity for the 1-D compressible Navier-Stokes-Korteweg system, J. Math.
Anal. Appl., 412:646–663, 2014. 1

[4] J. Goodman, Nonlinear asymptotic stability of viscous shock profiles for conservation laws, Arch.
Ration. Mech. Anal., 95:325–344, 1986. 1

[5] H. Hong, Global stability of viscous contact wave for 1-D compressible Navier-Stokes equations,
J. Differ. Equ., 252:3482–3505, 2012. 1

https://link.springer.com/book/10.1007/978-3-642-16830-7
https://doi.org/10.1002/mma.2750
https://doi.org/10.1016/j.jmaa.2013.10.073
https://link.springer.com/article/10.1007/BF00276840
https://doi.org/10.1016/j.jde.2011.11.015


XINXIANG BIAN AND LINGLING XIE 331

[6] B.K. Huang and Y.K. Liao, Global stability of viscous contact wave with rarefaction waves for
compressible Navier-Stokes equations with temperature-dependent viscosity, Math. Models
Meth. Appl. Sci., 27:2321–2379, 2017. 1

[7] F.M. Huang, J. Li, and A. Matsumura, Asymptotic stability of combination of viscous contact
wave with rarefaction waves for one-dimensional compressible Navier-Stokes system, Arch.
Ration. Mech. Anal., 197(1):89–116, 2010. 1, 2

[8] F.M. Huang and A. Matsumura, Stability of a composite wave of two viscous shock waves for the
full compressible Navier-Stokes equation, Commun. Math. Phys., 289:841–861, 2009. 1

[9] F.M. Huang, A. Matsumura, and X.D. Shi, On the stability of contact discontinuity for compress-
ible Navier-Stokes equations with free boundary, Osaka J. Math., 41:193–210, 2004. 1

[10] F.M. Huang, A. Matsumura, and Z.P. Xin, Stability of contact discontinuities for the 1-D com-
pressible Navier-Stokes equations, Arch. Ration. Mech. Anal., 179(1):55–77, 2006. 1

[11] F.M. Huang and T. Wang, Stability of superposition of viscous contact wave and rarefaction
waves for compressible Navier-Stokes system, Indiana Univ. Math. J., 65:1833–1875, 2016. 1

[12] F.M. Huang, Z.P. Xin, and T. Yang, Contact discontinuity with general perturbations for gas
motions, Adv. Math., 219(4):1246–1297, 2008. 1

[13] F.M. Huang and T. Yang, Stability of contact discontinuity for the Boltzmann equation, J. Differ.
Equ., 229:698–742, 2006. 1

[14] F.M. Huang and H.J. Zhao, On the global stability of contact discontinuity for compressible
Navier-Stokes equations, Rend. Sem. Mat. Univ. Padova., 109:283–305, 2003. 1

[15] J.I. Kanel′, A model system of equations for the one-dimensional motion of a gas, Differencial′nye
Uravnenija, 4:721–734, 1968. 1, 2, 2, 2

[16] P.D. Lax, Hyperbolic systems of conservation laws, II., Commun. Pure Appl. Math., 10:537–566,
1957. 1

[17] P. Li, Asymptotic stability of combination of contact discontinuity with rarefaction waves for the
one-dimensional viscous micropolar fluid model, J. Appl. Math. Phys., 7:2089–2111, 2019. 1

[18] T.P. Liu, Shock waves for compressible Navier-Stokes equations are stable, Commun. Pure Appl.
Math., 39:565–594, 1986. 1

[19] T.P. Liu, Nonlinear stability of shock waves for viscous conservation laws, Mem. Amer. Math.
Soc., 56(328):1–108, 2009. 1

[20] T.P. Liu and Z.P. Xin, Nonlinear stability of rarefaction waves for compressible Navier-Stokes
equations, Commun. Math. Phys., 118:451–465, 1988. 1

[21] T.P. Liu and Z.P. Xin, Pointwise decay to contact discontinuities for systems of viscous conser-
vation laws, Asian J. Math., 1(1):34–84, 1997. 1

[22] T.P. Liu and Y.N. Zeng, Time-asymptotic behavior of wave propagation around a viscous shock
profile, Commun. Math. Phys., 290:23–82, 2009. 1

[23] S. Ma and J. Wang, Decay rates to viscous contact waves for the compressible Navier-Stokes
equations, J. Math. Phys., 57(2):021501, 2016. 1

[24] A. Matsumura and K. Nishihara, Asymptotics toward the rarefaction waves of a one-dimensional
model system for compressible viscous gas, Jpn. J. Appl. Math., 3:1–13, 1986. 1

[25] A. Matsumura and K. Nishihara, Global stability of the rarefaction wave of a one-dimensional
model system for compressible viscous gas, Commun. Math. Phys., 144:325–335, 1992. 1

[26] A. Matsumura and K. Nishihara, Global asymptotics toward the rarefaction waves for solutions
of viscous p-system with boundary effect, Quart. Appl. Math., 58:69–83, 2000. 1

[27] A. Matsumura and T. Nishida, The initial value problem for the equations of motion of viscous
and heat-conductive gases, J. Math. Kyoto Univ., 20(1):67–104, 1980. 3

[28] A. Matsumura and T. Nishida, The initial value problem for the equations of motion of compress-
ible viscous and heat-conductive fluids, Proc. Jpn. Acad. Ser. A Math. Sci., 55(9):337–342,
1979. 3

[29] B. Riemann, Gesammelte Mathematische Werke, 1896. 1
[30] A. Szepessy and Z.P. Xin, Nonlinear stability of viscous shock waves, Arch. Ration. Mech. Anal.,

122:53–103, 1993. 1
[31] Z.P. Xin, On nonlinear stability of contact discontinuities, in J. Glimm, M.J. Graham, J.W.

Grove, and B.J. Plohr (eds.), Hyperbolic Problems: Theory, Numerics, Applications (Stony
Brook, NY, 1994), World Sci. Publ., River Edge, NJ, 249–257, 1996. 1

[32] Z.P. Xin and H.H. Zeng, Pointwise stability of contact discontinuity for viscous conservation laws
with general perturbations, Commun. Partial Differ. Equ., 35:1326–1354, 2010. 1

[33] H.H. Zeng, Stability of a superposition of shock waves with contact discontinuities for systems of
viscous conservation laws, J. Differ. Equ., 246:2081–2102, 2009. 1

[34] Y.N. Zeng, L1 asymptotic behavior of compressible, isentropic, viscous 1-D flow, Commun. Pure
Appl. Math., 47(8):1053–1082, 1994. 3, 3.1

https://doi.org/10.1142/S0218202517500464
https://link.springer.com/article/10.1007/s00205-009-0267-0
https://link.springer.com/article/10.1007/s00220-009-0843-z
https://doi.org/10.18910/10064
https://link.springer.com/article/10.1007/s00205-005-0380-7
http://dx.doi.org/10.1512/iumj.2016.65.5914
https://doi.org/10.1016/j.aim.2008.06.014
https://doi.org/10.1016/j.jde.2005.12.004
http://archive.numdam.org/item/RSMUP_2003__109__283_0/
https://doi.org/10.1002/cpa.3160100406
https://doi.org/10.1002/cpa.3160100406
https://doi.org/10.4236/jamp.2019.79143
https://doi.org/10.1002/cpa.3160390502
https://doi.org/10.1090/memo/0328
http://link.springer.com/article/10.10072FBF01466726
https://dx.doi.org/10.4310/AJM.1997.v1.n1.a3
https://link.springer.com/article/10.1007/s00220-009-0820-6
https://doi.org/10.1063/1.4938574
https://link.springer.com/article/10.1007/BF03167088
https://link.springer.com/article/10.1007/BF02101095
https://dl.acm.org/doi/abs/10.5555/343473.343476
https://www.projecteuclid.org/journals/kyoto-journal-of-mathematics/volume-20/issue-1/The-initial-value-problem-for-the-equations-of-motion-of/10.1215/kjm/1250522322.full
https://doi.org/10.3792/PJAA.55.337
https://doi.org/10.3792/PJAA.55.337
https://link.springer.com/book/9783642553929
https://link.springer.com/article/10.1007/BF01816555
https://www.researchgate.net/publication/265916594_On_nonlinear_stability_of_contact_discontinuities
https://doi.org/10.1080/03605300903456348
https://doi.org/10.1016/j.jde.2008.07.034
https://doi.org/10.1002/cpa.3160470804

