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Abstract: In this paper, we consider a compressible fluid model of the Korteweg type on general
domains in the N-dimensional Euclidean space for N ≥ 2. The Korteweg-type model is employed to
describe fluid capillarity effects or liquid–vapor two-phase flows with phase transition as a diffuse
interface model. In the Korteweg-type model, the stress tensor is given by the sum of the standard
viscous stress tensor and the so-called Korteweg stress tensor, including higher order derivatives of
the fluid density. The local existence of strong solutions is proved in an Lp-in-time and Lq-in-space
setting, p ∈ (1, ∞) and q ∈ (N, ∞), with additional regularity of the initial density on the basis of
maximal regularity for the linearized system.
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1. Introduction

This paper is concerned with a compressible fluid model of the Korteweg type pre-
sented in (1) below. In order to model fluid capillarity effects, Korteweg formulated a
constitutive equation in 1901 for stress tensors

that included gradients of the fluid density ρ. The Korteweg stress tensor K(ρ),
see (2) or (3) below, was introduced by Dunn and Serrin [1] (p. 107) on the basis of the
thermodynamics of interstitial workings.

The Korteweg-type model was employed to analyze not only fluid capillarity effects
but also a liquid–vapor phase transition; see, e.g., Liu, Landis, Gomez, and Hughes [2].

Let us introduce a short history of mathematical studies of the Korteweg-type model.
There are many studies of the Korteweg-type model such as the existence of weak

solutions, the local and global well-posedness for strong solutions, large time decay of
solutions, time periodic solutions, the vanishing capillarity limit, and maximal regularity;
see, e.g., ref. [3] and references therein for more details. Concerning strong and weak
solutions for other kind of fluids, we refer, e.g., to [4–7]. We focus on well-posedness results
for strong solutions of the Korteweg-type model in what follows.

Let us start with problems in the whole space. Hattori and Li [8,9] proved local
and global unique existence theorems on smooth solutions in L2-based Sobolev spaces.
On the other hand, Dancian and Desjardins [10] used critical Besov spaces to relax the
regularity of initial data and proved unique existence theorems on local and global strong
solutions. Furthermore, Murata and Shibata [11] proved the global well-posedness in
an Lp-in-time and Lq-in-space setting by means of maximal regularity and time decay
estimates of an analytic C0-semigroup associated with a linearized system. Let P(ρ) be the
pressure function on [0, ∞) and let P′(ρ) be the derivative of P(ρ) with respect to ρ. Recently,
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the asymptotic stability of the constant steady state (ρ, u) = (ρ∗, 0) satisfying ρ∗ > 0 and
P′(ρ∗) = 0 is actively studied by Kobayashi and his collaborators; see, e.g., [12–14].

Boundary value problems of the Korteweg-type model can be found in Bresch, Des-
jardins, and Lin [15]. Kotschote [16] considered (1) below for ΓS = ∅ in the case where Ω is
a bounded domain or an exterior domain, and proved the local well-posedness for strong
solutions in an Lp setting with p > N + 2 for both space and time. This result was extended
to a non-isothermal case in [17] and to a non-Newtonian case in [18]. Notice that [18] con-
sidered not only the Dirichlet boundary condition but also the slip boundary condition and
that [17,18] treated inhomogeneous boundary data. Furthermore, Kotschote [19] proved
the asymptotic stability of non-trivial steady states when Ω is a bounded domain with
ΓS = ∅.

The present paper aims to extend the local well-posedness result given by [16] to the
case where ΓS 6= ∅ and Ω is a general domain, which is also called a uniform C3 domain,
see Definition 1 below.

Furthermore, our result is in an Lp-in-time and Lq-in-space setting, p ∈ (1, ∞) and
q ∈ (N, ∞), with additional regularity of the initial density, which also gives us an extension
of [16]; see Theorem 1 and Remark 2 below for more details. Theorem 1 is the main result of
this paper, and is proved by the contraction mapping theorem with the help of the maximal
regularity stated in Section 5.2, below.

This paper is organized as follows. The next section introduces our problem setting.
Section 3 first introduces the notation used throughout this paper, and then the main result
of this paper is stated. Section 4 treats resolvent problems in the whole space and in the half
space, and then one introduces the existence ofR-bounded solution operator families, also
calledR-solvers, for the resolvent problems. Based on these results, we next demonstrate
that a resolvent problem in a general domain admits anR-solver. Section 5 demonstrates
our linear theory, i.e., the generation of an analytic C0-semigroup and maximal regularity
for some linearized system, which is obtained from theR-solver in a general domain given
by Section 4. Section 6 proves the main result of this paper.

2. Problem Setting

Let Ω be a domain in the N-dimensional Euclidean space RN , N ≥ 2, and let the
boundary of Ω consist of two hypersurfaces ΓD and ΓS. Throughout this paper, we assume

dist(ΓD, ΓS) = inf{|x− y| : x ∈ ΓD, y ∈ ΓS} ≥ d > 0,

provided that ΓD 6= ∅ and ΓS 6= ∅. Notice that ΓD = ∅ or ΓS = ∅ is admissible in the
present paper. Let n = n(x) = (n1(x), . . . , nN(x))T be the unit outward normal vector on
ΓD ∪ ΓS, where MT denotes the transpose of M.

We consider the motion of a compressible barotropic viscous fluid of the Korteweg
type in Ω with the Dirichlet boundary condition on ΓD and the slip boundary condition on
ΓS. Such a motion is governed by the following set of equations:

∂tρ + div(ρu) = 0 in Ω× (0, T),

ρ(∂tu + u · ∇u) = Div(S(u) + K(ρ)− P(ρ)I) + ρb in Ω× (0, T),

n · ∇ρ = 0, u = 0 on ΓD × (0, T),

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × (0, T),

(ρ, u)|t=0 = (ρ0 + ρ∞, u0) in Ω,

(1)

where T is a positive constant. Throughout this paper, we assume that ρ∞ > 0 denotes a
constant reference density. The initial data

ρ0 = ρ0(x), u0 = u0(x) = (u01(x), . . . , u0N(x))T
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are given functions of x ∈ Ω, and also the body force b = b(x, t) = (b1(x, t), . . . , bN(x, t))T

is a given function of (x, t) ∈ Ω× (0, T).
Here, ρ = ρ(x, t) and u = u(x, t) = (u1(x, t), . . . , uN(x, t))T are, respectively, the

density of the fluid and the velocity of the fluid at position x = (x1, . . . , xN) ∈ Ω and time
t > 0. Let ∂t = ∂/∂t and ∂j = ∂/∂xj for j = 1, . . . , N. The doubled deformation rate tensor
is denoted by D(u), i.e., D(u) = ∇u + (∇u)T for

∇u =

 ∂1u1 . . . ∂N u1
...

. . .
...

∂1uN . . . ∂NuN

,

while I is the N × N identity matrix. The pressure P : (0, ∞) → R is a given smooth
function. For a = (a1, . . . , aN)

T and b = (b1, . . . , bN)
T, we set a · b = ∑N

j=1 ajbj and
a⊗ b = (aibj)1≤i,j≤N . In addition,

aτ = a− n(n · a).

Let v = (v1(x), . . . , vN(x))T and w = (w1(x), . . . , wN(x))T. Then

v · ∇w =

( N

∑
j=1

vj∂jw1, . . . ,
N

∑
j=1

vj∂jwN

)T

and
∇2v = {∂i∂jvk : i, j, k = 1, . . . , N}.

For an N × N matrix-valued function M = (Mij(x))1≤i,j≤N , we set

Div M =

( N

∑
j=1

∂j M1j, . . . ,
N

∑
j=1

∂j MNj

)T

.

Let us introduce two stress tensors S(u) and K(ρ). One denotes the standard viscous
stress tensor by S(u), i.e.,

S(u) = µD(u) + (ν− µ)div uI

for the viscosity coefficients µ = µ(x, t), ν = µ(x, t) and div u = ∑N
j=1 ∂juj. On the other

hand, K(ρ) is called the Korteweg stress tensor and given by

K(ρ) =
κ

2
(∆ρ2 − |∇ρ|2)I− κ∇ρ⊗∇ρ (2)

for the capillary coefficient κ = κ(x, t), where

∇ρ = (∂1ρ, . . . , ∂Nρ)T, |∇ρ|2 = ∇ρ · ∇ρ =
N

∑
j=1

(∂jρ)
2.

Since

∆ρ2 =
N

∑
j=1

∂2
j ρ2 = 2

N

∑
j=1

(
(∂jρ)

2 + ρ∂2
j ρ
)
= 2|∇ρ|2 + 2ρ∆ρ,

(2) is equivalent to

K(ρ) = κ

(
ρ∆ρ +

|∇ρ|2
2

)
I− κ∇ρ⊗∇ρ. (3)
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3. Notation and Main Result

This section first introduces the notation used throughout this paper, and then the
main result of this paper is stated.

3.1. Notation

Let N be the set of all positive integers and N0 = N ∪ {0}. Define R+ = (0, ∞),
C+,δ = {z ∈ C : <z > δ} for δ ∈ R, and C+ = C+,0.

Let p ∈ [1, ∞] and G be a domain in RN . Then Lp(G) and Hm
p (G), m ∈ N, stands

for the Lebesgue space on G and the Sobolev space on G, respectively. The norm of
Lp(G) is denoted by ‖ · ‖Lp(G), while the norm of Hm

p (G) is denoted by ‖ · ‖Hm
p (G). Let

H0
p(G) = Lp(T). In addition, Bs

q,p(G) is the Besov space on G for q ∈ (1, ∞) and s > 0, and
its norm is denoted by ‖ · ‖Bs

q,p(G).

Let X be a Banach space. Then XM denotes the M-product space of X for M ∈ N,
while the norm of XM is usually denoted by ‖ · ‖X instead of ‖ · ‖XM for short. Let Y be
another Banach space, and then L(X, Y) stands for the Banach space of all bounded linear
operators from X to Y. In addition, L(X) is the abbreviation of L(X, X). For a domain U in
C, Hol(U,L(X, Y)) is the set of all L(X, Y)-valued holomorphic functions on U.

Let p ∈ [1, ∞] and I be an interval of R. Then Lp(I, X) and H1
p(I, X) are the X-valued

Lebesgue space on I and the X-valued Sobolev space on I, respectively. The norm of
Lp(I, X) is given by

‖ f ‖Lp(I,X) =


( ∫

I
‖ f (t)‖p

X dt
)1/p

for p ∈ [1, ∞),

ess supt∈I‖ f (t)‖X for p = ∞,

while the norm of H1
p(I, X) is given by

‖ f ‖H1
p(I,X) =

(
‖ f ‖p

Lp(I,X)
+ ‖∂t f ‖p

Lp(I,X)

)1/p
.

We denote the set of all continuous functions f : I → X by C(I, X). Furthermore, we set for
T > 0 or T = ∞

0H1
p((0, T), X) = { f ∈ H1

p((0, T), X) : f |t=0 = 0 in X}

with the norm ‖ · ‖
0 H1

p((0,T),X) := ‖ · ‖H1
p((0,T),X).

We now introduce the definition of uniform C3 domains.

Definition 1. Let D be a domain in RN with boundary ∂D. Then D is called a uniform C3

domain, if there exist positive constants α, β, and K such that the following assertions hold:
for any x0 = (x01, . . . , x0N) ∈ ∂D there exist a coordinate number j and a C3 function h(x′)
(x′ = (x1, . . . , xj−1, xj+1, . . . , xN)) on B′α(x′0), with x′0 = (x01, . . . , x0j−1, x0j+1, . . . , x0N),

B′α(x′0) = {x′ ∈ RN−1 : |x′ − x′0| < α}, ‖h‖H3
∞(B′α(x′0))

≤ K,

such that

D ∩ Bβ(x0) = {x ∈ RN : xj > h(x′), x′ ∈ B′α(x′0)} ∩ Bβ(x0),

∂D ∩ Bβ(x0) = {x ∈ RN : xj = h(x′), x′ ∈ B′α(x′0)} ∩ Bβ(x0).

Here Bβ(x0) = {x ∈ RN : |x− x0| < β}.

Example 1.
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(1) If Ω is a bounded domain or an exterior domain in RN , N ≥ 2, whose boundary is of class
C3, then Ω is a uniform C3 domain.

(2) Let h+(x′) and h−(x′), x′ = (x1, . . . , xN−1) be of class C3 and have compact supports with
‖h±‖L∞(RN−1) ≤ 1/2. Then

Ω = {(x′, xN) : x′ ∈ RN−1,−1 + h−(x′) ≤ xN ≤ 1 + h+(x′)}

becomes a uniform C3 domain with boundary ΓS ∪ ΓD, where

ΓD = {(x′, xN) : x′ ∈ RN−1, xN = −1 + h−(x′)},
ΓS = {(x′, xN) : x′ ∈ RN−1, xN = 1 + h+(x′)}.

Let Ω be a uniform C3 domain and let C0,1(Ω) be the Banach space of all bounded
and uniformly Lipschitz continuous functions on Ω = Ω ∪ ΓD ∪ ΓS with the norm:

‖ f ‖C0,1(Ω) = ‖ f ‖L∞(Ω) + sup
x,y∈Ω,x 6=y

| f (x)− f (y)|
|x− y| .

Remark 1. It follows from [20] (Theorem 3.14) that C0,1(Ω) = H1
∞(Ω). This fact is often used

throughout this paper.

Let T > 0 or T = ∞, and let p, q ∈ (1, ∞). Define

K1
p,q;T = H1

p((0, T), H1
q (Ω)) ∩ Lp((0, T), H3

q (Ω)),

‖ρ‖K1
p,q;T

= ‖ρ‖H1
p((0,T),H1

q (Ω)) + ‖ρ‖Lp((0,T),H3
q (Ω)),

and also

K2
p,q;T = H1

p((0, T), Lq(Ω)N) ∩ Lp((0, T), H2
q (Ω)N),

‖u‖K2
p,q;T

= ‖u‖H1
p((0,T),Lq(Ω)N) + ‖u‖Lp((0,T),H2

q (Ω)N).

Furthermore,

0K1
p,q;T = 0H1

p((0, T), H1
q (Ω)) ∩ Lp((0, T), H3

q (Ω)),

0K2
p,q;T = 0H1

p((0, T), Lq(Ω)N) ∩ Lp((0, T), H2
q (Ω)N).

We now set

Zp,q;T = Z1
p,q;T × Z2

p,q;T for Z ∈ {K, 0K}

and
‖(ρ, u)‖Kp,q;T = ‖ρ‖K1

p,q;T
+ ‖u‖K2

p,q;T
.

Let L > 0. Then, 0Kp,q;T(L) is defined by

0Kp,q;T(L) = {(ρ, u) ∈ 0Kp,q;T : ‖(ρ, u)‖Kp,q;T ≤ L}.
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3.2. Main Result

To state our main result for (1), we write (1) as an equivalent system in what follows.
We replace ρ by ρ + ρ∞ in (1) in order to obtain

∂tρ + div((ρ + ρ∞)u) = 0 in Ω× (0, T),

(ρ + ρ∞)(∂tu + u · ∇u) = Div(S(u) + K(ρ + ρ∞)− P(ρ + ρ∞)I)

+ (ρ + ρ∞)b in Ω× (0, T),

n · ∇ρ = 0, u = 0 on ΓD × (0, T),

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × (0, T),

(ρ, u)|t=0 = (ρ0, u0) in Ω.

(4)

Let us define

µ0(x) = µ(x, t)|t=0, ν0(x) = ν(x, t)|t=0,

κ0(x) = κ(x, t)|t=0, r0(x) = ρ0(x) + ρ∞,

S0(u) = µ0(x)D(u) + (ν0(x)− µ0(x))div uI. (5)

The first equation of (4) is then written as

∂tρ + r0 div u = −u · ∇ρ− (ρ− ρ0)div u =: D(ρ, u).

We next consider the second equation of (4). Recalling (3), we observe that

K(ρ + 1) = (κ − κ0)(ρ + 1)∆ρI + κ0(ρ− ρ0)∆ρI + κ0r0∆ρI

+ κ
|∇ρ|2

2
I− κ∇ρ⊗∇ρ.

The second equation of (4) is thus written as

r0∂tu−Div(S0(u) + κ0r0∆ρI)

= −(ρ− ρ0)∂tu− (ρ + ρ∞)u · ∇u + Div(S(u)− S0(u))

− P′(ρ + ρ∞)∇ρ + Div
(
(κ − κ0)(ρ + ρ∞)∆ρI + κ0(ρ− ρ0)∆ρI

+ κ
|∇ρ|2

2
I− κ∇ρ⊗∇ρ

)
+ (ρ + ρ∞)b

=: F̃(ρ, u), (6)

where P′(ρ) = (dP/dρ)(ρ). Furthermore, since

Div(S0(u) + κ0r0∆ρI)

= κ0 Div(κ−1
0 S0(u) + r0∆ρI) + (κ−1

0 S0(u) + r0∆ρI)∇κ0,

(6) is reduced to

∂tu− r−1
0 κ0 Div(κ−1

0 S0(u) + r0∆ρI)

= r−1
0 F̃(ρ, u) + r−1

0 (κ−1
0 S0(u) + r0∆ρI)∇κ0 =: F(ρ, u).

Summing up the above calculations, we have achieved the following equivalent
system of (1):
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∂tρ + r0 div u = D(ρ, u) in Ω× (0, T),

∂tu− r−1
0 κ0 Div(κ−1

0 S0(u) + r0∆ρI) = F(ρ, u) in Ω× (0, T),

n · ∇ρ = 0, u = 0 on ΓD × (0, T),

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × (0, T),

(ρ, u)|t=0 = (ρ0, u0) in Ω.

(7)

We further reduce (7) to some system with (ρ0, u0) = (0, 0). Let (ρ̂, û) be a unique
solution to the following linear system:

∂tρ̂ + r0 div û = 0 in Ω× (0, T),

∂tû− r−1
0 κ0 Div(κ−1

0 S0(û) + r0∆ρ̂ I) = 0 in Ω× (0, T),

n · ∇ρ̂ = 0, û = 0 on ΓD × (0, T),

n · ∇ρ̂ = 0, (D(û)n)τ = 0, û · n = 0 on ΓS × (0, T),

(ρ̂, û)|t=0 = (ρ0, u0) in Ω,

(8)

see Section 5.1 below for more details on (ρ̂, û). Replace (ρ, u) by (ρ + ρ̂, u + û) in (7), and
the resultant system becomes

∂tρ + r0 div u = D(ρ + ρ̂, u + û) in Ω× (0, T),

∂tu− r−1
0 κ0 Div(κ−1

0 S0(u) + r0∆ρI) = F(ρ + ρ̂, u + û) in Ω× (0, T),

n · ∇ρ = 0, u = 0 on ΓD × (0, T),

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × (0, T),

(ρ, u)|t=0 = (0, 0) in Ω.

(9)

Our main result of this paper is then stated as follows.

Theorem 1. Let N ≥ 2 and Ω be a uniform C3 domain in RN . Let p ∈ (1, ∞) and q ∈ (N, ∞).
Suppose that R, R1, R2, T0, and ρ∞ are positive constants with R1 ≤ R2. Then, there exist
constants L ≥ 1 and T ∈ (0, T0] such that (9) admits a unique solution (ρ, u) in 0Kp,q;T(L) if ρ0,
u0, b, P, µ, ν, and κ satisfy the following conditions:

(a) (ρ0, u0) ∈ Dq,p(Ω) with ‖(ρ0, u0)‖Dq,p(Ω) ≤ R, where Dq,p(Ω) is given by Section 5.1,

below, as well as a subspace of B3−2/p
q,p (Ω)× B2−2/p

q,p (Ω)N ;
(b) r0 = ρ0 + ρ∞ ∈ C0,1(Ω) with ‖r0‖C0,1(Ω) ≤ R and

ρ∞

2
≤ r0(x) ≤ 2ρ∞ (x ∈ Ω);

(c) b ∈ Lp((0, T0), Lq(Ω)N) with ‖b‖Lp((0,T0),Lq(Ω)N) ≤ R;

(d) P is a C1 function on [ρ∞/4, 4ρ∞] with P′ ∈ C0,1([ρ∞/4, 4ρ∞]) and ‖P′‖C0,1([ρ∞/4,4ρ∞ ]) ≤
R, where P′(s) = (dP/ds)(s);

(e) µ, ν, κ ∈ C([0, T0], C0,1(Ω)) with

sup
t∈[0,T0]

‖µ(t)‖C0,1(Ω) ≤ R, sup
t∈[0,T0]

‖ν(t)‖C0,1(Ω) ≤ R,

sup
t∈[0,T0]

‖κ(t)‖C0,1(Ω) ≤ R;

(f) µ0(x) = µ(x, t)|t=0, ν0(x) = ν(x, t)|t=0, and κ0(x) = κ(x, t)|t=0 satisfy

R1 ≤ µ0(x) ≤ R2, R1 ≤ µ0(x) + ν0(x) ≤ R2,

R1 ≤ κ0(x) ≤ R2 (x ∈ Ω).
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Remark 2.

(1) If p, q satisfy 2/p + N/q < 2 additionally, then B3−2/p
q,p (Ω) is continuously embedded

into H1
∞(Ω), which is equivalent to C0,1(Ω), as stated in Remark 1; see, e.g., Remark 1

(b) of Subsection 2.8.1 in [21]. In this case, the additional regularity of the initial density,
i.e., r0 ∈ C0,1(Ω), may be removed.

(2) Our linear theory requires that r0 belongs to C0,1(Ω); see Section 5 below for more details.

4. R-Solvers for Resolvent Problems

In this section, we consider resolvent problems and prove the existence ofR-bounded
solution operator families, also called R-solvers, for the resolvent problems. The main
result of this section, as shown in Theorem 2 below, gives us a generation of an analytic
C0-semigroup and maximal regularity for the linearized system of (9) in the next section.

4.1. R-Solver in the Whole Space

Let us first introduce the definition ofR-boundedness.

Definition 2. Let X and Y be Banach spaces, and let rn(t) be the Rademacher functions on
[0, 1], i.e.,

rn(t) = sign (sin(2nπt)) (n ∈ N, 0 ≤ t ≤ 1).

A family of operators T ⊂ L(X, Y) is called R-bounded on L(X, Y), if there exist constants
p ∈ [1, ∞) and C > 0 such that the following assertion holds: for each m ∈ N, {Tj}m

j=1 ⊂ T ,
and { f j}m

j=1 ⊂ X,

( ∫ 1

0

∥∥∥∥ m

∑
j=1

rj(t)Tj f j

∥∥∥∥p

Y
dt
)1/p

≤ C
( ∫ 1

0

∥∥∥∥ m

∑
j=1

rj(t) f j

∥∥∥∥p

X
dt
)1/p

.

The smallest such C is calledR-bound of T on L(X, Y) and denoted byRL(X,Y)(T ).

Remark 3.

(1) The constant C in Definition 2 may depend on p.
(2) It is known that T is R-bounded for any p ∈ [1, ∞), provided that T is R-bounded for

some p ∈ [1, ∞). This fact follows from Kahane’s inequality; see, e.g., [22] (Theorem 2.4).
(3) TheR-boundedness implies the uniform boundedness. In fact, taking m = 1 in the definition

of theR-boundedness yields that ‖T f ‖Y ≤ C‖ f ‖X for any T ∈ T and f ∈ X.

This subsection considers the following resolvent problem in the whole space:{
λρ + γ1 div u = d in RN ,

λu− γ−1
4 Div(γ2(D(u) + (γ3 − γ2)div uI + γ1∆ρI) = f in RN .

(10)

Let q ∈ (1, ∞). For the right member (d, f) of (10), we set

X 1
q (R

N) = H1
q (R

N)× Lq(RN)N , X1
q(R

N) = Lq(RN)N+1+N

and set for F1 = (d, f) ∈ X 1
q (RN) and λ ∈ C \ (−∞, 0]

F 1
λF1 = (∇d, λ1/2d, f) ∈ X1

q(R
N).

On the other hand, for the solution (ρ, u) of (10), we set

A0
q(G) = Lq(G)N3+N2+N+1, S0

λρ = (∇3ρ, λ1/2∇2ρ, λ∇ρ, λ3/2ρ),

Bq(G) = Lq(G)N3+N2+N , Tλu = (∇2u, λ1/2∇u, λu), (11)
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where G is a domain in RN . The following lemma then holds.

Lemma 1. Let q ∈ (1, ∞) and let γ1, γ2, γ3, and γ4 be constants satisfying

γi > 0 (i = 1, 2, 4), γ2 + γ3 > 0. (12)

Then, the following assertions hold.

(1) For any λ ∈ C+ there exist operators A1(λ), B1(λ), with

A1(λ) ∈ Hol(C+,L(X1
q(R

N), H3
q (R

N))),

B1(λ) ∈ Hol(C+,L(X1
q(R

N), H2
q (R

N)N)),

such that for any F1 = (d, f) ∈ X 1
q (RN)

(ρ, u) = (A1(λ)F 1
λF1,B1(λ)F 1

λF1)

is a unique solution to (10).
(2) There exists a positive constant C = C(N, q, γ1, γ2, γ3, γ4), such that for n = 0, 1

RL(X1
q(RN),A0

q(RN))

({(
λ

d
dλ

)n(
S0

λA
1(λ)

)
: λ ∈ C+

})
≤ C,

RL(X1
q(RN),Bq(RN))

({(
λ

d
dλ

)n(
TλB1(λ)

)
: λ ∈ C+

})
≤ C,

where A0
q(RN), Bq(RN), S0

λ, and Tλ are given by (11) with G = RN .

Proof. The proof is similar to [23] (Theorem 2.1), so that the detailed proof may be
omitted.

4.2. R-Solver in the Half Space

Let us first consider the following resolvent problem with the Dirichlet boundary
condition for the fluid velocity:

λρ + γ1 div u = d in RN
+ ,

λu− γ−1
4 Div(γ2(D(u) + (γ3 − γ2)div uI + γ1∆ρI) = f in RN

+ ,

n · ∇ρ = g, u = h on RN
0 ,

(13)

where

RN
+ = {(x′, xN) : x′ = (x1, . . . , xN−1) ∈ RN−1, xN > 0},

RN
0 = {(x′, xN) : x′ = (x1, . . . , xN−1) ∈ RN−1, xN = 0}.

Let q ∈ (1, ∞). For the right member (d, f, g, h), we set

X 2
q (R

N
+) = H1

q (R
N
+)× Lq(RN

+)
N × H2

q (R
N
+)× H2

q (R
N
+)

N ,

X2
q(R

N
+) = Lq(RN

+)
(N+1)+N+(N2+N+1)+(N3+N2+N)

and set for F2 = (d, f, g, h) ∈ X 2
q (RN

+) and λ ∈ C \ (−∞, 0]

F 2
λF2 = (∇d, λ1/2d, f,∇2g, λ1/2∇g, λg,∇2h, λ1/2∇h, λh) ∈ X2

q(R
N
+).

The following lemma then holds.
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Lemma 2. Let q ∈ (1, ∞) and γi (i = 1, 2, 3, 4) be constants satisfying (12). Then, the following
assertions hold.

(1) For any λ ∈ C+, there exist operators A2(λ), B2(λ), with

A2(λ) ∈ Hol(C+,L(X2
q(R

N
+), H3

q (R
N
+))),

B2(λ) ∈ Hol(C+,L(X2
q(R

N
+), H2

q (R
N
+)

N)),

such that for any F2 = (d, f, g, h) ∈ X 2
q (RN

+)

(ρ, u) = (A2(λ)F 2
λF2,B2(λ)F 2

λF2)

is a unique solution to (13).
(2) There exists a positive constant C = C(N, q, γ1, γ2, γ3, γ4) such that for n = 0, 1

RL(X2
q(RN

+),A0
q(RN

+))

({(
λ

d
dλ

)n(
S0

λA
2(λ)

)
: λ ∈ C+

})
≤ C,

RL(X2
q(RN

+),Bq(RN
+))

({(
λ

d
dλ

)n(
TλB2(λ)

)
: λ ∈ C+

})
≤ C,

where A0
q(RN

+), Bq(RN
+), S0

λ, and Tλ are given by (11) with G = RN
+ .

Proof. This lemma was proved by [24] (Theorem 1.4) when h = 0 and γi (i = 1, 2, 3, 4) are
positive constants. Define

X̃ 2
q (R

N
+) = H1

q (R
N
+)× Lq(RN

+)
N × H2

q (R
N
+),

X̃2
q(R

N
+) = Lq(RN

+)
(N+1)+N+(N2+N+1),

and set for F̃2 = (d, f, g) ∈ X̃ 2
q (RN

+) and λ ∈ C \ (−∞, 0]

F̃ 2
λF̃2 = (∇d, λ1/2d, f,∇2g, λ1/2∇g, λg) ∈ X̃2

q(G).

Then, ref. [24] (Theorem 1.4) can be extended to the case where h = 0 and γi (i = 1, 2, 3, 4)
are constants satisfying (12) by slightly modifying its proof, i.e., for any λ ∈ C+ there exist
operators Ã2(λ), B̃2(λ), with

Ã2(λ) ∈ Hol(C+,L(X̃2
q(R

N
+), H3

q (R
N
+))),

B̃2(λ) ∈ Hol(C+,L(X̃2
q(R

N
+), H2

q (R
N
+)

N)),

such that for any F̃2 = (d, f, g) ∈ X̃ 2
q (RN

+)

(σ, v) = (Ã2(λ)F̃ 2
λF̃2, B̃2(λ)F̃ 2

λF̃2)

is a unique solution to
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λσ + γ1 div v = d in RN

+ ,

λv− γ−1
4 Div(γ2(D(v) + (γ3 − γ2)div vI + γ1∆σI) = f in RN

+ ,

n · ∇σ = g, v = 0 on RN
0 ,

where γi (i = 1, 2, 3, 4) are constants satisfying (12). In addition, for n = 0, 1,

RL(X̃2
q(RN

+),A0
q(RN

+))

({(
λ

d
dλ

)n(
S0

λÃ
2(λ)

)
: λ ∈ C+

})
≤ C,

RL(X̃2
q(RN

+),Bq(RN
+))

({(
λ

d
dλ

)n(
TλB̃2(λ)

)
: λ ∈ C+

})
≤ C, (14)

with a positive constant C = C(N, q, γ1, γ2, γ3, γ4).
Let us now consider {

λu− ∆u = 0 in RN
+ ,

u = h on RN
0 .

(15)

It is well-known that (15) admits anR-solver, i.e., there exists an operator

U (λ) ∈ Hol(C+,L(Lq(RN
+)

N2+N+1, H2
q (R

N
+)))

such that u = U (λ)Tλh, h ∈ H2
q (RN

+) is a solution to (15) and

RL(Lq(RN
+)N2+N+1)

({(
λ

d
dλ

)n
(TλU (λ)) : λ ∈ C+

})
≤ C

for n = 0, 1 with a positive constant C = C(N, q). This enables us to define

V(λ) ∈ Hol(C+,L(Lq(RN
+)

N3+N2+N), H2
q (R

N
+)

N)

by V(λ)Tλh = (U (λ)Tλh1, . . . ,U (λ)TλhN) for h = (h1, . . . , hN)
T, and then

RL(Lq(RN
+)N3+N2+N)

({(
λ

d
dλ

)n
(TλV(λ)) : λ ∈ C+

})
≤ C (16)

for n = 0, 1 with a positive constant C = C(N, q).
Let u = w + V(λ)Tλh in (13). Then, (13) is reduced to

λρ + γ1 div w = d̃ in RN
+ ,

λw− γ−1
4 Div(γ2(D(w) + (γ3 − γ2)div wI + γ1∆ρI) = f̃ in RN

+ ,

n · ∇ρ = g, w = 0 on RN
0 ,

together with

d̃ = d− γ1 divV(λ)Tλh,

f̃ = f− λV(λ)Tλh + γ−1
4 (γ2∆V(λ)Tλh + γ3∇divV(λ)Tλh),

where one has used the fact that

Div(γ2D(V(λ)Tλh) + (γ3 − γ2)divV(λ)TλhI)

= γ2∆V(λ)Tλh + γ3∇divV(λ)Tλh.

From this viewpoint, we set for H = (H1, . . . , H9) ∈ X2
q(RN

+)

A2(λ)H = Ã2(λ)(H1 − γ1∇divV(λ)(H7, H8, H9),
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H2 − γ1λ1/2 divV(λ)(H7, H8, H9),

H3 − λV(λ)(H7, H8, H9) + γ−1
4 γ2∆V(λ)(H7, H8, H9)

+ γ−1
4 γ3∇divV(λ)(H7, H8, H9), H4, H5, H6),

B2(λ)H = B̃2(λ)(H1 − γ1∇divV(λ)(H7, H8, H9),

H2 − γ1λ1/2 divV(λ)(H7, H8, H9),

H3 − λV(λ)(H7, H8, H9) + γ−1
4 γ2∆V(λ)(H7, H8, H9)

+ γ−1
4 γ3∇divV(λ)(H7, H8, H9), H4, H5, H6)

+ V(λ)(H7, H8, H9),

where H1, H2, H3, H4, H5, and H6, H7, H8, and H9 are, respectively, corresponding to
∇d, λ1/2d, f, ∇2g, λ1/2∇g, λg, ∇2h, λ1/2∇h, and λh. It is then clear that (ρ, u) =
(A2(λ)F 2

λF2,B 2(λ)F 2
λF2) is a solution to (13) for F2 = (d, f, g, h) ∈ X 2

q (RN
+) and that

(14), (16), and the definition of theR-boundedness give us for n = 0, 1

RL(X2
q(RN

+),A0
q(RN

+))

({(
λ

d
dλ

)n(
S0

λA
2(λ)

)
: λ ∈ C+

})
≤ C,

RL(X2
q(RN

+),Bq(RN
+))

({(
λ

d
dλ

)n(
TλB2(λ)

)
: λ ∈ C+

})
≤ C,

with a positive constant C = C(N, q, γ1, γ2, γ3, γ4). This completes the proof of Lemma 2.

We next consider the following resolvent problem with the slip boundary condition
for the fluid velocity:

λρ + γ1 div u = d in RN
+ ,

λu− γ−1
4 Div(γ2(D(u) + (γ3 − γ2)div uI + γ1∆ρI) = f in RN

+ ,

n · ∇ρ = g, (D(u)n)τ = kτ , u · n = l on RN
0 .

(17)

Let q ∈ (1, ∞). For the right member (d, f, g, k, l), we set

X 3
q (R

N
+) = H1

q (R
N
+)× Lq(RN

+)
N × H2

q (R
N
+)× H1

q (R
N
+)

N × H2
q (R

N
+),

X3
q(R

N
+) = Lq(RN

+)
(N+1)+N+(N2+N+1)+(N2+N)+(N2+N+1)

and set for F3 = (d, f, g, k, l) ∈ X 3
q (RN

+) and λ ∈ C \ (−∞, 0]

F 3
λF3 = (∇d, λ1/2d, f,∇2g, λ1/2∇g, λg,∇k, λ1/2k,∇2l, λ1/2∇l, λl) ∈ X3

q(R
N
+).

The following lemma then holds.

Lemma 3. Let q ∈ (1, ∞) and γi (i = 1, 2, 3, 4) be constants satisfying (12). Then, the following
assertions hold.

(1) For any λ ∈ C+ there exist operators A3(λ), B3(λ), with

A3(λ) ∈ Hol(C+,L(X3
q(R

N
+), H3

q (R
N
+))),

B3(λ) ∈ Hol(C+,L(X3
q(R

N
+), H2

q (R
N
+)

N)),

such that for any F3 = (d, f, g, k, l) ∈ X 3
q (RN

+)

(ρ, u) = (A3(λ)F 3
λF3,B3(λ)F 3

λF3)

is a unique solution to (17).
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(2) There exists a positive constant C = C(N, q, γ1, γ2, γ3, γ4) such that for n = 0, 1

RL(X3
q(RN

+),A0
q(RN

+))

({(
λ

d
dλ

)n(
S0

λA
3(λ)

)
: λ ∈ C+

})
≤ C,

RL(X3
q(RN

+),Bq(RN
+))

({(
λ

d
dλ

)n(
TλB3(λ)

)
: λ ∈ C+

})
≤ C,

where A0
q(RN

+), Bq(RN
+), S0

λ, and Tλ are given by (11) with G = RN
+ .

Proof. Let ρ̃ = ρ/γ1, d̃ = d/γ1, and g̃ = g/γ1. Then, (17) is equivalent to
λρ̃ + div u = d̃ in RN

+ ,

λu− µ∆u− ν∇div u− κ∇∆ρ̃ = f in RN
+ ,

n · ∇ρ̃ = g̃, (D(u)n)τ = kτ , u · n = l on RN
0 ,

(18)

where

µ =
γ2

γ4
, ν =

γ3

γ4
, κ =

γ2
1

γ4
.

By [25] (Theorem 1.3), we observe that (18) admitsR-solvers satisfying the desired proper-
ties under the condition that µ, ν, and κ are positive constants satisfying(

µ + ν

2κ

)2
− 1

κ
6= 0 and κ 6= µν.

This result can be extended to the case where µ, ν, and κ are any constants satisfying µ > 0,
µ + ν > 0, and κ > 0 by direct calculations in the same manner as in [24]. The uniqueness
of solutions follows from the existence of solutions; see, e.g., ([3] Subsection 3.3). This
completes the proof of Lemma 3.

4.3. R-Solver in a General Domain

This subsection considers the resolvent problem in a uniform C3 domain Ω:
λρ + γ1 div v = d in Ω,

λu− γ−1
4 Div(γ2(D(u) + (γ3 − γ2)div uI + γ1∆ρI) = f in Ω,

n · ∇ρ = gD, u = h on ΓD,

n · ∇ρ = gS, (D(u)n)τ = kτ , u · n = l on ΓS.

(19)

We introduce an assumption about the coefficients γ1, γ2, γ3, and γ4.

Assumption 1. The coefficients γi = γi(x), i = 1, 2, 3, 4, are real valued uniformly Lipschitz
continuous functions on Ω = Ω ∪ ΓD ∪ ΓS, i.e., there exists a positive constant γL, such that
|γi(x)− γi(y)| ≤ γL|x− y| for any x, y ∈ Ω and for i = 1, 2, 3, 4. In addition, there exist positive
constants γ∗, γ∗, such that γ∗ ≤ γi(x) ≤ γ∗ (i = 1, 2, 4) and γ∗ ≤ γ2(x) + γ3(x) ≤ γ∗ for
any x ∈ Ω.

Let q ∈ (1, ∞). For the right member (d, f, gD, h, gS, k, l) of (19), we set
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Xq(Ω) = H1
q (Ω)× Lq(Ω)N × H2

q (Ω)× H2
q (Ω)N × H2

q (Ω)× H1
q (Ω)N × H2

q (Ω)

X0
q(Ω) = Lq(Ω)(N+1)+N+(N2+N+1)+(N3+N2+N)+(N2+N+1)+(N2+N)+(N2+N+1)

and set for F = (d, f, gD, h, gS, k, l) ∈ Xq(Ω) and λ ∈ C \ (−∞, 0]

F 0
λF = (∇d, λ1/2d, f,∇2gD, λ1/2∇gD, λgD,∇2h, λ1/2∇h, λh,

∇2gS, λ1/2∇gS, λgS,∇h, λ1/2h,∇2l, λ1/2∇l, λl) ∈ X0
q(Ω).

By Lemmas 1–3, we can prove the following proposition on the basis of the standard
localization technique; see, e.g., [3].

Proposition 1. Let Ω be a uniform C3 domain in RN . Let q ∈ (1, ∞) and suppose that
Assumption 1 holds. Then, there exists a constant λ1 ≥ 1, depending solely on N, q, γL, γ∗,
and γ∗, such that the following assertions hold.

(1) For any λ ∈ C+,λ1 , there exist operators A0(λ), B0(λ), with

A0(λ) ∈ Hol(C+,λ1 ,L(X0
q(Ω), H3

q (Ω))),

B0(λ) ∈ Hol(C+,λ1 ,L(X0
q(Ω), H2

q (Ω)N)),

such that for any F = (d, f, gD, h, gS, k, l) ∈ Xq(Ω)

(ρ, u) = (A0(λ)F 0
λF,B0(λ)F 0

λF)

is a unique solution to (19).
(2) There exists a positive constant C, depending solely on N, q, γL, γ∗, and γ∗, such that for

n = 0, 1

RL(X0
q(Ω),A0

q(Ω))

({(
λ

d
dλ

)n(
S0

λA
0(λ)

)
: λ ∈ C+,λ1

})
≤ C,

RL(X0
q(Ω),Bq(Ω))

({(
λ

d
dλ

)n(
TλB0(λ)

)
: λ ∈ C+,λ1

})
≤ C,

where A0
q(Ω), Bq(Ω), S0

λ, and Tλ are given by (11) with G = Ω.

Proposition 1 is not enough to obtain our linear theory in the next section due to λ3/2ρ
and λ1/2d. To eliminate these terms, we construct anotherR-solver for (19) based onA0(λ),
B0(λ) in what follows. We start with{

λR + θ1 div U = D in RN ,

λU− θ−1
4 Div(θ2D(U) + (θ3 − θ2)div UI + θ1∆RI) = F in RN .

(20)

Let us define for q ∈ (1, ∞) and λ ∈ C \ (−∞, 0]

Aq(G) = Lg(G)N3+N2 × H1
q (G), Sλρ = (∇3ρ, λ1/2∇2ρ, λρ), (21)

where G is a domain in RN . The following proposition follows from [23] (Theorem 2.1) and
the standard localization technique; see also [3] (Theorem 7.1).
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Proposition 2. Let q ∈ (1, ∞), and let θi = θi(x) (i = 1, 2, 3, 4) be real valued uniformly
Lipschitz continuous functions on RN , i.e., there exists a positive constant θL, such that |θi(x)−
θi(y)| ≤ θL|x − y| for any x, y ∈ RN and for i = 1, 2, 3, 4. Assume that there exist positive
constants θ∗ and θ∗, such that for any x ∈ RN

θ∗ ≤ θi(x) ≤ θ∗ (i = 1, 2, 4), θ∗ ≤ θ2(x) + θ3(x) ≤ θ∗.

Then, there exists λ2 ≥ 1, depending on at most N, q, θL, θ∗, and θ∗, such that the following
assertions hold.

(1) For any λ ∈ C+,λ2 , there exist operators Φ(λ) and Ψ(λ), with

Φ(λ) ∈ L(C+,λ2 ,L(H1
q (R

N)× Lq(RN)N , H3
q (R

N))),

Ψ(λ) ∈ L(C+,λ2 ,L(H1
q (R

N)× Lq(RN)N , H2
q (R

N)N)),

such that for any (D, F) ∈ H1
q (RN)× Lq(RN)N

(R, U) = (Φ(λ)(D, F), Ψ(λ)(D, F))

is a unique solution to (20).
(2) There exists a positive constant C, depending on at most N, q, θL, θ∗, and θ∗, such that for

n = 0, 1

RL(H1
q (RN)×Lq(RN)N ,Aq(RN))

({(
λ

d
dλ

)n
(SλΦ(λ)) : λ ∈ C+,λ2

})
≤ C,

RL(H1
q (RN)×Lq(RN)N ,Bq(RN))

({(
λ

d
dλ

)n
(TλΨ(λ)) : λ ∈ C+,λ2

})
≤ C.

Here, Aq(RN) and Sλ are given by (21) for G = RN , while Bq(RN) and Tλ are given by
(11) for G = RN .

To use Proposition 2, we extend the coefficients γi (i = 1, 2, 3, 4) satisfying Assumption 1
to ones defined on RN by the following lemma.

Lemma 4. Let Ω be a uniform C3 domain in RN , and let f be a real valued uniformly Lipschitz
continuous function on Ω, i.e., there exists a positive constant L, such that | f (x) − f (y)| ≤
L|x − y| for any x, y ∈ Ω. Assume that there exist positive constants c∗ and c∗, such that
c∗ ≤ f (x) ≤ c∗ for any x ∈ Ω. Then, there exists a real valued uniformly Lipschitz continuous
function F on RN and a positive constant M, depending solely on c∗ and L, such that the following
assertions hold.

(1) F(x) = f (x) for any x ∈ Ω.
(2) |F(x)− F(y)| ≤ (M + (c∗/2))|x− y| for any x, y ∈ RN .
(3) c∗/2 ≤ F(x) ≤ M + (c∗/2) for any x ∈ RN .

Proof. See [3] (Lemma 7.2 and Appendix A).

Let us define

Xq(Ω) = H1
q (Ω)× Lq(Ω)N × Lq(Ω)(N2+N+1)+(N3+N2+N)+(N2+N+1)+(N2+N)+(N2+N+1)

and set for F = (d, f, gD, h, gS, k, l) ∈ Xq(Ω) and λ ∈ C \ (−∞, 0]

FλF = (d, f,∇2gD, λ1/2∇gD, λgD,∇2h, λ1/2∇h, λh,

∇2gS, λ1/2∇gS, λgS,∇h, λ1/2h,∇2l, λ1/2∇l, λl) ∈ Xq(Ω).

We are now in a position to construct a newR-solver for (19).
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Theorem 2. Let Ω be a uniform C3 domain in RN . Let q ∈ (1, ∞) and suppose that Assumption 1
holds. Then, there exists a constant λ3 ≥ 1, depending solely on N, q, γL, γ∗, and γ∗, such that the
following assertions hold.

(1) For any λ ∈ C+,λ3 , there exist operators A(λ) and B(λ), with

A(λ) ∈ Hol(C+,λ3 ,L(Xq(Ω), H3
q (Ω))),

B(λ) ∈ Hol(C+,λ3 ,L(Xq(Ω), H2
q (Ω)N)),

such that for any F = (d, f, gD, h, gS, k, l) ∈ Xq(Ω)

(ρ, u) = (A(λ)FλF,B(λ)FλF)

is a unique solution to (19).
(2) There exists a positive constant C, depending solely on N, q, γL, γ∗, and γ∗, such that for

n = 0, 1

RL(Xq(Ω),Aq(Ω))

({(
λ

d
dλ

)n
(SλA(λ)) : λ ∈ C+,λ3

})
≤ C,

RL(Xq(Ω),Bq(Ω))

({(
λ

d
dλ

)n
(TλB(λ)) : λ ∈ C+,λ3

})
≤ C.

Here, Aq(Ω) and Sλ are given by (21) for G = Ω, while Bq(Ω) and Tλ are given by (11)
for G = Ω.

Proof. Define δ(x) = γ2(x) + γ3(x). By Lemma 4, we extend γi(x) (i = 1, 2, 4) and δ(x)
on Ω to γ̃i(x) (i = 1, 2, 4) and δ̃(x) on RN , respectively. They are real valued uniformly
Lipschitz continuous functions on RN and satisfy

γ∗
2
≤ γ̃i(x) ≤ M +

γ∗
2

(i = 1, 2, 4),
γ∗
2
≤ δ̃(x) ≤ M +

γ∗
2

for any x ∈ RN with a positive constant M = M(γ∗, γL). Define γ̃3(x) = δ̃(x)− γ̃2(x).
This shows that γ̃3(x) = γ3(x) for x ∈ Ω and that γ̃3(x) is a real valued uniformly Lipschitz
continuous function on RN with

γ∗
2
≤ γ̃2(x) + γ̃3(x) ≤ M +

γ∗
2

for any x ∈ RN .

Furthermore, the Lipschitz constants of γ̃1, γ̃2, γ̃3, and γ̃4 are bounded above by 2(M + γ∗/2).
We use Proposition 2 with θi = γ̃i for i = 1, 2, 3, 4. Let (d, f, gD, h, gS, k, l) ∈ Xq(Ω) in

what follows. Let E be an extension operator from H1
q (Ω) to H1

q (RN), while E0f is the zero
extension of f, i.e., E0f = f in Ω and E0f = 0 in RN \Ω. We define

(R, U) = (Φ(λ)(Ed, E0f), Ψ(λ)(Ed, E0f)).

Then, (R, U) satisfies{
λR + γ̃1 div U = Ed in RN ,

λU− γ̃−1
4 Div(γ̃2D(U) + (γ̃3 − γ̃2)div UI + γ̃1∆RI) = E0f in RN .

Setting ρ = R + σ in (19) yields
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λσ + γ1 div u = d̃ in Ω,

λu− γ−1
4 Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆σI) = f̃ in Ω,

n · ∇σ = g̃D, u = h on ΓD,

n · ∇σ = g̃S, (D(u))τ = kτ , u · n = l on ΓS,

(22)

where

d̃ = γ1 div U, f̃ = λU− γ−1
4 Div(γ2D(U) + (γ3 − γ2)div UI),

g̃D = gD − ñ · ∇R, g̃S = gS − ñ · ∇R.

Notice that ñ is an extension of n with ñ ∈ H2
∞(RN), see [26] (Corollary A.3) for more

details. From (22) and Proposition 1, we observe that the solution (ρ, u) of (19) can be
written as

ρ = R + σ = Φ(λ)(Ed, E0f) +A0(λ)F 0
λ(d̃, f̃, g̃D, h, g̃S, k, l),

u = B0(λ)F 0
λ(d̃, f̃, g̃D, h, g̃S, k, l). (23)

Let us recall

F 0
λ(d̃, f̃, g̃D, h, g̃S, k, l)

= (∇d̃, λ1/2d̃, f̃,∇2 g̃D, λ1/2∇g̃D, λg̃D,∇2h, λ1/2∇h, λh,

∇2 g̃S, λ1/2∇g̃S, λg̃S,∇k, λ1/2k,∇2l, λ1/2∇l, λl).

In view of this formula, for H = (H1, . . . , H16) ∈ Xq(Ω) and (Z,Z) ∈ {(A,A), (B,B)},
we set

Z(λ)H = Z0(λ)

(
∇
(

γ1 div Ψ(λ)(EH1, E0H2)),

λ1/2γ1 div Ψ(λ)(EH1, E0H2),

λΨ(λ)(EH1, E0H2)− γ−1
4 Div

(
γ2D(Ψ(λ)(EH1, E0H2))

+ (γ3 − γ2)div Ψ(λ)(EH1, E0H2)I
)

,

H3 −∇2
(

ñ · ∇Φ(λ)(EH1, E0H2)
)

,

H4 − λ1/2∇
(

ñ · ∇Φ(λ)(EH1, E0H2)
)

,

H5 − λ
(

ñ · ∇Φ(λ)(EH1, E0H2)
)

,

H6, H7, H8,

H9 −∇2
(

ñ · ∇Φ(λ)(EH1, E0H2)
)

,

H10 − λ1/2∇
(

ñ · ∇Φ(λ)(EH1, E0H2)
)

,

H11 − λ
(

ñ · ∇Φ(λ)(EH1, E0H2)
)

,

H12, H13, H14, H15, H16

)
.

We also set for H = (H1, . . . , H16) ∈ Xq(Ω)

A(λ)H = Φ(λ)(EH1, E0H2) + A(λ)H, B(λ)H = B(λ)H.
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It then follows from (23) that (ρ, u) = (A(λ)FλF,B(λ)FλF). In addition, A(λ) and B(λ)
satisfy the desired estimates from the definition of the R-boundedness and
Propositions 1 and 2. The uniqueness of solutions is already discussed in Proposition 1.
This completes the proof of Theorem 2.

5. Linear Theory

This section considers the following time-dependent linear system:

∂tρ + γ1 div u = d in Ω× R+,

∂tu− γ−1
4 Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI) = f in Ω× R+,

n · ∇ρ = 0, u = 0 on ΓD × R+,

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × R+,

(ρ, u)|t=0 = (ρ0, u0) in Ω,

(24)

where the coefficients γi = γi(x), i = 1, 2, 3, 4, satisfy Assumption 1. In the following
subsections, we first introduce an analytic C0-semigroup associated with (24), and then we
state the maximal regularity for (24) with (ρ0, u0) = (0, 0).

5.1. An Analytic C0-Semigroup

Let us define for q ∈ (1, ∞)

Xq = H1
q (Ω)× Lq(Ω)N , ‖(ρ, u)‖Xq = ‖ρ‖H1

q (Ω) + ‖u‖Lq(Ω).

Furthermore, the operator Aq is defined by

Aq(ρ, u) = (−γ1 div u, γ−1
4 Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI))

with the domain

D(Aq) = {(ρ, u) ∈ H3
q (Ω)× H2

q (Ω)N : n · ∇ρ = 0, u = 0 on ΓD,

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS}.

Noting Remark 3(3) and following [3] (Remark 2.10 (1)), we observe from Theorem 2 that
Aq generates an analytic C0-semigroup (eAqt)t≥0 on Xq, as follows.

Proposition 3. Suppose that Ω is a uniform C3 domain in RN , and Assumption 1 holds. Let
q ∈ (1, ∞). Then, the following assertions hold.

(1) Aq is a densely defined closed operator on Xq.
(2) Aq generates an analytic C0-semigroup (eAqt)t≥0 on Xq. In addition, there exist constants

δ1 = δ1(N, q, γL, γ∗, γ∗) ≥ 1 and C = C(N, q, γL, γ∗, γ∗) > 0, such that for any t > 0

‖eAqt(ρ0, u0)‖Xq ≤ Ce(δ1/2)t‖(ρ0, u0)‖Xq ((ρ0, u0) ∈ Xq),

‖∂teAqt(ρ0, u0)‖Xq ≤ Ce(δ1/2)tt−1‖(ρ0, u0)‖Xq ((ρ0, u0) ∈ Xq),

‖∂teAqt(ρ0, u0)‖Xq ≤ Ce(δ1/2)t‖(ρ0, u0)‖D(Aq) ((ρ0, u0) ∈ D(Aq)),

where ‖ · ‖D(Aq) denotes the graph norm of Aq.

Let (·, ·)θ,p be the real interpolation functor for θ ∈ (0, 1) and p ∈ (1, ∞); see, e.g., [27]
(Definition 1.37). We set

Dq,p(Ω) = (Xq, D(Aq))1−1/p,p.

Then Dq,p(Ω) ⊂ B3−2/p
q,p (Ω) × B2−2/p

q,p (Ω)N . The next proposition immediately follows
from Proposition 3 in the same manner as in [28] (Theorem 3.9).
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Proposition 4. Suppose that Ω is a uniform C3 domain in RN and Assumption 1 holds. Let
p, q ∈ (1, ∞). Then, for any (ρ0, u0) ∈ Dq,p(Ω), (ρ, u) = eAqt(ρ0, u0) is a unique solution to
(24) with (d, f) = (0, 0) and satisfies

‖e−δ1t∂tρ‖Lp(R+ ,H1
q (Ω)) + ‖e

−δ1tρ‖Lp(R+ ,H3
q (Ω))

+ ‖e−δ1t∂tu‖Lp(R+ ,Lq(Ω)N) + ‖e−δ1tu‖Lp(R+ ,H2
q (Ω)N)

≤ C‖(ρ0, u0)‖Dq,p(Ω),

where δ1 is given by Proposition 3 and C = C(N, p, q, γL, γ∗, γ∗) is a positive constant.

Let us now consider (8). Recall that S0(u), µ0, ν0, κ0, and r0 are given by (5). Define

γ1 := r0 = ρ0 + ρ∞, γ2 :=
µ0

κ0
, γ3 :=

ν0

κ0
, γ4 :=

r0

κ0
=

ρ0 + ρ∞

κ0
. (25)

We assume that r0, µ0, ν0, and κ0 satisfy the conditions (b), (e), and (f) of Theorem 1. Then,
γ1, γ2, γ3, and γ4 satisfy Assumption 1, and γL, γ∗, and γ∗ in Assumption 1 become
constants depending only on R, R1, and R2. We therefore obtain the following corollary of
Proposition 4.

Corollary 1. Let Ω be a uniform C3 domain in RN . Let p, q ∈ (1, ∞) and let R, R1, R2, and ρ∞
be positive constants with R1 ≤ R2. Suppose that (ρ0, u0) ∈ Dq,p(Ω) and that r0 = ρ0 + ρ∞,
µ0, ν0, and κ0 satisfy (b), (e), and (f) of Theorem 1. Then, (8) admits a unique solution (ρ̂, û),
which satisfies

‖e−η1t∂tρ̂‖Lp(R+ ,H1
q (Ω)) + ‖e

−η1tρ̂‖Lp(R+ ,H3
q (Ω))

+ ‖e−η1t∂tû‖Lp(R+ ,Lq(Ω)N) + ‖e−η1tû‖Lp(R+ ,H2
q (Ω)N)

≤ C‖(ρ0, u0)‖Dq,p(Ω)

with positive constants η1 = η1(N, q, R, R1, R2, ρ∞) and C = C(N, p, q, R, R1, R2, ρ∞).

5.2. Maximal Regularity

From Proposition 5 to Corollary 2 below, we discuss the maximal regularity for (24)
with (ρ0, u0) = (0, 0). Concerning the theory of maximal regularity in Lp-in-time and
Lq-in-space settings, we refer to [29] (Chapter 3), written by Shibata.

Combining Theorem 2 with the operator-valued Fourier multiplier theorem introduced
by Weis [30] yields the following proposition.

Proposition 5. Suppose that Ω is a uniform C3 domain in RN and Assumption 1 holds. Let
p, q ∈ (1, ∞). Then, there exists a constant δ2 = δ2(N, q, γL, γ∗, γ∗) ≥ 1, such that the following
assertions hold.

(1) For any e−δ2td ∈ Lp(R+, H1
q (Ω)) and e−δ2tf ∈ Lp(R+, Lq(Ω)N), (24) with (ρ0, u0) =

(0, 0) admits a unique solution (ρ, u) with

ρ ∈ H1
p,loc(R+, H1

q (Ω)) ∩ Lp,loc(R+, H3
q (Ω)),

u ∈ H1
p,loc(R+, Lq(Ω)N) ∩ Lp,loc(R+, H2

q (Ω)N).

(2) The solution (ρ, u) satisfies
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‖e−δ2t∂tρ‖Lp(R+ ,H1
q (Ω)) + ‖e

−δ2tρ‖Lp(R+ ,H3
q (Ω))

+ ‖e−δ2t∂tu‖Lp(R+ ,Lq(Ω)N) + ‖e−δ2tu‖Lp(R+ ,H2
q (Ω)N)

≤ C
(
‖e−δ2td‖Lp(R+ ,H1

q (Ω)) + ‖e
−δ2tf‖Lp(R+ ,Lq(Ω)N)

)
for some positive constant C = C(N, p, q, γL, γ∗, γ∗).

Proof. See [29] (Subsection 3.4.6) for the proof of the existence of solutions satisfying the
desired estimate.

Let us prove the uniqueness of solutions in what follows. Let (ρ, u) satisfy the regular-
ity stated in (1) and the following homogeneous system:

∂tρ + γ1 div u = 0 in Ω× R+,

∂tu− γ−1
4 Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI) = 0 in Ω× R+,

n · ∇ρ = 0, u = 0 on ΓD × R+,

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × R+,

(ρ, u)|t=0 = (0, 0) in Ω.

(26)

Let ϕ ∈ C∞
0 (Ω × R+)N , where C∞

0 (Ω × R+) is the set of all C∞ functions whose
supports are compact and contained in Ω× R+. Let T be a positive constant such that
supp ϕ ⊂ Ω × (0, T) and define ϕT(x, t) = ϕ(x, T − t). Then, supp ϕT ⊂ Ω × (0, T)
and ϕT ∈ Lp′(R+, Lq′(Ω)N) for p′ = p/(p − 1) and q′ = q/(q − 1). Thus, there exists
(σ, v), with

σ ∈ H1
p′ ,loc(R+, H1

q′(Ω)) ∩ Lp′ ,loc(R+, H3
q′(Ω)),

v ∈ H1
p′ ,loc(R+, Lq′(Ω)N) ∩ Lp′ ,loc(R+, H2

q′(Ω)N),

such that

∂tσ + γ1 div v = 0 in Ω× R+,

∂tv− γ−1
4 Div(γ2D(v) + (γ3 − γ2)div vI + γ1∆σI) = γ−1

4 ϕT in Ω× R+,

n · ∇σ = 0, v = 0 on ΓD × R+,

n · ∇σ = 0, (D(v)n)τ = 0, v · n = 0 on ΓS × R+,

(σ, v)|t=0 = (0, 0) in Ω.

(27)

Let a = (a1(x), . . . , aN(x))T, b = (b1(x), . . . , bN(x))T, A = (Aij(x))1≤i,j≤N , and B =
(Bij(x))1≤i,j≤N . Define

(a, b)Ω =
N

∑
j=1

∫
Ω

aj(x)bj(x) dx,

(A, B)Ω =
N

∑
i,j=1

∫
Ω

Aij(x)Bij(x) dx,

and set for Γ = ΓD or Γ = ΓS

(a, b)Γ =
N

∑
i=1

∫
Γ

aj(x)bj(x) dS,
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where dS is the surface element of Γ. In addition, for f = f (x, t), g = g(x, t), f =
( f1(x, t), . . . , fN(x, t))T, g = (g1(x, t), . . . , gN(x, t))T, F = (Fij(x, t))1≤i,j≤N , and G =
(Gij(x, t))1≤i,j≤N ,

( f , g)Ω×(0,T) =
∫ T

0

∫
Ω

f (x, t)g(x, t) dxdt,

(f, g)Ω×(0,T) =
N

∑
j=1

∫ T

0

∫
Ω

f j(x, t)gj(x, t) dxdt,

(F, G)Ω×(0,T) =
N

∑
i,j=1

∫ T

0

∫
Ω

Fij(x, t)Gij(x, t) dxdt.

Let M = (Mij(x))1≤i,j≤N with MT = M. Integration by parts then shows

(Div M, a)Ω = −1
2
(M, D(a))Ω + (Mn, a)ΓD∪ΓS ,

which, combined with
Mn = (Mn)τ + n(n ·Mn),

furnishes

(Div M, a)Ω = −1
2
(M, D(a))Ω + (Mn, a)ΓD

+ ((Mn)τ , a)ΓS + (n ·Mn, a · n)ΓS . (28)

Let us define for (x, t) ∈ Ω× (0, T)

τ(x, t) = σ(x, T − t), w(x, t) = v(x, T − t).

It then follows from the second equation of (27) that for (x, t) ∈ Ω× (0, T)

γ4∂tw + Div(γ2D(w) + (γ3 − γ2)div wI + γ1∆τI)

= −{γ4∂tv−Div(γ2D(v) + (γ3 − γ2)div vI + γ1∆σI)}(x, T − t)

= −ϕ(x, t). (29)

Since u|t=0 = 0 and w|t=T = 0, one observes by integration by parts that

(γ4∂tu, w)Ω×(0,T) = −(u, γ4∂tw)Ω×(0,T). (30)

Together with the boundary condition of (26) and (27), we use (28) with a = w and
M = γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI in order to obtain

(Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI), w)Ω×(0,T)

= −1
2
(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI, D(w))Ω×(0,T). (31)

It holds that

((γ3 − γ2)div uI, D(w))Ω×(0,T) = (D(u), (γ3 − γ2)div wI)Ω×(0,T). (32)

In addition,

(γ1∆ρI, D(w))Ω×(0,T) = (∆ρ, γ1 div w)Ω×(0,T) =: (RHS)1,
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which, combined with ∂tτ = γ1 div w, furnishes

(RHS)1 = (∆ρ, ∂tτ)Ω×(0,T) =: (RHS)2.

Together with ρ|t=0 = 0, τ|t=T = 0, and the boundary condition of (26) and (27), we observe
by integration by parts that

(RHS)2 = −(∂tρ, ∆τ)Ω×(0,T) = (γ1 div u, ∆τ)Ω×(0,T) = (D(u), γ1∆τI)Ω×(0,T).

Thus
(γ1∆ρI, D(w))Ω×(0,T) = (D(u), γ1∆τI)Ω×(0,T).

Summing up this Equations (31) and (32), we have

(Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI), w)Ω×(0,T)

= −1
2
(D(u), γ2D(w) + (γ3 − γ2)div wI + γ1∆τI)Ω×(0,T).

Let us use (28) with a = u and M = γ2D(w) + (γ3 − γ2)div wI + γ1∆τI together
with the boundary condition of (26) and (27), and then

(Div(γ2D(w) + (γ3 − γ2)div wI + γ1∆τI), u)Ω×(0,T)

= −1
2
(γ2D(w) + (γ3 − γ2)div wI + γ1∆τI, D(u))Ω×(0,T).

The last two equations give us

(Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI), w)Ω×(0,T)

= (u, Div(γ2D(w) + (γ3 − γ2)div wI + γ1∆τI))Ω×(0,T),

which, combined with (29) and (30), and the second equation of (26), shows that

0 = (γ4∂tu−Div(γ2D(u) + (γ3 − γ2)div uI + γ1∆ρI), w)Ω×(0,T)

= −(u, γ4∂tw + Div(γ2D(w) + (γ3 − γ2)div wI + γ1∆τI))Ω×(0,T)

= (u, ϕ)Ω×(0,T) = (u, ϕ)Ω×R+ .

Thus, u = 0. It then follows from the first equation of (26) that ∂tρ = 0, which, combined
with ρ|t=0 = 0, furnishes for (x, t) ∈ Ω× R+

0 =
∫ t

0
∂sρ(x, s) ds = ρ(x, t)− ρ(x, 0) = ρ(x, t).

Thus ρ = 0. This shows the uniqueness of solutions to (24) and completes the proof of
Proposition 5.

Let T be a positive constant. We next consider the following time-dependent linear
system on (0, T):

∂tρ + r0 div u = d in Ω× (0, T),

∂tu− r−1
0 κ0 Div(κ−1

0 S0(u) + r0∆ρI) = f in Ω× (0, T),

n · ∇ρ = 0, u = 0 on ΓD × (0, T),

n · ∇ρ = 0, (D(u)n)τ = 0, u · n = 0 on ΓS × (0, T),

(ρ, u)|t=0 = (0, 0) in Ω,

(33)

where S0(u), µ0, ν0, κ0, and r0 are given by (5). As a corollary of Proposition 5, we obtain
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Corollary 2. Let Ω be a uniform C3 domain in RN . Let p, q ∈ (1, ∞) and let R, R1, R2, and ρ∞
be positive constants with R1 ≤ R2. Let T0 ∈ (0, ∞) and T ∈ (0, T0]. Suppose that r0 = ρ0 + ρ∞,
µ0, ν0, and κ0 satisfy (b), (e), and (f) of Theorem 1. Then, the following assertions hold.

(1) For any d ∈ Lp((0, T), H1
q (Ω)) and f ∈ Lp((0, T), Lq(Ω)N), (33) admits a unique solu-

tion (ρ, u) with

ρ ∈ H1
p((0, T), H1

q (Ω)) ∩ Lp((0, T), H3
q (Ω)),

u ∈ H1
p((0, T), Lq(Ω)N) ∩ Lp((0, T), H2

q (Ω)N).

(2) The solution (ρ, u) satisfies

‖∂tρ‖Lp((0,T),H1
q (Ω)) + ‖ρ‖Lp((0,T),H3

q (Ω))

+ ‖∂tu‖Lp((0,T),Lq(Ω)N) + ‖u‖Lp((0,T),H2
q (Ω)N)

≤ M1

(
‖d‖Lp((0,T),H1

q (Ω)) + ‖f‖Lp((0,T),Lq(Ω)N)

)
for some positive constant M1 = M1(N, p, q, R, R1, R2, T0, ρ∞). In particular, M1 is
independent of T.

Proof. We apply Proposition 5 with (25)–(33). Notice that Assumption 1 is satisfied by our
assumption about r0, µ0, ν0, and κ0.

Let d̃ and f̃ be the zero extensions of d and f, respectively, i.e.,

d̃ =

{
d for t ∈ (0, T),

0 for t ∈ (T, ∞),
f̃ =

{
f for t ∈ (0, T),

0 for t ∈ (T, ∞).

Then
e−δ2td̃ ∈ Lp(R+, H1

q (Ω)), e−δ2t f̃ ∈ Lp(R+, Lq(Ω)N),

where δ2 is given by Proposition 5, which yields the solution (ρ̃, ũ) to

∂tρ̃ + r0 div ũ = d̃ in Ω× R+,

∂tũ− r−1
0 κ0 Div(κ−1

0 S0(ũ) + r0∆ρ̃I) = f̃ in Ω× R+,

n · ∇ρ̃ = 0, ũ = 0 on ΓD × R+,

n · ∇ρ̃ = 0, (D(ũ)n)τ = 0, ũ · n = 0 on ΓS × R+,

(ρ̃, ũ)|t=0 = (0, 0) in Ω.

In addition, (ρ̃, ũ) satisfies

‖e−δ2t∂tρ̃‖Lp(R+ ,H1
q (Ω)) + ‖e

−δ2tρ̃‖Lp(R+ ,H3
q (Ω))

+ ‖e−δ2t∂tũ‖Lp(R+ ,Lq(Ω)N) + ‖e−δ2tũ‖Lp(R+ ,H2
q (Ω)N)

≤ C
(
‖e−δ2td̃‖Lp(R+ ,H1

q (Ω)) + ‖e
−δ2t f̃‖Lp(R+ ,H1

q (Ω))

)
.

Combining this inequality with

‖e−δ2td̃‖Lp(R+ ,H1
q (Ω)) ≤ ‖d‖Lp((0,T),H1

q (Ω)),

‖e−δ2t f̃‖Lp(R+ ,Lq(Ω)N) ≤ ‖f‖Lp((0,T),Lq(Ω)N),

shows that
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‖e−δ2t∂tρ̃‖Lp(R+ ,H1
q (Ω)) + ‖e

−δ2tρ̃‖Lp(R+ ,H3
q (Ω))

+ ‖e−δ2t∂tũ‖Lp(R+ ,Lq(Ω)N) + ‖e−δ2tũ‖Lp(R+ ,H2
q (Ω)N)

≤ C
(
‖d‖Lp((0,T),H1

q (Ω)) + ‖f‖Lp((0,T),Lq(Ω)N)

)
, (34)

where C is a positive constant independent of T.
Let (ρ, u) be the restriction of (ρ̃, ũ) to (0, T). Then, (ρ, u) becomes a solution to (33).

In addition, since

‖∂tρ‖Lp((0,T),H1
q (Ω)) + ‖ρ‖Lp((0,T),H3

q (Ω))

≤ eδ2T
(
‖e−δ2t∂tρ‖Lp((0,T),H1

q (Ω)) + ‖e
−δ2tρ‖Lp((0,T),H3

q (Ω))

)
≤ eδ2T0

(
‖e−δ2t∂tρ̃‖Lp(R+ ,H1

q (Ω)) + ‖e
−δ2tρ̃‖Lp(R+ ,H3

q (Ω))

)
,

(34) gives us

‖∂tρ‖Lp((0,T),H1
q (Ω)) + ‖ρ‖Lp((0,T),H3

q (Ω))

≤ Ceδ2T0
(
‖d‖Lp((0,T),H1

q (Ω)) + ‖f‖Lp((0,T),Lq(Ω)N)

)
.

Analogously,

‖∂tu‖Lp((0,T),Lq(Ω)N) + ‖u‖Lp((0,T),H2
q (Ω)N)

≤ Ceδ2T0
(
‖d‖Lp((0,T),H1

q (Ω)) + ‖f‖Lp((0,T),Lq(Ω)N)

)
.

The last two estimates demonstrate that (ρ, u) satisfies the desired estimate. The uniqueness
of solutions can be proved in the same manner as in Proposition 5. This completes the
proof of Corollary 2.

6. Local Solvability of the Nonlinear Problem

This section proves our main result of this paper, i.e., Theorem 1. To this end, we first
introduce several embedding properties. We next estimate nonlinear terms. Finally, we
prove Theorem 1. Throughout this section, we assume that Ω is a uniform C3 domain in
RN for N ≥ 2.

6.1. Embedding Properties

Recall that (·, ·)θ,p is the real interpolation functor for θ ∈ (0, 1) and p ∈ (1, ∞). We
then have the following lemma; see, e.g., [20] (Section 1.4).

Lemma 5. Let p ∈ (1, ∞). Let X, Y be Banach spaces so that Y is a dense subspace of X and Y is
continuously embedded into X. Then,

H1
p(R+, X) ∩ Lp(R+, Y) ⊂ C([0, ∞), (X, Y)1−1/p,p)

and

sup
t∈[0,∞)

‖ f (t)‖(X,Y)1−1/p,p
≤
(
‖ f ‖p

H1
p(R+ ,X)

+ ‖ f ‖p
Lp(R+ ,Y)

)1/p

for any f ∈ H1
p(R+, X) ∩ Lp(R+, Y).
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Let us recall

(H1
q (Ω), H3

q (Ω))1−1/p,p = B3−2/p
q,p (Ω),

(Lq(Ω), H2
q (Ω))1−1/p,p = B2−2/p

q,p (Ω).

Lemma 5 gives us

Lemma 6. Let p, q ∈ (1, ∞). Then, the following assertions hold.

(1) There holds

H1
p(R+, H1

q (Ω)) ∩ Lp(R+, H3
q (Ω)) ⊂ C([0, ∞), B3−2/p

q,p (Ω))

and
sup

t∈[0,∞)

‖ f (t)‖
B3−2/p

q,p (Ω)
≤ C

(
‖ f ‖H1

p(R+ ,H1
q (Ω)) + ‖ f ‖Lp(R+ ,H3

q (Ω))

)
for any f ∈ H1

p(R+, H1
q (Ω)) ∩ Lp(R+, H3

q (Ω)) with a positive constant C.
(2) There holds

H1
p(R+, Lq(Ω)) ∩ Lp(R+, H2

q (Ω)) ⊂ C([0, ∞), B2−2/p
q,p (Ω))

and
sup

t∈[0,∞)

‖ f (t)‖
B2−2/p

q,p (Ω)
≤ C

(
‖ f ‖H1

p(R+ ,Lq(Ω)) + ‖ f ‖Lp(R+ ,H2
q (Ω))

)
for any f ∈ H1

p(R+, Lq(Ω)) ∩ Lp(R+, H2
q (Ω)) with a positive constant C.

We next prove.

Lemma 7. Let p ∈ (1, ∞) and q ∈ (N, ∞). Suppose that T > 0 or T = ∞. Then Lp((0, T),
H1

q (Ω)) ⊂ Lp((0, T), L∞(Ω)) and

‖ f ‖Lp((0,T),L∞(Ω))

≤ C
(
‖∇ f ‖

N
q

Lp((0,T),Lq(Ω))
‖ f ‖

1− N
q

Lp((0,T),Lq(Ω))
+ ‖ f ‖Lp((0,T),Lq(Ω))

)
for any f ∈ Lp((0, T), H1

q (Ω)), where C is a positive constant independent of T.

Proof. Since q > N, it holds that H1
q (Ω) ⊂ L∞(Ω) and

‖ f ‖L∞(Ω) ≤ C
(
‖∇ f ‖

N
q

Lq(Ω)
‖ f ‖

1− N
q

Lq(Ω)
+ ‖ f ‖Lq(Ω)

)
for any f ∈ H1

q (Ω). This inequality shows that for θ = N/q ∈ (0, 1)

‖ f ‖p
Lp((0,T),L∞(Ω))

=
∫ T

0
‖ f (t)‖p

L∞(Ω)
d t

≤ C
( ∫ T

0
‖∇ f (t)‖pθ

Lq(Ω)
‖ f (t)‖p(1−θ)

Lq(Ω)
dt +

∫ T

0
‖ f (t)‖p

Lq(Ω)
dt
)

.

On the other hand, Hölder’s inequality gives us
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∫ T

0
‖∇ f (t)‖pθ

Lq(Ω)
‖ f (t)‖p(1−θ)

Lq(Ω)
d t

≤
( ∫ T

0
‖∇ f (t)‖p

Lq(Ω)

)θ( ∫ T

0
‖ f (t)‖p

Lq(Ω)
dt
)1−θ

.

Summing up the last two inequalities, we have

‖ f ‖p
Lp((0,T),L∞(Ω))

≤ C
(
‖∇ f ‖pθ

Lp((0,T),Lq(Ω))
‖ f ‖p(1−θ)

Lp((0,T),Lq(Ω))
+ ‖ f ‖p

Lp((0,T),Lq(Ω))

)
.

This yields the desired inequality and completes the proof of Lemma 7.

Let us next prove:

Lemma 8. Suppose that T > 0 or T = ∞. Then, the following assertions hold.

(1) Let p, q ∈ (1, ∞). Then, for any f ∈ Lp((0, T), H2
q (Ω))

‖ f ‖Lp((0,T),H1
q (Ω)) ≤ C‖ f ‖

1
2
Lp((0,T),H2

q (Ω))
‖ f ‖

1
2
Lp((0,T),Lq(Ω))

,

where C is a positive constant independent of T.
(2) Let p ∈ (1, ∞) and q ∈ (N, ∞). Then, for any f ∈ Lp((0, T), H2

q (Ω))

‖ f ‖Lp((0,T),H1
∞(Ω)) ≤ C‖ f ‖

1
2
Lp((0,T),H2

q (Ω))

×
(
‖ f ‖

N
2q

Lp((0,T),H2
q (Ω))
‖ f ‖

1
2

(
1− N

q

)
Lp((0,T),Lq(Ω))

+ ‖ f ‖
1
2
Lp((0,T),Lq(Ω))

)
,

where C is a positive constant independent of T.

Proof. (1) Let [·, ·]θ be the complex interpolation functor for θ ∈ (0, 1); see, e.g., [27] (Defini-
tion 1.38). It follows from Remark 2 (d) of Subsection 2.4.2 in [21] that [Lq(Ω), H2

q (Ω)]1/2 =

H1
q (Ω), which, combined with Theorem 1.9.3 (f) in [21], demonstrates that for any g ∈

H2
q (Ω)

‖g‖H1
q (Ω) ≤ C‖g‖

1
2
H2

q (Ω)
‖g‖

1
2
Lq(Ω)

.

Using this inequality, we observe that

‖ f ‖p
Lp((0,T),H1

q (Ω))
=
∫ T

0
‖ f (t)‖p

H1
q (Ω)

d t

≤ C
∫ T

0
‖ f (t)‖

p
2
H2

q (Ω)
‖ f (t)‖

p
2
Lq(Ω)

d t

≤ C
( ∫ T

0
‖ f (t)‖p

H2
q (Ω)

dt
) 1

2
( ∫ T

0
‖ f (t)‖p

Lq(Ω)
dt
) 1

2

.

This yields the desired inequality.
(2) Let us first consider ∂j f for j = 1, . . . , N. Lemma 7 gives us
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‖∂j f ‖Lp((0,T),L∞(Ω))

≤ C
(
‖∇∂j f ‖

N
q

Lp((0,T),Lq(Ω))
‖∂j f ‖

1− N
q

Lp((0,T),Lq(Ω))
+ ‖∂j f ‖Lp((0,T),Lq(Ω))

)
≤ C

(
‖ f ‖

N
q

Lp((0,T),H2
q (Ω))
‖ f ‖

1− N
q

Lp((0,T),H1
q (Ω))

+ ‖ f ‖Lp((0,T),H1
q (Ω))

)
,

which, combined with (1), demonstrates

‖∂j f ‖Lp((0,T),L∞(Ω))

≤ C‖ f ‖
1
2
Lp((0,T),H2

q (Ω))

(
‖ f ‖

N
2q

Lp((0,T),H2
q (Ω))
‖ f ‖

1
2

(
1− N

q

)
Lp((0,T),Lq(Ω))

+ ‖ f ‖
1
2
Lp((0,T),Lq(Ω))

)
.

This estimate holds with ‖∂j f ‖Lp((0,T),L∞(Ω)) replaced by ‖ f ‖Lp((0,T),L∞(Ω)). The desired
estimate thus holds. This completes the proof of Lemma 8

From Lemma 8, we obtain

Lemma 9. Let p ∈ (1, ∞) and q ∈ (N, ∞), and let T ∈ (0, ∞). Then there exists a positive
constant C, independent of T, such that the following assertions hold.

(1) For any f ∈ 0H1
p((0, T), Lq(Ω)) ∩ Lp((0, T), H2

q (Ω))

‖ f ‖Lp((0,T),H1
q (Ω)) ≤ CT

1
2

(
‖ f ‖H1

p((0,T),Lq(Ω)) + ‖ f ‖Lp((0,T),H2
q (Ω))

)
.

(2) For any f ∈ 0H1
p((0, T), Lq(Ω)) ∩ Lp((0, T), H2

q (Ω))

‖ f ‖Lp((0,T),H1
∞(Ω)) ≤ C

(
T

1
2

(
1− N

q

)
+ T

1
2

)
×
(
‖ f ‖H1

p((0,T),Lq(Ω)) + ‖ f ‖Lp((0,T),H2
q (Ω))

)
.

(3) For any g ∈ 0H1
p((0, T), H1

q (Ω)) ∩ Lp((0, T), H3
q (Ω))

‖g‖Lp((0,T),H2
q (Ω)) ≤ CT

1
2

(
‖g‖H1

p((0,T),H1
q (Ω)) + ‖g‖Lp((0,T),H3

q (Ω))

)
.

(4) For any g ∈ 0H1
p((0, T), H1

q (Ω)) ∩ Lp((0, T), H3
q (Ω))

‖g‖Lp((0,T),H2
∞(Ω)) ≤ C

(
T

1
2

(
1− N

q

)
+ T

1
2

)
×
(
‖g‖H1

p((0,T),H1
q (Ω)) + ‖g‖Lp((0,T),H3

q (Ω))

)
.

Proof. (1) Let f ∈ 0H1
p((0, T), Lq(Ω)) ∩ Lp((0, T), H2

q (Ω)). Since

‖ f ‖Lp((0,T),Lq(Ω)) ≤ T1/p‖ f ‖L∞((0,T),Lq(Ω)),

Lemma 8(1) shows that

‖ f ‖Lp((0,T),H1
q (Ω)) ≤ T

1
2p ‖ f ‖

1
2
Lp((0,T),H2

q (Ω))
‖ f ‖

1
2
L∞((0,T),Lq(Ω))

.

On the other hand, f |t=0 = 0 gives us

f (x, t) =
∫ t

0
∂s f (x, s) ds, (35)
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which implies

‖ f ‖L∞((0,T),Lq(Ω)) ≤
∫ T

0
‖∂s f (s)‖Lq(Ω) ds ≤ T1/p′‖ f ‖H1

p((0,T),Lq(Ω)) (36)

for p′ = p/(p− 1). Combining this with the last estimate of ‖ f ‖Lp((0,T),H1
q (Ω)) yields the

desired inequality.
(2) The desired inequality follows from Lemma 8(2) in the same manner as in the

proof of (1), so that the detailed proof may be omitted.
(3), (4) Let j = 1, . . . , N. Since ∂jg, g ∈ 0H1

p((0, T), Lq(Ω)) ∩ Lp((0, T), H2
q (Ω)), the

desired inequalities of (3) and (4) immediately follow from (1) and (2), respectively. This
completes the proof of Lemma 9.

Recall Kp,q;T = K1
p,q;T × K2

p,q;T and 0Kp,q;T = 0K1
p,q;T × 0K2

p,q;T given by Subsection 3.1.
We then have

Proposition 6. Let p ∈ (1, ∞), q ∈ (N, ∞), and T ∈ (0, ∞). Then, there exists a positive
constant C, independent of T, such that the following assertions hold.

(1) ‖ρ‖Lp((0,T),H2
q (Ω)) ≤ CT1/2‖ρ‖K1

p,q;T
for any ρ ∈ 0K1

p,q;T .

(2) ‖ρ‖Lp((0,T),H2
∞(Ω)) ≤ C(T(1−N/q)/2 + T1/2)‖ρ‖K1

p,q;T
for any ρ ∈ 0K1

p,q;T .

(3) ‖ρ‖L∞((0,T),H1
q (Ω)) ≤ CT1−1/p‖ρ‖K1

p,q;T
for any ρ ∈ 0K1

p,q;T .

(4) ‖ρ‖L∞((0,T),L∞(Ω)) ≤ CT1−1/p‖ρ‖K1
p,q;T

for any ρ ∈ 0K1
p,q;T .

(5) ‖u‖Lp((0,T),H1
q (Ω)N) ≤ CT1/2‖u‖K2

p,q;T
for any u ∈ 0K2

p,q;T .

(6) ‖u‖Lp((0,T),H1
∞(Ω)N) ≤ C(T(1−N/q)/2 + T1/2)‖u‖K2

p,q;T
for any u ∈ 0K2

p,q;T .

(7) ‖u‖L∞((0,T),Lq(Ω)N) ≤ CT1−1/p‖u‖K2
p,q;T

for any u ∈ 0K2
p,q;T .

Proof. The desired inequalities of (1), (2), (5), and (6) follow from Lemma 9 immediately.
The proofs of (3) and (7) are similar to (35) and (36), so that the detailed proof may be
omitted. Since H1

q (Ω) is continuously embedded into L∞(Ω) by the assumption q > N, the
desired inequality of (4) follows from (3). This completes the proof of Proposition 6.

Let T0 ∈ (0, ∞) and T ∈ (0, T0]. Since

T1/2 ≤ T1/2
0 , T(1−N/q)/2 ≤ T(1−N/q)/2

0 , T1−1/p ≤ T1−1/p
0

for p ∈ (1, ∞) and q ∈ (N, ∞), the next proposition follows from Proposition 6 immediately.

Proposition 7. Let p ∈ (1, ∞) and q ∈ (N, ∞). Let T0 ∈ (0, ∞) and T ∈ (0, T0]. Then, there
exists a positive constant CT0 depending on T0, but independent of T, such that the following
assertions hold.

(1) ‖ρ‖Lp((0,T),H2
∞(Ω)) ≤ CT0‖ρ‖K1

p,q;T
for any ρ ∈ 0K1

p,q;T .

(2) ‖ρ‖L∞((0,T),H1
q (Ω)) ≤ CT0‖ρ‖K1

p,q;T
for any ρ ∈ 0K1

p,q;T .

(3) ‖ρ‖L∞((0,T),L∞(Ω)) ≤ CT0‖ρ‖K1
p,q;T

for any ρ ∈ 0K1
p,q;T .

(4) ‖u‖Lp((0,T),H1
∞(Ω)N) ≤ CT0‖u‖K2

p,q;T
for any u ∈ 0K2

p,q;T .

(5) ‖u‖L∞((0,T),Lq(Ω)N) ≤ CT0‖u‖K2
p,q;T

for any u ∈ 0K2
p,q;T .
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We finally introduce embedding properties for the solution (ρ̂, û) of (8).

Proposition 8. Let p ∈ (1, ∞) and q ∈ (N, ∞), and let R, R1, R2, and ρ∞ be positive constants
with R1 ≤ R2. Let T0 ∈ (0, ∞) and T ∈ (0, T0]. Suppose that (ρ0, u0) ∈ Dq,p(Ω) and that
r0 = ρ0 + ρ∞, µ0, ν0, and κ0 satisfy (b), (e), and (f) of Theorem 1. Then, there exists a positive
constant CT0 depending on N, p, q, R, R1, R2, T0, and ρ∞, but independent of T, such that the
following assertions hold.

(1) ‖(ρ̂, û)‖Kp,q;T ≤ CT0‖(ρ0, u0)‖Dq,p(Ω).
(2) ‖(ρ̂, û)‖

L∞((0,T),B3−2/p
q,p (Ω)×B2−2/p

q,p (Ω)N)
≤ CT0‖(ρ0, u0)‖Dq,p(Ω).

(3) ‖(ρ̂, û)‖L∞((0,T),H1
q (Ω)×Lq(Ω)N) ≤ CT0‖(ρ0, u0)‖Dq,p(Ω).

(4) ‖(ρ̂, û)‖Lp((0,T),H2
∞(Ω)×H1

∞(Ω)N) ≤ CT0‖(ρ0, u0)‖Dq,p(Ω).

(5) ‖ρ̂‖L∞((0,T),L∞(Ω)) ≤ CT0‖(ρ0, u0)‖Dq,p(Ω).
(6) ‖ρ̂− ρ0‖L∞((0,T),H1

q (Ω)) ≤ CT0 T1−1/p‖(ρ0, u0)‖Dq,p(Ω).

(7) ‖ρ̂− ρ0‖L∞((0,T),H1
q (Ω)) ≤ CT0‖(ρ0, u0)‖Dq,p(Ω).

(8) ‖ρ̂− ρ0‖L∞((0,T),L∞(Ω)) ≤ CT0 T1−1/p‖(ρ0, u0)‖Dq,p(Ω).
(9) ‖ρ̂− ρ0‖L∞((0,T),L∞(Ω)) ≤ CT0‖(ρ0, u0)‖Dq,p(Ω).

Proof. (1), (2) The desired inequalities follow from Corollary 1 and Lemma 6 in the same
manner as in the proof of Corollary 2.

(3) Since B3−2/p
q,p (Ω) and B2−2/p

q,p (Ω) are continuously embedded into H1
q (Ω) and

Lq(Ω), respectively, the desired inequality follows from (2).
(4), (5) By the assumption q > N, we observe for m ∈ N that Hm

q (Ω) is continuously
embedded into Hm−1

∞ (Ω). Thus, the desired inequality of (4) follows from (1), while one of
(5) follows from (3).

(6) Since

ρ̂(x, t)− ρ0(x) =
∫ t

0
∂sρ̂(x, s) ds,

we observe by Hölder’s inequality that

‖ρ̂− ρ0‖L∞((0,T),H1
q (Ω)) ≤

∫ T

0
‖∂sρ̂(s)‖H1

q (Ω) d s

≤ T1−1/p‖∂tρ̂‖Lp((0,T),H1
q (Ω)).

Combining this inequality with (1) demonstrates the desired inequality.
(7) Since T1−1/p ≤ T1−1/p

0 , the desired inequality follows from (6) immediately.
(8) and (9) Since H1

q (Ω) is continuously embedded into L∞(Ω) as mentioned above,
the desired inequalities of (8) and (9) follow from (6) and (7), respectively. This completes
the proof of Proposition 8.

6.2. Estimates of Nonlinear Terms

This subsection estimates the nonlinear terms D(ρ, u) and F(ρ, u) given by Section 3.2.
Throughout this subsection, we assume

Assumption 2. Let p ∈ (1, ∞), q ∈ (N, ∞), and T0 ∈ (0, ∞). Let R, R1, R2, and ρ∞ be
positive constants with R1 ≤ R2. Suppose that (ρ0, u0) ∈ Dq,p(Ω) and that (b), (e), and (f) of
Theorem 1 hold.

Let us define for T ∈ (0, T0]
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ϕ(T) = T
1
2

(
1− N

q

)
+ T

1
2 + T1− 1

p ,

ψ(T) = sup
t∈[0,T]

(
‖µ(t)− µ0‖H1

∞(Ω) + ‖ν(t)− ν0‖H1
∞(Ω)

+ ‖κ(t)− κ0‖H1
∞(Ω)

)
. (37)

We then observe that
lim
T↘0

ϕ(T) = 0, lim
T↘0

ψ(T) = 0, (38)

where we note Remark 1.
Let us decompose the nonlinear terms into the lower order terms and the the highest

order terms. Define

D1(ρ, u) = u · ∇ρ, D2(ρ, u) = (ρ− ρ0)div u.

One then sees that
D(ρ, u) = −D1(ρ, u)−D2(ρ, u),

where D1(ρ, u) and D2(ρ, u) are corresponding to the lower order and the highest order,
respectively.

We next consider F(ρ, u). Let us observe that

Div(S(u)− S0(u)) = (µ− µ0)∆u + (ν− ν0)∇div u + D(u)∇(µ− µ0)

+ (div u)∇((ν− ν0)− (µ− µ0))

and that

Div
(
(κ − κ0)(ρ + ρ∞)∆ρI + κ0(ρ− ρ0)∆ρI + κ

|∇ρ|2
2

I− κ∇ρ⊗∇ρ
)

= (∇(κ − κ0))(ρ + ρ∞)∆ρ + (κ − κ0)(∇ρ)∆ρ + (κ − κ0)(ρ + ρ∞)∇∆ρ

+ (∇κ0)(ρ− ρ0)∆ρ + κ0(∇(ρ− ρ0))∆ρ + κ0(ρ− ρ0)∇∆ρ

+ (∇κ)
|∇ρ|2

2
− (∇ρ⊗∇ρ)∇κ − κ(∇ρ)∆ρ.

Define

F1(ρ, u) = (ρ + ρ∞)u · ∇u + D(u)∇(µ− µ0) + (div u)∇((ν− ν0)− (µ− µ0))

+ (∇(κ − κ0))(ρ + ρ∞)∆ρ + (κ − κ0)(∇ρ)∆ρ

+ (∇κ0)(ρ− ρ0)∆ρ + κ0(∇(ρ− ρ0))∆ρ

+ (∇κ)
|∇ρ|2

2
− (∇ρ⊗∇ρ)∇κ − κ(∇ρ)∆ρ

+ (ρ + ρ∞)b + (κ−1
0 (ν0 − µ0)div uI + r0∆ρI)∇κ0

and

F2(ρ, u) = −(ρ− ρ0)∂tu + (µ− µ0)∆u + (ν− ν0)∇div u

+ (κ − κ0)(ρ + ρ∞)∇∆ρ + κ0(ρ− ρ0)∇∆ρ.

These give us

F(ρ, u) = r−1
0 F1(ρ, u) + r−1

0 F2(ρ, u)− r−1
0 P′(ρ + ρ∞)∇ρ,

where F1(ρ, u) and F2(ρ, u) are corresponding to the lower order and the highest order,
respectively.

Let us now estimate D1(ρ, u).
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Lemma 10. Suppose that Assumption 2 holds. Then, there exists a positive constant C =
C(N, p, q, R, R1, R2, T0, ρ∞), such that for any T ∈ (0, T0] and (ρi, ui) ∈ 0Kp,q;T , i = 1, 2,

‖D1(ρ
1 + ρ̂, u1 + û)−D1(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),H1
q (Ω))

≤ Cϕ(T)‖(ρ2 − ρ1, u2 − u1)‖Kp,q;T

×
(
‖(ρ1, u1)‖Kp,q;T + ‖(ρ2, u2)‖Kp,q;T + ‖(ρ0, u0)‖Dq,p(Ω)

)
.

Proof. Let us write

D1(ρ
1 + ρ̂, u1 + û)−D1(ρ

2 + ρ̂, u2 + û)

= (u1 − u2) · ∇(ρ1 + ρ̂) + (u2 + û) · ∇(ρ1 − ρ2)

=: I1 + I2.

For k = 1, . . . , N

∂k I1 = ∂k(u
1 − u2) · ∇(ρ1 + ρ̂) + (u1 − u2) · ∂k∇(ρ1 + ρ̂),

which gives us

‖∂k I1‖Lp((0,T),Lq(Ω))

≤ ‖∂k(u
1 − u2)‖Lp((0,T),L∞(Ω)N)‖∇(ρ1 + ρ̂)‖L∞((0,T),Lq(Ω)N)

+ ‖u1 − u2‖L∞((0,T),Lq(Ω)N)‖∂k∇(ρ1 + ρ̂)‖Lp((0,T),L∞(Ω)N)

≤ ‖u1 − u2‖Lp((0,T),H1
∞(Ω)N)‖ρ

1 + ρ̂‖L∞((0,T),H1
q (Ω))

+ ‖u1 − u2‖L∞((0,T),Lq(Ω)N)‖ρ1 + ρ̂‖Lp((0,T),H2
∞(Ω)).

By Propositions 6–8, we observe that

‖∂k I1‖Lp((0,T),Lq(Ω))

≤ Cϕ(T)‖u1 − u2‖K2
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

Analogously, we obtain from Propositions 6–8

‖I1‖Lp((0,T),Lq(Ω))

≤ Cϕ(T)‖u1 − u2‖K2
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
,

‖I2‖Lp((0,T),Lq(Ω))

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖u2‖K2

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
,

‖∂k I2‖Lp((0,T),Lq(Ω))

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖u2‖K2

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

Summing up the above estimates of I1, I2, ∂k I1, and ∂k I2, we complete the proof of
Lemma 10.
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In the same manner as in Lemma 10, we have

Lemma 11. Suppose that Assumption 2 holds. Then, for any T ∈ (0, T0]

‖D1(ρ̂, û)‖Lp((0,T),H1
q (Ω)) ≤ C‖(ρ0, u0)‖2

Dq,p(Ω),

where C = C(N, p, q, R, R1, R2, T0, ρ∞) is a positive constant independent of T.

We next consider F1(ρ, u).

Lemma 12. Suppose that Assumption 2 holds and b ∈ Lp((0, T0), Lq(Ω)N). Then, there exists a
positive constant C = C(N, p, q, R, R1, R2, T0, ρ∞), such that for any T ∈ (0, T0] and (ρi, ui) ∈
0Kp,q;T , i = 1, 2,

‖F1(ρ
1 + ρ̂, u1 + û)− F1(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖(ρ2 − ρ1, u2 − u1)‖Kp,q;T

{
‖b‖Lp((0,T0),Lq(Ω)N)

+
2

∑
j=0

(
‖(ρ1, u1)‖Kp,q;T + ‖(ρ2, u2)‖Kp,q;T + ‖(ρ0, u0)‖Dq,p(Ω)

)j
}

.

Proof. Notice that the quadratic terms of F1(ρ, u):

u · ∇u, (∇(κ − κ0))ρ∆ρ, (κ − κ0)(∇ρ)∆ρ,

(∇κ)
|∇ρ|2

2
, (∇ρ⊗∇ρ)∇κ, κ(∇ρ)∆ρ

can be treated in the same manner as in the proof of Lemma 10. In this proof, we focus on
estimating the following terms:

F1(u) = D(u)∇(µ− µ0), F2(u) = (div u)∇((ν− ν0)− (µ− µ0)),

F3(ρ) = (∇(κ − κ0))∆ρ, F4(ρ) = (∇κ0)(ρ− ρ0)∆ρ,

F5(ρ) = κ0(∇(ρ− ρ0))∆ρ, F6(ρ) = (ρ + ρ∞)b,

and also

F7(ρ, u) = (κ−1
0 (ν0 − µ0)div uI + r0∆ρI)∇κ0, F8(ρ, u) = ρu · ∇u.

Let us first consider F1(u). It can be written as

F1(u1 + û)−F1(u2 + û) = D(u1 − u2)∇(µ− µ0).

It thus follows from Proposition 6 that

‖F1(u1 + û)−F1(u2 + û)‖Lp((0,T),Lq(Ω)N)

≤
(
‖µ‖L∞((0,T0),H1

∞(Ω)) + ‖µ0‖H1
∞(Ω)

)
‖u1 − u2‖Lp((0,T),H1

q (Ω))

≤ Cϕ(T)‖u1 − u2‖K2
p,q;T

.

Analogously,

‖F2(u1 + û)−F2(u2 + û)‖Lp((0,T),Lq(Ω)N) ≤ Cϕ(T)‖u1 − u2‖K2
p,q;T

,

‖F3(ρ
1 + ρ̂)−F4(ρ

2 + ρ̂)‖Lp((0,T),Lq(Ω)N) ≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

,
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and

‖F7(ρ
1 + ρ̂, u1 + û)−F7(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T .

We next consider F4(ρ). It can be written as

F4(ρ
1 + ρ̂)−F4(ρ

2 + ρ̂)

= (∇κ0)(ρ
1 − ρ2)∆(ρ1 + ρ̂) + (∇κ0)(ρ

2 + ρ̂− ρ0)∆(ρ1 − ρ2)

=: I1 + I2.

Propositions 6–8 show that

‖I1‖Lp((0,T),Lq(Ω)N)

≤ ‖∇κ0‖L∞(Ω)‖ρ1 − ρ2‖L∞((0,T),Lq(Ω))‖∆(ρ1 + ρ̂)‖Lp((0,T),L∞(Ω))

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
,

‖I2‖Lp((0,T),Lq(Ω)N)

≤ ‖∇κ0‖L∞(Ω)

(
‖ρ2‖L∞((0,T),Lq(Ω)) + ‖ρ̂− ρ0‖L∞((0,T),Lq(Ω))

)
× ‖∆(ρ1 − ρ2)‖Lp((0,T),L∞(Ω))

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

Thus

‖F4(ρ
1 + ρ̂)−F4(ρ

2 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

Analogously,

‖F5(ρ
1 + ρ̂)−F5(ρ

2 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

We next consider F6(ρ). Since

F6(ρ
1 + ρ̂)−F6(ρ

2 + ρ̂) = (ρ1 − ρ2)b,

it follows from Proposition 6 that

‖F6(ρ
1 + ρ̂)−F6(ρ

2 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ ‖ρ1 − ρ2‖L∞((0,T),L∞(Ω))‖b‖Lp((0,T0),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T
‖b‖Lp((0,T0),Lq(Ω)N).

We finally consider F8(ρ, u). It can be written as

F8(ρ
1 + ρ̂, u1 + û)−F8(ρ

2 + ρ̂, u2 + û)

= (ρ1 − ρ2)(u1 + û) · ∇(u1 + û) + (ρ2 + ρ̂)(u1 − u2) · ∇(u1 + û)

+ (ρ2 + ρ̂)(u2 + û) · ∇(u1 − u2)

=: I3 + I4 + I5.
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By Propositions 6–8, we observe that

‖I3‖Lp((0,T),Lq(Ω)N) ≤ ‖ρ1 − ρ2‖L∞((0,T),L∞(Ω))‖u1 + û‖L∞((0,T),Lq(Ω)N)

× ‖∇(u1 + û)‖Lp((0,T),L∞(Ω)N×N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖u1‖K2

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)2
.

Analogously,

‖I4‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖u1 − u2‖K2
p,q;T

(
‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
×
(
‖u1‖K2

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
,

‖I5‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖u1 − u2‖K2
p,q;T

(
‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
×
(
‖u2‖K2

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

It thus holds that

‖F8(ρ
1 + ρ̂, u1 + û)−F8(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T

×
(
‖(ρ1, u1)‖Kp,q;T + ‖(ρ2, u2)‖Kp,q;T + ‖(ρ0, u0)‖Dq,p(Ω)

)2
.

Summing up the above estimates of the quadratic terms and F1, . . . ,F8, we have
obtained the desired inequality. This completes the proof of Lemma 12.

In the same manner as in Lemma 12, we have

Lemma 13. Suppose that Assumption 2 holds and b ∈ Lp((0, T0), Lq(Ω)N). Then, for any
T ∈ (0, T0]

‖F1(ρ̂, û)‖Lp((0,T),Lq(Ω)N)

≤ C
{(
‖(ρ0, u0)‖Dq,p(Ω) + 1

)
‖b‖Lp((0,T0),Lq(Ω)N) +

3

∑
j=1
‖(ρ0, u0)‖

j
Dq,p(Ω)

}
,

where C = C(N, p, q, R, R1, R2, T0, ρ∞) is a positive constant independent of T.

We next consider the highest order terms D2(ρ, u) and F2(ρ, u).

Lemma 14. Suppose that Assumption 2 holds. Then, there exists a positive constant C =
C(N, p, q, R, R1, R2, T0, ρ∞), such that for any T ∈ (0, T0] and (ρi, ui) ∈ 0Kp,q;T , i = 1, 2,

‖D2(ρ
1 + ρ̂, u1 + û)−D2(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),H1
q (Ω))

≤ Cϕ(T)‖(ρ2 − ρ1, u2 − u1)‖Kp,q;T

×
(
‖(ρ1, u1)‖Kp,q;T + ‖(ρ2, u2)‖Kp,q;T + ‖(ρ0, u0)‖Dq,p(Ω)

)
,

‖F2(ρ
1 + ρ̂, u1 + û)− F2(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ C(ψ(T) + ϕ(T))‖(ρ2 − ρ1, u2 − u1)‖Kp,q;T
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×
1

∑
j=0

(
‖(ρ1, u1)‖Kp,q;T + ‖(ρ2, u2)‖Kp,q;T + ‖(ρ0, u0)‖Dq,p(Ω)

)j
.

Proof. Let us first consider D2(ρ, u). It can be written as

D2(ρ
1 + ρ̂, u1 + û)−D2(ρ

2 + ρ̂, u2 + û)

= (ρ1 − ρ2)div(u1 + û) + (ρ2 + ρ̂− ρ0)div(u1 − u2).

Since H1
q (Ω) is a Banach algebra by the assumption q > N, we observe that

‖D2(ρ
1 + ρ̂, u1 + û)−D2(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),H1
q (Ω))

≤ C
{
‖ρ1 − ρ2‖L∞((0,T),H1

q (Ω))‖div(u1 + û)‖Lp((0,T),H1
q (Ω))

+
(
‖ρ2‖L∞((0,T),H1

q (Ω)) + ‖ρ̂− ρ0‖L∞((0,T),H1
q (Ω))

)
× ‖div(u1 − u2)‖Lp((0,T),H1

q (Ω))

}
.

Combining this inequality with Propositions 6 and 8 demonstrates the desired inequality
of D2(ρ, u).

We next consider F2(ρ, u). To this end, we set

G1(ρ, u) = (ρ− ρ0)∂tu, G2(u) = (µ− µ0)∆u,

G3(u) = (ν− ν0)∇div u, G4(ρ) = (κ − κ0)ρ∇∆ρ,

G5(ρ) = (κ − κ0)∇∆ρ, G6(ρ) = κ0(ρ− ρ0)∇∆ρ.

We observe that

G1(ρ
1 + ρ̂, u1 + û)− G1(ρ

2 + ρ̂, u2 + û)

= (ρ1 − ρ2)∂t(u1 + û) + (ρ2 + ρ̂− ρ0)∂t(u1 − u2),

which yields

‖G1(ρ
1 + ρ̂, u1 + û)− G1(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ ‖ρ1 − ρ2‖L∞((0,T),L∞(Ω))‖∂t(u1 + û)‖Lp((0,T),Lq(Ω)N)

+
(
‖ρ2‖L∞((0,T),L∞(Ω)) + ‖ρ̂− ρ0‖L∞((0,T),L∞(Ω))

)
× ‖∂t(u1 − u2)‖Lp((0,T),Lq(Ω)N).

Combining this inequality with Propositions 6 and 8 shows

‖G1(ρ
1 + ρ̂, u1 + û)− G1(ρ

2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T

×
(
‖u1‖K2

p,q;T
+ ‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

Analogously, we have for j = 4, 6

‖Gj(ρ
1 + ρ̂)− Gj(ρ

2 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.
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On the other hand, it is clear that for j = 2, 3

‖Gj(u1 + û)− Gj(u2 + û)‖Lp((0,T),Lq(Ω)N) ≤ Cψ(T)‖u1 − u2‖K2
p,q;T

,

‖G5(ρ
1 + ρ̂)− G5(ρ

2 + ρ̂)‖Lp((0,T),Lq(Ω)N) ≤ Cψ(T)‖ρ1 − ρ2‖K2
p,q;T

.

Summing up the above inequalities of G1, . . . ,G6, we have obtained the desired in-
equality of F2(ρ, u). This completes the proof of Lemma 14.

In the same manner as in Lemma 14, we have

Lemma 15. Suppose that Assumption 2 holds. Then for any T ∈ (0, T0]

‖D2(ρ̂, û)‖Lp((0,T),H1
q (Ω)) ≤ C‖(ρ0, u0)‖2

Dq,p(Ω),

‖F2(ρ̂, û)‖Lp((0,T),Lq(Ω)N) ≤ C
2

∑
j=1
‖(ρ0, u0)‖

j
Dq,p(Ω)

,

where C = C(N, p, q, R, R1, R2, T0, ρ∞) is a positive constant independent of T.

The pressure term is next estimated.

Lemma 16. Suppose that Assumption 2 and (d) of Theorem 1 hold. Let ‖(ρ0, u0)‖Dq,p(Ω) ≤ R.
Then, there exists a positive constant T1 ∈ (0, T0], depending on N, p, q, R, R1, R2, T0, and ρ∞,
such that for any T ∈ (0, T1]

‖P′(ρ̂ + ρ∞)∇ρ̂‖Lp((0,T),Lq(Ω)N) ≤ C‖(ρ0, u0)‖Dq,p(Ω),

where C = C(N, p, q, R, R1, R2, T0, ρ∞) is a positive constant independent of T.

Proof. Since ρ̂ + ρ∞ = ρ̂− ρ0 + ρ0 + ρ∞, it holds that

‖ρ0 + ρ∞‖L∞(Ω) − ‖ρ̂− ρ0‖L∞((0,T),L∞(Ω))

≤ ‖ρ̂ + ρ∞‖L∞((0,T),L∞(Ω))

≤ ‖ρ0 + ρ∞‖L∞(Ω) + ‖ρ̂− ρ0‖L∞((0,T),L∞(Ω)),

which, combined with (b) of Theorem 1 and Propositions 8, furnishes

ρ∞

2
− C1T1−1/pR ≤ ‖ρ̂ + ρ∞‖L∞((0,T),L∞(Ω)) ≤ 2ρ∞ + C2T1−1/pR

for any T ∈ (0, T0] with positive constants C1 and C2 depending on N, p, q, R, R1, R2, T0,
and ρ∞, but independent of T. Choosing T1 ∈ (0, T0] so small that

C1T1−1/p
1 R ≤ ρ∞

8
, C2T1−1/p

1 R ≤ ρ∞,

we obtain for any T ∈ (0, T1]

3
8

ρ∞ ≤ ρ̂(x, t) + ρ∞ ≤ 3ρ∞ (x, t) ∈ Ω× [0, T].

It thus holds for any T ∈ (0, T1] that

‖P′(ρ̂ + ρ∞)∇ρ̂‖Lp((0,T),Lq(Ω)N) ≤ ‖P′‖L∞([ρ∞/4,4ρ∞ ])‖∇ρ̂‖Lp((0,T),Lq(Ω)N),

which, combined with Propositions 8, furnishes the desired inequality. This completes the
proof of Lemma 16.
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Summing up Lemmas 11, 13, 15 and 16, we obtain

Proposition 9. Suppose that all the assumptions of Theorem 1 hold. Let T1 be the positive constant
given by Lemma 16. Then there exists a positive constant L, depending on N, p, q, R, R1, R2, T0,
and ρ∞, such that for any T ∈ (0, T1]

‖D(ρ̂, û)‖Lp((0,T),H1
q (Ω)) ≤

L
4M1

, ‖F(ρ̂, û)‖Lp((0,T),Lq(Ω)N) ≤
L

4M1
,

where M1 is the positive constant given by Corollary 2.

We continue to estimate the pressure term.

Lemma 17. Suppose that Assumption 2 and (d) of Theorem 1 hold. Let ‖(ρ0, u0)‖Dq,p(Ω) ≤ R.
Let T1 and L be the positive constants given by Lemma 16 and Proposition 9, respectively. Then, the
following assertions hold.

(1) There exists a constant T2 = T2(N, p, q, R, R1, R2, T0, ρ∞, L) ∈ (0, T1] such that for any
T ∈ (0, T2] and ρ ∈ 0K1

p,q;T with ‖ρ‖K1
p,q;T
≤ L

ρ∞

4
≤ ρ(x, t) + ρ̂(x, t) + ρ∞ ≤ 4ρ∞ for (x, t) ∈ Ω× [0, T].

(2) For any T ∈ (0, T2] and ρi ∈ 0K1
p,q;T , i = 1, 2, with ‖ρi‖K1

p,q;T
≤ L

‖P′(ρ1 + ρ̂ + ρ∞)∇(ρ1 + ρ̂)− P′(ρ2 + ρ̂ + ρ∞)∇(ρ2 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

1

∑
j=0

(
‖ρ1‖K1

p,q;T
+ ‖ρ2‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)j
,

where C = C(N, p, q, R, R1, R2, T0, ρ∞) is a positive constant independent of T.

Proof. (1) The proof is similar to one of Lemma 16; thus, the detailed proof may be omitted.
(2) Let us write

P′(ρ1 + ρ̂ + ρ∞)∇(ρ1 + ρ̂)− P′(ρ2 + ρ̂ + ρ∞)∇(ρ2 + ρ̂)

= (P′(ρ1 + ρ̂ + ρ∞)− P′(ρ2 + ρ̂ + ρ∞))∇(ρ1 + ρ̂) + P′(ρ2 + ρ̂ + ρ∞)∇(ρ1 − ρ2)

=: I1 + I2.

It holds by (1) that for any T ∈ (0, T2]

‖P′(ρ1 + ρ̂ + ρ∞)− P′(ρ2 + ρ̂ + ρ∞)‖L∞((0,T),L∞(Ω))

≤ ‖P′‖C0,1([ρ∞/4,4ρ∞ ])‖ρ1 − ρ2‖L∞((0,T),L∞(Ω)),

which, combined with Propositions 6 and 8, demonstrates

‖I1‖Lp((0,T),Lq(Ω)N)

≤ ‖P′‖C0,1([ρ∞/4,4ρ∞ ])‖ρ1 − ρ2‖L∞((0,T),L∞(Ω))‖∇(ρ1 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

(
‖ρ1‖K1

p,q;T
+ ‖(ρ0, u0)‖Dq,p(Ω)

)
.

On the other hand, (1) and Proposition 6 shows that for any T ∈ (0, T2]

‖I2‖Lp((0,T),Lq(Ω)N) ≤ ‖P′‖L∞([ρ∞/4,4ρ∞ ])‖∇(ρ1 − ρ2)‖Lp((0,T),Lq(Ω)N)

≤ Cϕ(T)‖ρ1 − ρ2‖K1
p,q;T

.
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The desired inequality thus holds. This completes the proof of Lemma 17.

From Lemmas 10, 12, 14 and 17, we obtain the following proposition.

Proposition 10. Suppose that all the assumptions of Theorem 1 hold. Let L and T2 be the positive
constants given by Proposition 9 and Lemma 17, respectively. Then, there exist a positive constant
M2, depending on N, p, q, R, R1, R2, T0, ρ∞, and L, such that for any T ∈ (0, T2] the following
assertions hold.

(1) For any (ρi, ui) ∈ 0Kp,q;T(L), i = 1, 2,

‖D(ρ1 + ρ̂, u1 + û)−D(ρ2 + ρ̂, u2 + ρ̂)‖Lp((0,T),H1
q (Ω))

≤ M2(ϕ(T) + ψ(T))‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T ,

‖F(ρ1 + ρ̂, u1 + û)− F(ρ2 + ρ̂, u2 + ρ̂)‖Lp((0,T),Lq(Ω)N)

≤ M2(ϕ(T) + ψ(T))‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T .

(2) For any (ρ, u) ∈ 0Kp,q;T(L)

‖D(ρ + ρ̂, u + û)‖Lp((0,T),H1
q (Ω)) ≤ M2(ϕ(T) + ψ(T))‖(ρ, u)‖Kp,q;T +

L
4M1

,

‖F(ρ + ρ̂, u + û)‖Lp((0,T),Lq(Ω)N) ≤ M2(ϕ(T) + ψ(T))‖(ρ, u)‖Kp,q;T +
L

4M1
,

where M1 is the positive constant given by Corollary 2.

Proof. (1) The desired inequalities follow from Lemmas 10, 12, 14 and 17, immediately.
(2) The desired inequalities follow from (1) and Proposition 9 immediately. This

completes the proof of Proposition 10.

6.3. Proof of Theorem 1

Throughout this subsection, we assume that all the assumptions of Theorem 1 hold.
Let M1 be the positive constant given by Corollary 2. In addition, L, T2, and M2 are the
same positive constants as in the previous subsection. Recall that ϕ(T) and ψ(T) satisfy
(37) and (38).

Let us choose T so small that

M1M2(ϕ(T) + ψ(T)) ≤ 1
4

.

Let (ρ, u) ∈ 0Kp,q;T(L). We consider

∂tσ + r0 div v = D(ρ + ρ̂, u + û) in Ω× (0, T),

∂tv− r−1
0 κ0 Div(κ−1

0 S0(v) + r0∆σI) = F(ρ + ρ̂, u + û) in Ω× (0, T),

n · ∇σ = 0, v = 0 on ΓD × (0, T),

n · ∇σ = 0, (D(v)n)τ = 0, v · n = 0 on ΓS × (0, T),

(σ, v)|t=0 = (0, 0) in Ω.

(39)

By Proposition 10(2), we observe that

D(ρ + ρ̂, u + û) ∈ Lp((0, T), H1
q (Ω)), F(ρ + ρ̂, u + û) ∈ Lp((0, T), Lq(Ω)N)

and that

‖D(ρ + ρ̂, u + û)‖Lp((0,T),H1
q (Ω)) ≤

L
2M1

,
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‖F(ρ + ρ̂, u + û)‖Lp((0,T),Lq(Ω)N) ≤
L

2M1
.

This enables us to apply Corollary 2 to (39), and then there exists a solution (σ, v) ∈ 0Kp,q;T
of (39) such that

‖(σ, v)‖Kp,q;T ≤ M1

( L
2M1

+
L

2M1

)
= L.

Thus the mapping Φ : 0Kp,q;T(L)→ 0Kp,q;T(L) can be defined by Φ(ρ, u) := (σ, v).
From now on, we prove that Φ is a contraction mapping on 0Kp,q;T(L). Let (ρi, ui) ∈

0Kp,q;T(L) for i = 1, 2 and set (σi, vi) = Φ(ρi, ui). Define

τ = σ1 − σ2, w = v1 − v2.

Then (τ, w) satisfies

∂tτ + r0 div w = D(ρ1 + ρ̂, u1 + û)

−D(ρ2 + ρ̂, u2 + û) in Ω× (0, T),

∂tw− r−1
0 κ0 Div(κ−1

0 S0(w) + r0∆τI) = F(ρ1 + ρ̂, u1 + û)

− F(ρ2 + ρ̂, u2 + û) in Ω× (0, T),

n · ∇τ = 0, w = 0 on ΓD × (0, T),

n · ∇τ = 0, (D(w)n)τ = 0, w · n = 0 on ΓS × (0, T),

(τ, w)|t=0 = (0, 0) in Ω.

(40)

By Proposition 10(1), we observe that

‖D(ρ1 + ρ̂, u1 + û)−D(ρ2 + ρ̂, u2 + û)‖Lp((0,T),H1
q (Ω))

≤ 1
4M1
‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T ,

‖F(ρ1 + ρ̂, u1 + û)− F(ρ2 + ρ̂, u2 + û)‖Lp((0,T),Lq(Ω)N)

≤ 1
4M1
‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T .

Applying Corollary 2 to (40) shows that

‖(τ, w)‖Kp,q;T ≤ M1

( 1
4M1

+
1

4M1

)
‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T

≤ 1
2
‖(ρ1 − ρ2, u1 − u2)‖Kp,q;T .

This guarantees that Φ is a contraction mapping on 0Kp,q;T(L). The contraction mapping
theorem thus yields a unique fixed point (ρ∗, u∗) of Φ in 0Kp,q;T(L), i.e., Φ(ρ∗, u∗) =
(ρ∗, u∗) ∈ 0Kp,q;T(L). Then, (ρ∗, u∗) becomes a unique solution of (9) in 0Kp,q;T(L). This
completes the proof of Theorem 1.

7. Conclusions and Future Works

In this paper, we have proved in Theorem 1 the local existence of strong solutions
for the Navier–Stokes–Korteweg system in a general domain with the Dirichlet boundary
condition or the slip boundary condition in an Lp-in-time and Lq-in-space setting, where p ∈
(1, ∞) and q ∈ (N, ∞), based on the theory of maximal regularity. Our result demonstrates
an extension of Kotschote [16] in view of domains and boundary conditions, and also
extends the exponents p and q.
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We will consider time periodic solutions of the Navier–Stokes–Korteweg system in a
forthcoming paper by means of results of the present paper.

Author Contributions: Formal analysis, S.I.; original draft preparation, H.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the Research Center of Universitas Islam Negeri Syarif Hi-
dayatullah Jakarta with Grant Number 22112100032 and JSPS KAKENHI Grant Number JP21K13817.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the anonymous referees for informing us of the references [4–7] and
for their helpful comments on our manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dunn, J.E.; Serrin, J. On the thermomechanics of interstitial working. Arch. Rational Mech. Anal. 1985, 88, 95–133. [CrossRef]
2. Liu, J.; Landis, C.M.; Gomez, H.; Hughes, T.J.R. Liquid-vapor phase transition: Thermomechanical theory, entropy stable

numerical formulation, and boiling simulations. Comput. Methods Appl. Mech. Engrg. 2015, 297, 476–553. [CrossRef]
3. Saito, H. On the maximal Lp-Lq regularity for a compressible fluid model of Korteweg type on general domains. J. Differ. Equ.

2020, 268, 2802–2851. [CrossRef]
4. Bressan, A.; Galtung, S.T.; Grunert, K.; Nguyen, K.T. Shock interactions for the Burgers-Hilbert equation. Commun. Partial Differ.

Equ. 2022, 47, 1795–1844. [CrossRef]
5. Curkovic, A.; Marusic-Paloka, E. Existence and uniqueness of solution for fluid-plate interaction problem. Appl. Anal. 2016, 95,

715–730. [CrossRef]
6. Macha, V.; Muha, B.; Necasova, S.; Roy, A.; Trifunovic, S. Existence of a weak solution to a nonlinear fluid-structure interaction

problem with heat exchange. Commun. Partial. Differ. Equ. 2022, 47, 1591–1635. [CrossRef]
7. Rahman, S.; Palencia, J.L.D.; Gonzalez, J.R. Analysis and profiles of travelling wave solutions to a Darcy-Forchheimer fluid

formulated with a non-linear diffusion. AIMS Math. 2022, 7, 6898–6914. [CrossRef]
8. Hattori, H.; Li, D. Solutions for two-dimensional system for materials of Korteweg type. SIAM J. Math. Anal. 1994, 25, 85–98.

[CrossRef]
9. Hattori, H.; Li, D. Global solutions of a high-dimensional system for Korteweg materials. J. Math. Anal. Appl. 1996, 198, 84–97.

[CrossRef]
10. Danchin, R.; Desjardins, B. Existence of solutions for compressible fluid models of Korteweg type. Ann. L’Institut Henri Poincaré

C Anal. Linéaire 2001, 18, 97–133. [CrossRef]
11. Murata, M.; Shibata, Y. The global well-posedness for the compressible fluid model of Korteweg type. SIAM J. Math. Anal. 2020,

52, 6313–6337. [CrossRef]
12. Chikami, N.; Kobayashi, T. Global well-posedness and time-decay estimates of the compressible Navier-Stokes-Korteweg system

in critical Besov spaces. J. Math. Fluid Mech. 2019, 21, 31. [CrossRef]
13. Kobayashi, T.; Murata, M. The global well-posedness of the compressible fluid model of Korteweg type for the critical case. Differ.

Integral Equ. 2021, 34, 245–264. [CrossRef]
14. Kobayashi, T.; Tsuda, K. Global existence and time decay estimate of solutions to the compressible Navier-Stokes-Korteweg

system under critical condition. Asymptot. Anal. 2021, 121, 195–217. [CrossRef]
15. Bresch, D.; Desjardins, B.; Lin, C.K. On some compressible fluid models: Korteweg, lubrication, and shallow water systems.

Commun. Partial Differ. Equ. 2003, 28, 843–868. [CrossRef]
16. Kotschote, M. Strong solutions for a compressible fluid model of Korteweg type. Ann. L’IHP Anal. Linéaire 2008, 25, 679–696.
17. Kotschote, M. Strong well-posedness for a Korteweg-type model for the dynamics of a compressible non-isothermal fluid. J. Math.

Fluid Mech. 2010, 12, 473–484. [CrossRef]
18. Kotschote, M. Dynamics of compressible non-isothermal fluids of non-Newtonian Korteweg type. SIAM J. Math. Anal. 2012, 44,

74–101. [CrossRef]
19. Kotschote, M. Existence and time-asymptotics of global strong solutions to dynamic Korteweg models. Indiana Univ. Math. J.

2014, 63, 21–51. [CrossRef]
20. Tanabe, H. Funactional Analytic Methods for Partial Differential Equations; Monographs and Textbooks in Pure and Applied

Mathematics ; Marchel Dekker: New York, NY, USA, 1997; Volume 204.
21. Triebel, H. Interpolation Theory, Function Spaces, Differential Operators; North-Holland Mathematical Library; North-Holland

Publishing Co.: Amsterdam, The Netherlands, 1978; Volume 18.
22. Kunstmann, P.C.; Weis, L. Maximal Lp-regularity for parabolic equations, Fourier multiplier theorems and H∞-functional

calculus. In Functional Analytic Methods for Evolution Equations; Lecture Notes in Mathematics; Springer: Berlin/Heidelberg,
Germany, 2004; Volume 1855, pp. 65–311.

http://doi.org/10.1007/BF00250907
http://dx.doi.org/10.1016/j.cma.2015.09.007
http://dx.doi.org/10.1016/j.jde.2019.09.040
http://dx.doi.org/10.1080/03605302.2022.2084628
http://dx.doi.org/10.1080/00036811.2015.1027695
http://dx.doi.org/10.1080/03605302.2022.2068425
http://dx.doi.org/10.3934/math.2022383
http://dx.doi.org/10.1137/S003614109223413X
http://dx.doi.org/10.1006/jmaa.1996.0069
http://dx.doi.org/10.1016/s0294-1449(00)00056-1
http://dx.doi.org/10.1137/19M1282076
http://dx.doi.org/10.1007/s00021-019-0431-8
http://dx.doi.org/10.57262/die034-0506-245
http://dx.doi.org/10.3233/ASY-201600
http://dx.doi.org/10.1081/PDE-120020499
http://dx.doi.org/10.1007/s00021-009-0298-1
http://dx.doi.org/10.1137/110821202
http://dx.doi.org/10.1512/iumj.2014.63.5187


Mathematics 2023, 11, 2368 41 of 41

23. Saito, H. Compressible fluid model of Korteweg type with free boundary condition: Model problem. Funkcial. Ekvac. 2019, 62,
337–386. [CrossRef]

24. Saito, H. Existence ofR-bounded solution operator families for a compressible fluid model of Korteweg type on the half-space.
Math. Methods Appl. Sci. 2021, 44, 1744–1787. [CrossRef]

25. Inna, S.; Maryani, S.; Saito, H. Half-space model problem for a compressible fluid model of Korteweg type with slip boundary
condition. J. Phys. Conf. Ser. 2020, 1494, 012014. [CrossRef]

26. Schade, K.; Shibata, Y. On strong dynamics of compressible nematic liquid crystals. SIAM J. Math. Anal. 2015, 47, 3963–3992.
[CrossRef]

27. Denk, R.; Kaip, M. General Parabolic Mixed Order Systems in Lp and Applications; Operator Theory: Advances and Applications;
Birkhäuser/Springer: Cham, Switzerland, 2013; Volume 239.

28. Shibata, Y.; Shimizu, S. On the Lp-Lq maximal regularity of the Neumann problem for the Stokes equations in a bounded domain.
J. Reine Angew. Math. 2008, 615, 157–209. [CrossRef]

29. Shibata, Y. R boundedness, maximal regularity and free boundary problems for the Navier Stokes equations. In Mathematical
Analysis of the Navier-Stokes Equations; Lecture Notes in Mathematics; Springer: Cham, Switzerland, 2020; Chapter 3, Volume 2254,
pp. 193–462.

30. Weis, L. Operator-valued Fourier multiplier theorems and maximal Lp-regularity. Math. Ann. 2001, 319, 735–758. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1619/fesi.62.337
http://dx.doi.org/10.1002/mma.6875
http://dx.doi.org/10.1088/1742-6596/1494/1/012014
http://dx.doi.org/10.1137/140970628
http://dx.doi.org/10.1515/CRELLE.2008.013
http://dx.doi.org/10.1007/PL00004457

	Introduction
	Problem Setting
	Notation and Main Result
	Notation
	Main Result

	 R-Solvers for Resolvent Problems
	 R-Solver in the Whole Space
	 R-Solver in the Half Space
	 R-Solver in a General Domain

	Linear Theory
	An Analytic C0-Semigroup
	Maximal Regularity

	Local Solvability of the Nonlinear Problem
	Embedding Properties
	Estimates of Nonlinear Terms
	Proof of Theorem 1 

	Conclusions and Future Works
	References

