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Abstract

The asymptotic behavior of the linearized semigroup at spatially peri-
odic stationary solution of the compressible Navier-Stokes equation in
a periodic layer of R™ (n = 2, 3) is investigated. It is shown that if the
Reynolds and Mach numbers are sufficiently small, then the linearized
semigroup is decomposed into two parts; one behaves like a solution
of an n — 1 dimensional linear heat equation as time goes to infinity
and the other one decays exponentially.

Keywords: Compressible Navier-Stokes equation, space-periodic sta-
tionary solution, linearized semigroup, spectrum.

1 Introduction

This paper studies the stability of stationary solution to the compressible
Navier-Stokes equation
Orp + div(pv) = 0, (1.1)

p(O + (v V)v) = pAv — (u+ p)Vdive + Vp(p) = pg ~ (1.2)
in a periodic layer €2, of R" with n = 2, 3:

Qo={z=(,2,);7 = (21, ,251) ER" w1 (7)) < 2, < wen(2)},
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where w,; and w, s are smooth Q.-periodic functions in 2’ with the peri-
odic cell Q, = II'Z{[—-"—, =) for positive constants o ; (j = 1,--+ ,n —

Qx,j ) O j

1), namely, w,; and w,, are smooth functions satisfying w, ;(z" + i—fe;) =

we (@) (i=1, n—1j=12) withe = 1(0,---,1,---,0) € R*1
p=p(x,t)and v = " (v!(x,t), -+ ,0"(x,t)) denote the unknown density and
velocity, respectively, at x € €, and t > 0; p = p(p) is the pressure that is
assumed to be a smooth function of p; g = "(g'(z), -+, ¢"(x)) is a given
external force; and, p and p' are the viscosity coefficients that are assumed
to be constants. Here and in what follows the superscript - stands for the
transposition.

We assume that p and p’ satisfy g > 0 and %,u + ¢/ > 0. Furthermore we

assume that % satisfies
Eow (1.3)
1

for a certain constant p; > 0. We also assume that p satisfies p/(p,) > 0 for
a given constant p, > 0, and that g = " (g!(z), - ,¢"(z)) is Q.-periodic in
x.

We consider (1.1)-(1.2) under the no-slip boundary condition on {z, =

wej(@)} (7 =1,2) for v:
U’xn:w*yj(:r’) =0 (l’/ S Rnil,j = 1,2) (14)

One can see that if ¢ is sufficiently small, the system (1.1)-(1.2) with (1.4)
has a Q,-periodic stationary solution u, = '(p,,7,), whose components p,
and v, are in general non-uniform in 2z’ and x,,.

The purpose of this paper is to study the large time behavior of solu-
tions around us. As a first step of the analysis, we here investigate spectral
properties of the linearized semigroup around u, = ' (p,, Us).

Large time behavior of solutions of compressible Navier-Stokes equations
in unbounded domains exhibit interesting phenomenon, and asymptotic be-
havior of solutions in large time have been obtained in detail. See, e.g.,
[7,9, 14, 17, 18, 19, 20, 21, 22, 24] for the cases of multi-dimensional whole
space, half space and exterior domains. In addition to these domains, the sta-
bility of flows in infinite layers and cylindrical domains has been paid much
attention, e.g., the stability of parallel flows and periodic (in space or time)
flow patterns, and so on, whose mathematical analysis is still under devel-
opment in the case of compressible flows. A difficulty in the mathematical
analysis appears due to the non-uniform velocity field of parallel flows and
periodic flow patterns, which makes the hyperbolic aspect of the equations
(1.1)-(1.2) stronger, and thus, the stability analysis is getting more difficult
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compared with that of the motionless state (i.e., the flow with zero velocity
field). As for the stability of stationary flow with non-zero velocity field on
the whole space, we note that an interesting analysis was given by Shibata
and Tanaka [24] to establish the decay rate of perturbations.

Concerning the large time behavior of solutions in the case of an n di-
mensional flat layer {z = (2/,2,);2’ € R"1,0 <z, < 1}, (1.1)-(1.4) has a
simple stationary solution u, = ' (p,(1,),Vs(1,)), called parallel low, when
g takes the form g = "(¢'(,),0,--,0,¢"(x,)). It was proved in [12, 13]
that parallel flow is asymptotically stable for small initial perturbation if
the Reynolds and Mach numbers are sufficiently small. (See also [5, 6] for
time-periodic parallel flows.) Furthermore, the asymptotic behavior of the
perturbation is described by an n — 1 dimensional linear heat equation in the
case n > 3, and by a one-dimensional viscous Burgers equation in the case
n = 2. The proof is based on the energy method and the spectral analysis
of the linearized semigroup which is investigated by using the Fourier trans-
form in 2’ variable. Similar results hold for the parallel flow in the case of
cylindrical domain [1, 2, 3].

The analysis in [2, 6, 12] heavily depends on the structure of parallel flow
that is uniform in 2’ variable. Due to this structure, the Fourier transform in
2’ is useful to investigate the stability of parallel flow, and one of the points
in the analysis in [2, 6, 12] is that the low frequency part of the linearized
operator can be regraded as a perturbation of the linearized operator around
the motionless state which is sectorial. As for the @Q,-periodic stationary
solution @, = '(p,, V) under consideration, the argument in [2, 6, 12] is
formally applicable if one uses the Bloch transform instead of the Fourier
transform. However, since the velocity field U, is in general non-uniform in
both 2" and x,,, due to the term T, - V¢ in the linearized equation of (1.1), the
low frequency part of the linearized operator is no longer regarded as a simple
perturbation of the linearized one around the motionless state. Therefore,
the argument in [2, 6, 12] cannot be directly applied to the problem under
consideration. To overcome this difficulty we will make use of the solvability
result on the stationary transport equation given by Heywood and Padula
[10], which makes the formal argument a rigorous one.

Our main results of this paper is summarized as follows. After introducing
suitable non-dimensional variables, the equations for the perturbation u =
T(p,w) = T(v*(p — ps), v — vs) takes the following form:

Ao + div(gu,) + 7 div(psw) = f°, (1.5)



ow — Y Aw — Lvdivw + V(P (ps)¢>

Ps Ps V2 Ps (1.6)
+ 2 (vAvs + DVdivus)¢ + v - Vw + w - Vog = .f)

wlan = 0, (L.7)

U!t:o = Up = T(¢07 w0)~ (18)

Here u, = ' (ps, vs) denotes the non-dimensionalization of u, = T (p,,Ts), and
v, U and v are non-dimensional parameters. The Reynolds number Re and
Mach number Ma are given by Re = % and Ma = %, respectively. The terms

fo and f on the right of (1.5) and (1.6) are nonlinear terms given by
fo = —div(ow),

f=—-w-Vw-— vAw + vVdivw — ve Av, — ve

ps(V2ps + &) ( Y2ps Y2ps

2
#55¥ (P (03 5) * i Y (P 32)

Vdivvs>

with

1 1
POy, ) = / P(p, +08)d6, PP (p,, 6) = /0 (1= 0)P"(p, + 06)do.

0

The linearized problem for (1.5)-(1.8) is then formulated as
Ou+ Lu =0, Uli—o = Up, (1.9)
where L is the operator of the form
div(-vg) y2div(ps-)
L= (V(M ) N p%vm)

¥2ps

0 0
T (#(VAUS + oVdives) vs -V + TV/US) :

We consider the operator L as an operator on L?*(2) with domain D(L) =
{u=T(p,w) € L*(Q);w € HIQ), Lu € L*(Q)}. We will prove that there
exist positive constants 1y and 7, such that if v and 7—; are sufficiently large,
then the linearized semigroup e ** satisfies

_ _n=1
TTe™ o 2y < CL+ )T [[uol| 1oy (1.10)
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Tte™ g — [~ oro)ul® | oy < CF 2 flug]| 1 (1.11)

where IT is a bounded projection on L?() with IIL C LII, and the operator
H: L*(R"') —» L*(R"') with domain D(H) = H*(R"™!) is given by

2 n—1
50y, 00,0 + Z a;0,,0 (o€ D(H))

k=1

with a; € R and ajk € R satisfying 2?211 ajpnime > Cln')? (n' € R™1) and
0g is given by og(7') = el fl(z )¢o (', x,)dx,. Here Q = 117 1[—1 )

|Qper| o7 o
is the non—dlmenswnal periodic cell and 2, is the non- dlmensmnal basic

period domain defined by

Qper = {':E = (l’l,ﬂfn); |xl| < 1 (’l =1, y TV — 1)7 wl(x/) < Zp < WQ(ZE/)}.
(0%

)

Moreover, u(® = T(¢©® w©®)) is Q-periodic function in 2’ and it satisfies the
following problem on the basic period domain €,

((div(¢©v,) + ~2div(psw®) = 0 in Qe
V(—%Z%(O)) + 522 (VA + 2V dive,)¢©

—plsAw(O) v levw + - Vol +w® - Vo, =0 in Qe
w(0)|{wn =w;(z")} — O (j - 172)?
0) —
f pcr qb 1

Concerning the (I —II)-part, as in [1, 2, 15], one can prove the exponential
decay estimate:

e (1 = T)ao| 710y < CLe™ ol 1 n + ¢ [l 12} (1.12)

for up = (¢, wo) € H Q) x H'() with some positive number a. Here
H(Q) denotes the set of all locally H' functions in € whose tangential
derivatives near 99 belong to L*(Q2). See Theorem 3.3 for the details.

The proof of the main results are based on the method of the Bloch
transformation as in [15] where the stability of the motionless state on a
periodic layer was studied. By using the Bloch transformation one can reduce
the linearized problem (1.9) on €2 to the problem dyu + Lyu = 0 on €,
under @-periodic boundary conditions in 2. Here L,/ is the linear operator
obtained by replacing the partial derivatives 9,, (j = 1,--- ,n — 1) in L by
O, + in; with parameter ' = (11, -+ ,7,-1) € Q', where Q' is the dual



cell defined by Q" = II'Z{[-%,%). In the case || < 1 the operator L,
can be regarded as a perturbation of Lj. By using the solvability results on
stationary transport equations by Heywood-Padula [10], we investigate the
eigenspace for the eigenvalue 0 of Ly, which enables us to apply the analytic

perturbation theory to L,, with |n'| < 1. We show that

p(—Ln/) D) {)\ c C,Re)\ > _507 |)\| Z % )

O'(—Ln/) N {)\ e G, |)\| < % = {/\n/}
for some fy > 0, where A\, = zzy;ll a;n; — % Z?;il ajknine + O(In']?) as
7’ — 0. It then follows that this part of e * behaves as in (1.10) and (1.11).
As for the remaining part of 7', one can establish the exponential decay
estimate (1.12) as in the arguments given in [1, 2, 15].

This paper is organized as follows. In section 2 we introduce notations,
function spaces and operators. In section 3 we state the main results of this
paper. Section 4 is devoted to the proof of (1.10) and (1.11). In section 4.1
we formulate the linearized problem and reduce it to the ones on the basic
period domain €2, by the Bloch transform. In section 4.2 we investigate
the null space of Ly. The spectrum of L,/ with |1/| < 1 is then investigated
in section 4.3. Section 4.4 is devoted to estimating the eigenprojection, and
in section 4.5 the estimates (1.10) and (1.11) are established. In section 5
we give resolvent estimates for the principal part of Ly by the Matsumura-
Nishida energy method [22] and the result of Heywood-Padula [10].

2 Preliminaries

In this section we introduce notation used in this paper.

Let D be a domain. LP(D)(1 < p < c0) denotes Lebesque space on D and
its norm is denoted by || - ||, p). Similarly, H™ (D) denotes the m-th order
L2-Sobolev space on D and its norm is denoted by || - | () €' (D) stands
for the set of C™-functions having compact support on D. Furthermore, we
denote the completion of C§°(D) in H™(D) by H{'(D), and the dual space
of H*(D) is denoted by H=™(D). S(R¥) denotes the Schwartz space on RF.

We simply write the set of all vector fields w = " (w!, -+, w™) on D with
w! € LP(D) (resp. H™(D)) (j =1,--- ,n) as LP(D) (resp. H™(D)), and its
norm is denoted by || - || () (resp. || - || gm(p))- We define || - HH’C(D)me(D)

1 e
by HuHHk(D)XHm(D) = (H¢H%{k(p) + HwH%{m(D))Q for u = T(¢, w) satisfying ¢ €



H*(D) and w € H™(D). In particular, we write [[ull yx ) grp) = 1@l ge )
in the case k = m.
We next rewrite the problem (1.1)-(1.2) with (1.4) into the one in a non-
dimensional form. We introduce the following non-dimensional variables:
- [ - VZ

v=1F, t= gt o=V, p=p.p, p=pVP g = §

Here

N m
L= Quper ™, V= \Jllg2@ o) 1020 = | DL 2030022,
s=0

The problem (1.1)-(1.2) with (1.4) is transformed into the following non-
dimensional problem in €2
O;p + divz(pv) = 0, :
mwn:w]’(w’) =0 (] = 172)
Here €2 is the non-dimensional periodic layer:

Q={r= (2 2,);0" = (21, ,2p1) ER" 1w (2) <2, <wo()}

with w; and wy being smooth Q-periodic functions of z’ with the period cell

Q=Tzl-—, 1),

7
Qj Qj
where a; = la, j; and v, 7 and 7 are non-dimensional parameters defined by

!/

e S S A S AN V4 A T))
V_p*lV’ V=v-—+v, V_p*lV’ ¥ = v

The assumption (1.3) is written as

/
”; <uv, (2.4)

for some positive number v,. Note that under (2.4) we have
v<v+0< (Ve + 2. (2.5)

In what follows, we omit tildes ~ of p, 9, &, ¢, p and g for simplicity in
notation.



We next define @', 3 .(j = 1,--- ,n — 1) and X, by

’ _ o; Oy — m .
Q :Hyzll[—g,g),zj,i:{$€Q,x]:i—} (]zl,,n—l)
Q;

and
Y, ={r ez €Q,z,=w;)j=1,2}

The inner product of L*(Qpe,) is defined by

(f,9) = f(z)g(x)dz

Qper

for f, g € L?(Qpe,). Furthermore the mean value of f € L?(Qpe,) over ., is
represented as (-), i.e.,

) = /ﬂ s

Note that |, =1 due to the non-dimensionalization.
We denote the k x k identity matrix by I. We define (n + 1) x (n + 1)
diagonal matrices )y and () is defined by

Qo = diag(1,0,--- ,0), Q = diag(0,1,--- ,1).

Note that Qou = " (¢,0) and Qu = "(0,w) for u = T (¢, w). R
The Fourier transform of f = f(z')(2’ € R"™!) is denoted by f or FI[f]:

F(&) = FIAE) = fl@)e ™ da!, & eR

Rn—1
We denote the inverse Fourier transform by F~!:

1

2r) 1 R_1f<§’)eif/'z'd§’, ¢ e R™L

FAE) =
For an operator A, we denote by Ker(A) and R(A) the null space and the
range of A, respectively. The resolvent set and the spectrum of A are denoted
by p(A) and o(A), respectively. We denote the commutator of operators A
and B by [A, B], i.e., [A, B|f = A(Bf) — B(Af).
We introduce function spaces of periodic functions as follows:

L2 (Qper) == {ula,..;u € Lj,.(Q), u(z’, ,) is Q-periodic in 2’}
Coo(Qper) == {ulq,..;u € C®(Q), u(2', x,) is Q-periodic in 2},

0]



o%s)
CO,per

(Qper) = {u € Cpe (Qper); u = 0 in a neighborhood of 98},
H' . (Qper) = the closure of C22 (Qper) in H' (Qper),

per per
H{ por(Qper) == the closure of CF% . (Qper) in H' (Qer).

0,per

We note that L2, () can be identified with L?(Q.,), and that H' . (Qper)

1 per per
and H ., ($per) are given by

H;’er(Qper) ={ue Hl(QpeT)§af'u|2j,— = af’“|2j,+7 1<j<n—-1|8]<l-1},
Hé,per(QpeT) = {u € leer(QpeT); U‘En = O}

Moreover, we define L2, ,(Qper) by

per,x

LZ@T,*(QPW) = {f € Lfye»,’(Qper); <f> - 0},

and H. . (Qper) by H. . . (Qper) = H (Qper) N L2, . (Qper). We will abbrevi-

per,* per,* per per,x
ate L2, (Qper) to L2, and likewise, H!  (Qpe,) to H.,,., -+, and so on. The
norm | + | g,y is written as || - ||, and similarly, || - HHZ(QPW) as || - || -

We next introduce the Bloch transformation.

Definition 2.1. We define the operator T by (T'e)(«',n') (o’ € R* 10 €
R™ 1) for ¢ € S(R™™1), where

n—1

1 b i ko
(TQO)(ZL”,U’) PR Z 90<77/ + ij@je;)e 21 ko
(27T> 2 |Q|2 (kl,"',kn71)€Z7L71 j=1
n—1
L ! 2 —in'-(2'+ 30 1 2% e
= x + [.=—e' e J=1 ey Tl
Q2 (ll,"',ln—zl)GZ"_l A ]21 Ty 2

We also define the operator U as follows. For a function o(z',n') € C°(R"!x
R 1Y such that o(2',1) is Q-periodic in 2’ and (2,1 )" is Q -periodic
in ', we define (Up)(x') (' € R™1) by

(Up)(a') =

1 )
|Q,|% // Sp(x/7n,)ezw ! d/r//
Q

Note that p(2', 7' + a;€}) = (! n)e % (j=1,--- ,n—1).

The operators T" and U have the following properties. See, e.g., [23] for
the details.



Proposition 2.2. (i) (Ty)(',7n') is Q-periodic in x' and (Tp)(x',n')e™
is Q' -periodic in 1.

(ii) T is uniquely extended to an isometric operator from L*(R"1) to L*(Q'; L*(Q)).

)

(iii) U is the inverse operator of T.

(iv) Let v be Q-periodic in x'. Then it holds that T () = YTp.
)

(v) T(O;0) = (Op; +im)Tp (j=1,--- ,n—1) and T defines an isomor-

phzsm from HY R to L*(Q'; eT(Q)). Here H'_.(Q) denotes the

per

space of Q-periodic functions in H'(Q), as in the case of per(QpeT).

We introduce the following weighted inner product:

( )

<U1> U2> = ¢1¢2

Qper

dx + / wiwapsdr
Qpev"

for u; = "(¢;,w;) (j = 1,2), where ps = ps(x) is the density of the stationary
solution. See Proposition 3.1 below. The associated norm ||| - ||| is defined
by

— P’ (ps
g = (|| /2229, + Hmwu 2).

(ps(z))
ps(z)

Qe if v and % are suitably large, and ||| - |||5 is equivalent to || - ||,.
We introduce the Bogovskii lemma [4]. (See also [8, Chapter 3].)

As we will see in Proposition 3.1, ps(x) and £ are strictly positive in

Lemma 2.3. There exists a bounded linear operator B : L?
that

— H! per0 SUCh

per,x

divBg=g, g¢€ LpeT*

IVBgll2 < Cllgll2,

where C' 1s a positive constant depending only on Q... Furthermore, if g =

divg with g = "(g",--- ,9") satisfying ¢’|s, . = ¢'ls,, G =1,---,n—1),
g"|s, =0, then
div B(div g) = div g,

1B(div g)ll2 < Cllgll2-

For a given ¢ > 0, we introduce the following notation ((-,-)) and ((-,-)):
((ur,10)) = 500, 0) + (w0, 00) = 8{(wr, Béo) + (B wa)}.
((u1, ug)) := (u1, uz) — 6{(wy, Bo2) + (B, ws)}

10



Y

0 <6< % then ((+,+)) and ((-,-)) define inner products on L%, x L?

per,x per

1,2). There exists a constant ¢y > 0 such that if

1 3
el < () < 53

and ] 5
§IHU\H§ < ((u,u)) < §|HUH\§-

3 Main theorem

In this section we state the main theorem of this paper. We first mention the
existence of stationary solution to the compressible Navier-Stokes equation.
Let us consider the following stationary problem:

div(pv) =0, (3.1)

p(v-V)v —vAv —oVdive + VP(p) = pg, (3.2)

vlg, =0, pls,_ =ply,,, vy, =vly,, G=1,--,n-1), (3.3)
(p) =1. (3.4)

Then it holds the following assertion.

Proposition 3.1. Let v and U satisfy (2.4). Then there exist constants
vy > 0 and 49 > 0 such that if v > vy and % > o, there exists a solution
us = "(ps,vs) = (14 ¢s,v5) € HS, % (Hp,, N Hj to problem (3.1)-(3.4),
and ug satisfies

,per)

4
v Co
Tl + vl < =2 (35)
for some constant Cy > 0 depending only on v, and .. Furthermore,
solution of (3.1)-(3.4) satisfying (3.5) is unique.

The unique existence of stationary solution wug in Proposition 3.1 was
proved by Valli [25]. Estimate (3.5) can be obtained by looking carefully
at the computations given in [25]. One can also prove Proposition 3.1 by
applying Theorem 5.1 together with estimate (5.6); with k& = 3.

In this paper we consider the linearized stability of the stationary solution
us = ' (ps,vs) obtained in Proposition 3.1.

The linearized equation around the stationary solution wu is written as

Ou+ Lu=0 (3.6)

11



for u = T(¢,w) € D(L), where L : L?(Q2) — L*(Q) is the operator defined

div(-vs) y2div(ps-)
L= (V(P/(p) ) L de1V>

Y2 ps ps

0 0
+ <721p§ (vAvs + pVdiveg) vs -V + T(Vvs))

with domain
D(L) = {u = T(¢,w) € L*(Q);w € HY(Q), Lu € L*(Q)}.

Here Vv, is n X n-matrix whose (j, k) component is d,, vJ.
As in [11], we see that — L generates a Cy-semigroup e~*£. The semigroup
et has the following properties.

Theorem 3.2. There exist constants vy > 0 and 59 > 0 such that if v > 1y
and 7 > o, there exists a bounded projection 11 : L*(Q) — L*(Q) satisfying
[1L C LI and Tle - = e 11, where e 11 satisfies

- _n-1
lle™ M| 2y < C(1+1)7 HUOHLl(Q)> (3.7)
lle™" g — [ 00u@ || 120y < CtT ~2|Jug| 1 (g (3.8)

for ug € LY(Q) N L3(), where H : L*(R™1) — L*R™Y) is the linear
operator defined by

D(H) = HQ(R”‘I)

Z k00, 0, 0 + Za]a%a (o0 € D(H)),

7,k=1
and oo(x') is given by oo(z’) = mw‘ fwz(x ¢o(2', xp)dx,. Here aj, ajj
(j,k = 1,--- ,n — 1) are real constants and the matrix (ajk)Z;il satisfies

Z?;il ajEniMe > ““f |0 |? for all W € R"™', where kg is a constant indepen-
dent of v, 7 and . Moreover, u®) = T(¢O (', 2,,), w® (2, x,,)) is Q-periodic
function in x' that satisfies

(div(¢©v,) +77div(psw®) =0, 0 Ler
v(%(b(m) 7 (A, + PV dive,) ¢
g —plsAw(O) -z levw +vs - V@ +w® - Vo, =0, in Qe
Og, =0,
Jo,.. o =1

\
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As for the (I — II)-part, we can prove the following exponential decay
estimates in a similar manner to [1, 2, 15].

We denote by H 1(Q) the set of all locally H' functions in © whose tan-
gential derivatives near 92 belong to L*(2).

Theorem 3.3. (i) Let ug = ' (¢o, wo) € H(Q) x HY(Q). Suppose that v, v
and vy satisfiy the assumption of Theorem 3.2. Then
e (I = Mug € C([0,00); H'(Q) x H'(2)) N C((0,00); H'(Q) x Hy(€2))
and
. —a _1
et = ol ay < Ce ol oy + ¢ Hlwollzzy} (39
for allt > 0.
(ii) Let T > 0. Suppose thatug € H'(Q)x H}(Q) and f € L*(0,T; H*(Q) x
L?3(Q)). Then there exists a unique solution u(t) of
@tu + LU = ([ — H)f, U‘t:() = (I — H)’LLO,
we C([0,T); HY(Q) x HL(Q) 0 LA(0,T; HY(Q) x HA(Q)).
ut) € (I —T)L*(Q)  for0<t<T,
and u(t) satisfies

t
)y + / eI () 2 s
0 (3.10)

t
< c{e ol + [ ¢ perdr ]
0

fort €[0,T], where a and C' are positive constants independent of T

Theorem 3.3 can be proved in a similar way as in [1, 2, 15], so we omit
the proof. In the remaining of this paper we give a proof of Theorem 3.2.

4 Proof of Theorem 3.2

In this section we give a proof of Theorem 3.2. We first reduce the problem
to the one on €., by the Bloch transformation. We then investigate the
reduced problems depending on the values of Bloch parameter 7'. In sub-
section 4.2 we consider the spectrum for the case n’ = 0; we then develop a
perturbation argument to investigate the spectrum for |1’| < 1 in subsection
4.3. In subsection 4.4 we establish estimates for the eigenprojections for the
eigenvalues near the imaginary axis. We finally give a proof of Theorem 3.2.

Throughout this section we assume that v and # satisfy (2.4), and thus,
we use relation (2.5).
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4.1 Formulation

Let us consider the resolvent problem for (3.6)

A+Lu=f u="(p,w)e€ D(L). (4.1)

Here f = "(fo, f), f = "(f1, -+, fn) and X € C is a resolvent parameter. As
in [15], applying the Bloch transform 7" to (4.1), we have

A+L)Tu=Tf on Qe (4.2)

with the dual parameter n € Q', where L,y is the operator on LIQW of the
form

I Tvn’('vs) '72Tvn’(ps')

0 0
T (7211)2 (vAvs + DVdiveg) v, -V, + TVUS) :
with domain D(L,y)

D(Ly) ={u="(¢,w) € L2 ;w € H}

per)

2
,per? Lﬂ'u < Lper}'

Here we define V,, and A, by
Vo =V +iif, Ay=Vy -V,

where i’ = (17',0). It is not difficult to see that D(L,/) = D(L) forallf € Q'
and that L,y is a closed operator on L2,,.
We write L,; in the form

n—1 n—1
1 2
Ln/ = Lo + anL§ ) + Z njnkLgk)>
j=1

k=1
where
div('”s) "}/lev(ps)
fo V() —za- Zvdiv
0 0
+ 'Y21p% (VA’US + ﬁVdiVUS) Vg * \V4 + TVUS s

L(l) e /Ug f}/QpSTej

;=i (iQ(Zz) .>ej —p—ls(2uej ® ;0,, + ve;div — 5V(Tej)> —

14



; 0 0
L(k) = 1 - T .
J 0 s <V5]k:[n + ve; ek>
We also set . .
1 2
My = ZUJ'LE‘ "t Z 77j77k:L§'k)a
j=1

Jk=1

ie.,

' in’ps 1y
a <—) £ (1P =209 ) 1 =i~V (o mfn) |
By (4.2), if A € p(—Ly) for all ' € Q*, then we have
u=U\+Ly)"'Tf in Q.

Therefore, to investigate the resolvent of —L, we will consider the problem
for —L,,:
Au+ Lyu = f, uw e D(Ly). (4.3)

4.2 The null space of L

In this subsection we investigate the null space of Ly. We first show that 0
is an eigenvalue and dim Ker(Lg) = 1.

Prop20sition 4.1. There exist constants vy > 0 and 59 > 0 such that if v > 1y
and L > 7o, then there exists a unique u®) = T (¢, w) € D(Ly) satisfying
Lou® =0 and (¢V) = 1. Furthermore, u® = T (¢ w(©®) satisfies

C
16© =117 + 22w |fFs < o (4.4)

uniformly for v, v and v with v > vy and 7—5 > Jo-

Proof. We consider the problem Lou = 0 with u = "(¢,w) € D(Ly).
Suppose that ¢ = 0. Then taking the inner product of Lou = 0 with u we
have

v||Vw||3 + 7||divw|]3 = —Re{(vs - Vw +w - Vu,, paw)}
< ClosliellpslllVwllz.

Therefore, if v > C||vs|| o1 ps]|co, then w = 0, and hence, u = 0.

15



In what follows we assume that v > C||vs||c1||ps|le. We will show that
there exists a function u = " (¢, w) with ¢ # 0 satisfying Lou = 0 if v and %
are sufficiently large. We may assume that (¢) = 1, and hence, we consider
the problem

Lou =0 =T D(L
ou y U (¢,@U) € ( 0)7 (45)
() = L.
To solve (4.5), we introduce the operator Afv] : H?, < H), — H>,  xH,,
defined by
~ (div(-v) y2div
Alel = ( V. —vA - iVdiv
with domain
D<A[U]) = {U € H}?er,* X (H]?er N H(%,per);A[v]u € H]?er,* X H;er}'
We set ¢ = 1+ ¢. Then (4.5) is written as
Alvs|t + Bu = F. (4.6)

Here & = ' (¢,w) € D(A[v]), Bu = T((Bi)y, (Ba)y) and F = T(F,, F),
where
(B&)l == 72div(¢sw)7
Ps

(Bit)o = — 17 5 (vAw + Vdivw) — V(P (¢,)d0)
—i( ! )2(VAU + oVdive,)é — v, - Vo — w - Vo
72 1+¢5 s VUs s S
FO = — diVUS,
F=—V(PY(¢,)ps) — i( 1 >2(VAUS + vVdivuy),
VA + 6,
; ey 5 P'(p)
PO = [ P+ oo, Plo) =3,
0 7P
We set 3
@l 25 = 1]l 12 + vlw]| s

for & = (¢, w) € H?,.. x H} . Tt follows from Proposition 3.1 and (5.6)x

with & = 2 that if v and % are sufficiently large, then

1% ~
ALl < {50 e+ 1l } (47)
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for F =T(f° f) € H2,, x H! . By Proposition 3.1, we have

per,x per*

[(Bih g < Cllwllgs,

I(Bielln < {510l + (25 + ) wlls )

for @ = T (¢, w) € D(A[v,]). Combining these estimates with (4.7), we see
that there are positive numbers 1y and 7y such that if v > 1y and ? > Yo,
then || Afvs] ' Ball52y s < 51|l %52y gs- Therefore, there exists a unique @ €
D(Alvs]) satistying @ = —Afvs| ' Bu + Afvs] ' F, that is, a unique solution
u € D(AJvs]) of (4.6), and u satisfies the estimate

- v C
il s < O ol + Uoulls } < 5.

This completes the proof. n
We next consider the eigenspace for the eigenvalue 0. We introduce the
adjoint operator L}, : L7, — L2, defined by

per per

P'(ps) \_ps 2
—v, -V, . , —2V, - (ps-
L;;/: 77( ]gf( >)P(ps> ' ( )
Ps v v
_vn/( V2p, ) T T p_svn’(Tvn’>

N 0 ?mv(—ps)(ylATvs + " Vdivuy)
0 —divu, — s - Vi (ps:) + Vs

with domain

D(Ly) ={u="(¢,w) € L2,;w € H;

per)

* 2
pers Ly € Lo b

Then it holds that D(L;,) = D(Lg) and (Lyuy, ug) = (uy, Ly, us).
Concerning the eigenspace for eigenvalue 0, we have the following

Lemma 4.2. Let 11 be defined by

MY = (u, u@*)u® = (¢)u®
for u = T(¢,w), where
'72ps
=" Plpy)
0

Then the following assertions hold.

17



(1) u®* satisfies u©* € D(LE), Liu®* = 0 and (u®,u®*) =1,

(43) IO is a bounded projection on Lpe satisfying

T

MOLy ¢ LI® =0, 4O =@ gngd TVL2 = span{ul®}.

per

The assertions of Lemma 4.2 are easily verified, and so we omit the proof.
We introduce some notation. In what follows we set

Xo=19712 = X, =1 -19)L2

per? per*

Observe that u = (¢, w) € X; if and only if (¢) = 0.

Lemma 4.3. If v > vy and % > o (by taking vy and Ay suitably larger if
necessary), then p(—Lo|x,) D {\;ReX > =5y} for some positive constant (.
Furthermore, if ReA > —fy, then

I+ Lo)x) " flle < 57 11 (4.8)

Re + 28,

IVQ(A+ Lo)lx) " fl2 < [1/1l2- (4.9)

(ReA + 2)2

Proof. We first establish estimates (4.8) and (4.9). For f = T(f°, f) € X1,
we consider

A+ Lo)u = f, u="(p,w) € D(Ly) N X;. (4.10)
Note that (¢) = (f) = 0. We compute

Re(((A + Lo)u,u)) =ReA({u, u)) + Re(Lou, u)
— 0Re{((Lou)2, Bo) + (B(Lou)1, w)},

T

where (u); = ¢ and (u); = w for u = w). Since

Pl
~Re((Law)e,B0) [ [ S]] - vl + slaival el

- C—Ilvs||H4||¢||2 = Cllvsligaliollsllwlls,

—Re(B(Lou)1,w) > —[|B(div(¢vs +7°psw)) [l Jwll,
> —C{llvsll sllgllalwlly +7*lwli2},

18



we have

Re (((A + Lo)u, u)) >ReX{{u, u)) + v||Vw|5 + 7|divw]|3 P'(ps)

V2p
Plps) 2 C )
Vo], = gl ol

—C 2 lvsllsllgllllwlly = Cllvs allwll2

= Cllos]l s

~ . 14
- C5{(V|!Vw|\z +v||divwl]y) o]l + g\lvsHmIWH%

+lvsllzs l@llallwlly ++7llwli3}-

Therefore, by using Proposition 3.1, we see that there exist constants
vy > 0, % > 0 and Cy > 0 such that 1f v > 1y and = > 7, then it holds
with § = Comin{Z, 7, i} that

v v, .. )
Re {{(A + LoJu,u)) > Re M{u,u)) + 2|Vl + 2 dival3 + 0[10[3

Since Re ((f,w)) < [|[fll[lllullly + o[l fll2llully < C+ )| fI[|o]llullly, we
have

v 2 )
Re A((u, u)) + §HVUJH§ + §|ldlvw||§ + §II¢H§ < O OS2l
By the Poincaré inequality, we have
v
ReAl[[ulll3 + c1 (v]|wl]3 + dl[o[]5) + ZIIVwIIS < CA+O)[I[f2llullly- (411)

It follows that there exists fy > 0 with Sy = O(min{v, %, 1, %}) such that

~2
777

(ReA + 280)[[[ulllz + vl Vw3 < CHIAull],-

We thus have

C
4.12
Il < gz 111 (112)
and so if Re\ > —[(, then
C
V]|, < HF 112 (4.13)

v (ReA + 263

If we prove the existence of solution v € D(Lg) N X; of (4.10) for all
f € X1 with A > 1, then we see from (4.12) and (4.13) that p(—Lo|x,) D
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{\;ReX > —fp} by a standard continuation argument. To prove the exis-
tence of solution of (4.10), we first consider the problem

Mg + div(dv,) = F°, FO = O — ~2div(p,) (4.14)

for a given w € Hj,,, and F° € L2, .. Applying [10, Theorem 1], we see

that there exists a constant Ao satisfying A\g > C'||v|| ;5 such that if A > A,
there exists a solution ¢ of (4.14). Furthermore, ¢ satisfies

C C -
161l < SIHE s < ANz + 1]} (4.15)
We denote this solution ¢ by ¢(w). We next consider the problem

{/\w — p—l’SAw — piSVdivw =F, (4.16)

w|2j’7 = W|2j,+, w|zn =0.

where

~ ~ P’ 1
sz—V( Q(ps)qb) — —— (VA + vdiveg) — vs - Vo — @ - Vg,
Y pS Y ps

with ¢ = ¢(@). Since Re(—2ZAw — ZVdivw, paw) = v||Vw|3 + 7||divwlf3,

there exists a unique solution w € Hy .. of (4.16) such that

;per
- ~ 1 1 N -
Mwllz+IVw||3 < CIF|5- < C{||f||§+X||f°||§+XIIVw||§+IIwIIS} (4.17)

for X > Xo. We define the operator I' : Hg ., — Hg,,, by the solution
operator for (4.16), i.e., I'(w) = w for w € Hg,,,, with w being the solution
of (4.16).
We introduce the norm || - ||y = (A - |5+ |V - ||§)% of H&per. By (4.2),
I' satisfies ||T'(w1) — T(w2) ||y < $w1 — 1| (v for 1, wa € Hj e, Let A >
A = max{2C, Ao}. It then follows that ||T'(wy) — T'(ws)||x) < [[wy — w2l (v,
and [ is a contraction mapping on Hé’per. Therefore, there exists a unique
w € Hj,,, satisfying I'(w) = w. For this fixed point w, we set ¢ = ¢(w). It
then follows that u = T (¢, w) € D(Lg|x,) is a solution of (4.10) with A > \;.
We thus conclude that p(—Lo|x,) DO {\;ReX > —f}. This completes the
proof. O]

Theorem 4.4. If v > 1y and % > o (by taking vy and o suitably larger if
necessary), then

(Z) Xl = R(Lo) and XO = KeI‘(Lo),

20



(it) L?,, = Ker(Ly) ® R(Ly),

per

(7ii) 0 is a simple eigenvalue of —Ly.

Proof. Let f = T(f° f) € R(Ly). There exists a function v € D(Lg) such
that Lou = f. Applying II9, we have 0 = HOLgu = IO f = (O,
This implies (f°) = 0, and hence, f € X;. This shows R(Ly) C X;. Let
f = T(f°f) € X;. By Lemma 4.3, there exists a unique function u =
(¢, w) € D(Ly) satisfying Lou = f and (¢) = 0. This shows X; C R(Ly),

and (i) is proved. (ii) follows from (i), and (éi7) follows from and Lemma

4.2. This completes the proof.

O

Theorem 4.5. If v > 1y and % > o (by taking vy and Ao suitably larger if
necessary), then p(—Lo) D {\;ReX > =5y }\{0}. Furthermore, if ReA > —f,

and A # 0, then

O+ Lo f = STOF + (A + L)) T
1 1
w m)“f“z,

~ 1 1
IVQO+L0)™ Al = (157 + gz Ml
0 2

IO+ Lo) ™ fllo < O

Proof. By Theorem 4.4, problem (A + Lg)u = f is equivalent to

NI =11 £,
()\ + LU)ul = .f17

where u; = (I — 1)y € D(Lo) N X, and f; = (I — O f € X,
Lemma 4.3 we see that if ReA > —(; and A # 0, then

(L) = 3107 + (O Lo)lx)
and

_ 1 1
IO+ 200 7l < O (57 + o) 1

9O+ L6)™ 1l £ O + s M
(§ 0)?2

This completes the proof.
As for the spectrum of —Lg, we have the following

21
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Proposition 4.6. Define 10" by

Oy = (u, @),

If v > vy and % > Ao (by taking vy and 3o suitably larger if necessary), then
the following assertions hold true.

(1) p(—=L§5) D {\;ReA > —Fo}\ {0}, 0 is a simple eigenvalue of —Lg,

(17) H(O)*LS C LSH(O)* =0, Ker(Ly) = H(O)*Lzer _ span{u(o)*},
(iii) R(Lp) = (I —1O")L7,,,
(iv) Lper = Ker(Lg) & R(Lg),

Moreover, if X satisfying ReA > —fy and X\ # 0, then

*\ — 1 * * — *
A+ L) f = XH(O) fA (O L)l g-nomyzz, )T = =,

*\—1 1 1
IO+ 2877 < O (57 + o) Ml (4.18)

IVQO+ L)l < Oy 4 o 4 )l
(4.19)

+
Az Al (ReA+26,)2  Red+26
Proof. By the closed range theorem, we have (i)-(iv). Furthermore, if
ReA > —fy and X\ # 0, we see from Theorem 4.5 that

(M+Lo) ' f9) = (f,(A+ Lo) " 'g)
< N fI X+ Lo) gl

1 1
(i * Rengag) I/ eloll

IN

and hence,

1+ 25) 7l < (57 + o

By + m) 1 £1l2- (4.20)

Computing (A + L§)u, u), we have
ReAll[ulllz = elllulllz + vIIVwllz < A ulll,,

where ¢ is a positive constant, and hence, if ReA > —(; and X\ # 0, then

A9l < (0 + o) (i + rorrar) VB

This completes the proof. O
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4.3 Perturbation argument

In this subsection we develop a perturbation argument to investigate the
spectrum of —L,, for || < 1.

Proposition 4.7. If v > 1y and 1—2 > o (by taking vy and 7y suitably larger
if mecessary), then there exists a constant ro > 0 such that if |n'| < ro, then

2, = {A Re) > —%} \ {A; N < %} C p(~Ly).

Furthermore,
—1
O+ L) 1l < gy 161 (1.21)
~ C
VOX+ L) fll, £ ———|If 4.22
IVQO+ Lyl < (422
for A € X.

Proof. Recall that L,, = Lo+ M,,. By Theorem 4.5, we have
I+ Lo) ™ flly + IVQA + Lo) " flls < CI f
for A € ¥y, and hence, since ||[M,yull, < C|7|(Jull, + [|[Vw]|y), it holds that

1
| My (N + Lo)  flls < 2C|7|1|f]lo- Therefore, if 7' satisfies || < 50 then
A € p(—L,y) and

o0

A+ Ly) =\ +Lo) "> (-1 (A L) )Y,

N=0

H<A+Lnf>1fu2s0(|§|+m+50)2w (-t Lo 1311

< RGH ron s g M
- . 1 1 1IN
IVQO+ L)l < (5 + m) Z | My O+ Lo) ¥ 1 £l

0
<—%  fl
(ReA + Bo)2
This completes the proof. O

We next establish an asymptotic formula for eigenvalues of — L, near the
imaginary axis.
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Proposition 4.8. If v > v, 7; > Ao and || < ro (by taking vy, Fo and ry*
suitably larger if necessary), then

oLy 0 (A < 2} = ).

Here N,y is a simple eigenvalue that satisfies

Ay = k() + O F’) (4.23)
asn' — 0. Here
n—1 n—1
k(') = ZZ a;n; + Z ;M5 Mk (4.24)
j=1 k=1
where a; € R and aj, € R; aji, j,k=1,--- ,n—1, satisfy
n—1 K 72
0 n—
> a2 — | (f €RTY (4.25)

jk=1
with some constant kg > 0 independent of v, U and v. As a consequence,

2
Red, < _%m?. (4.26)

Proof. Since

1
ILMully < Clllully + 1Vwlly} < CLlLoully + [lully},
2
1L ully < Cllwlly < C{IILoulls + lullz},
in view of Theorem 4.5, we can apply the analytic perturbation theory to

see that o(—L,) N {|A| < %0} consist of a simple eigenvalue, say A, for
sufficiently small 7, and that ),/ is expanded as

n—1 n—1
Ay =3 A0+ 3 A+ O(In'?)
j=1 j,k=1

as ' — 0, where

A — _<L§,1)u(0) u®*y,

] )

2 1 2 2 * 1 1 1 1 1 *
i = = (L) + L yu a7+ (LS LY + L SLY ), ul0).
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Here S = [(I — IO Ly(I — IO)]7L. See, e.g., [16, Chap. VII], [23, Chap.
XI1].
By the definition of Lg»l), 1w and u(©*, we have

MY = =il + 4w 7).

As for )\ﬁ), since %((Lﬁ) + L,(fj))u(o), u(®*) = 0, it holds that

2 1 1 1 1 1 *
A = SLY + LOSLOYWO )

We set ugk) = T(¢§’“), wgk)) = SLS)U(O). Then ugk) is a solution of

’ (4.27)

Lout™ = (I = 1) LM 4©
k
(61”) =0.

To prove (4.25), we prepare some estimates of ugk).

Lemma 4.9. If v > vy and 7—; > Ao (by taking vy and 7y suitably larger if
necessary), then

k k C
I8 < C e <~ (4.28)

Proof. Since ||(I — TOYLMu©| . 0 < C, it follows from Proposition 3.1
and (5.6); with & = 1 that

L2 W2 o C LA YIS I SR SR
ot + vl < {0+ (g + 253 et + 51168 }-

IQ

Therefore, if v > 1y and 7; > 79, we have y|¢§’“)\|H1 < C and ngk)HHg < &,
This completes the proof.

To proceed further, we introduce the functions Ul(k) = T(@Y‘“),Wf’“)) €
H,..x (H}, NHg,,) (k=1,---,n—1), which are the unique solution of

the following Stokes system

DT

AsUP = F® @My = 0. (4.29)

(0 div w_ (0
oo &) re(a)
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Set qvﬁgk) = i@gk) and w@ = le(k) Then ﬂgk) = T(¢3§“,w§’“)) is the
solution of
Al =ip® (3R =, (4.30)

Here

A= 0 yAdiv
- \V —vA —pVdiv)

Furthermore, we have the following lemma.

Lemma 4.10 ([15]). Let (1) be defined by

n—1
Rn') =Y dagnme for n € R,
jk=1
where
o1 () By _ 7 *)
A, = 7|Qper|(VW1 7VW1 ) = 7<ej7W1 >

Then there exists a constant kg > 0 independent of v, U and v such that

- 2
Ko7y
v

k(n') > [n'|? for ally' € R* 1. (4.31)

To prove (4.25) we will show that £(n') is the principal part of Rex ()

when v and % are large enough. We estimate the difference of ugk) and ag’“.

Lemma 4.11. Ifv > vy and % > o (by taking vy and 7y suitably larger if
necessary), then

(k) (k) L1 k) (k) 1 1
H¢1 — 9 ||2SC(¥+§>7 le — W HZSC)(I/_V?—’_;)'

Proof. We write Lou” = (I — 1)LV ag
Augk) = —Cugk) + (I — H(O))L,(Cl)u(o).

Here C is defined by

Coro— A= diviv) Ydiv(es)
T TAVPO(6)0) vy A+ iy Vdiv

0 0
T <L(VAUS + vVdive,) vs -V + TVUS> :

2 p2
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It then follows that
AW —a"y = —cul® + (1 = 1O) LD — jp®)

and hence,

where

= —((Cu”, w? — ")),
L= (1 =)L — i, 0 — ).

The left-hand side is estimated as
(A — af?),u® — a))
zwvwé—wm>m+uwww9—ﬂ@wg+§w9—é@@
— (| V (wi" — {3 + 52| div(w" — {3 + 12 [wf® — a3}

Taking 6 = 55 min{Z, 22}, we have
k - (k k . (k
(A —al”), uf” —ai")) )
v k (k v k (K O, (k < (k :
> DIV — a5 + S lldiviws” — o) 3+ Slor — 373,

By Proposition 3.1 and Lemma 4.9, we see that [; is estimated as

1 o k) 1k 1 1 ( (k)
<0 (5 + ) 1947 = 60+ (g + ) e = o} (439

As for I, we observe that
(I - H(O))L( )y © _ k) — j;;l)u(o) _ H(O)LS)U(O),

where

f/,(gl)u(o) = L,(Cl)u(o) —iF®)

k
=1 | [Py )Us PO ul®
< ool — 1) €k _i <2yek ® ekaﬂ»‘k + vepdiv — Dv(Tek)> + U§

Y Ps

Therefore, by Proposition 3.1, Proposition 4.1 and Lemma 4.9, we have
1 k) (k
2 < {0l =60+ el — oL} sy
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From (4.32), (4.33) and (4.34), we conclude
. 1 1 1
(k) (k) (k) (k)
917 — &1 ||2§C<¥+;>, [wi” — 07|l <C<E+U3>
This completes the proof. n

Proof of (4.25). We now turn to the proof of (4.25). Since p; = 1+ ¢5 and
wﬁ’“) = %Wl(k), by Lemma 4.10 and 4.11, we have

— n—1
1 1 k
> nime(QoLS SLPu®) = i > nim (Wil + 4 p.e; - wi?)
k=1 k=1
n—1 72
k . k (k
== nimwl- (e W) — iy (e; - (wl® — wf”
jk=1
n—1
k
+1 Z NNk U]¢1 +7 ¢Sej wg )>
7,k=1
2 -
{3 -c(+ =) e
<—=—-Cl—-+—=
and we have
n—1 2 -
2 Y [ Ro o1
%&mm_——{g—-(—+ Q}VP

If v > vy and L > g, it holds that

n—1
Z )\jk 77J77k =

7,k=1

This completes the proof. O

4.4 Boundedness of eigenprojections

In this subsection we estimate the eigenprojections II,, for eigenvalues A,y of
—L,y. By Proposition 4.6, we have the following resolvent estimates for — L7,
with |7/| < ro.

Proposition 4.12. Ifv > vy and % > o (by taking vy and 3o suitably larger
if necessary), then there exists a constant ro > 0 such that if |n'| < ro, then
Y1 Cp(=L;) and

1A+ L3) " flla < 55— 12, (4.36)

Re)\+ﬁ
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C

VOA+Li)  flls € ——— 4.37
9GO+ L)l = o Esrl (437
uniformly for A € 3.
Proof. We define My, by M, = L}, — Lg:
—iv, 1) —iy*n’ - (ps)
M*/ = ed P/ pS v .y V2
= (e ) oo i,
0 0

* (0 —ido, (o) + z‘ﬁ'Tvs) ‘ (4.38)
Since || My ully, < Cln'|([|ully + [[Vwlly), Proposition 4.12 follows from Propo-
sition 4.6 as in the proof of Proposition 4.7. O

We next investigate the estimate for (A+ L)™' f in a higher order Sobolev
space.

P2roposition 4.13. There exists a constant By > 0 such that if v > 1y and
>, then, for any 1 € (0, 5o, the estimate

IO+ L6) ™ fllarzxms < Ol gz
holds uniformly for \ satisfying % <A < By
Proof. We write (A + L{)u = f as

A+ L5)u + M*u = f, (4.39)
where Lj : H2, x Hl, — H% x H}, is defined by
Fr_ —div(vs)  —72div
o -V —vA — vdiv

with domain

D(Ly) = {u e H2,, x (H3, NH;

T 2 1
per 0,per)7 LSU S H X H, }

per per
Here
i (o V() e
—V(¢sPN(gy)-) L (vA + pVdiv)
<divvS 2 (vATv, + 7" Vdivu,) )

P (ps)
0 —divy, — pisvs -V(ps) + VT,
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To prove the proposition, we first show the invertibility of A + EE‘) for
|A] < 1 and then regard M* as a small perturbation of A + L. To this
end, we introduce the operator A*[v,] : H2,, , x H!, — H? . x H!  with

- per,* per per,* per
domain D(A*[v]) = D(Lg) N (HY,, ., % H,,,) defined by A*[v,Ju = Liu for

u € D(A*[vs]). We observe that there exists a unique solution u € D(A*[v4])
of A+ A*[vy))u = F for any F € H?, , x H! if ReA > —A for some constant

per,* per

A > 0 and u satisfies estimate (5.5)2 and, in particular, (5.6); with k£ = 2
when A = 0. This can be seen with obvious modification of the proof of
Theorem 5.1.

We also introduce the norm ||ul%s, g1 = (|9l 2 +V||w]| g for u =T (¢, w).
Recall that [ulfs, s = 10l + vl s

As in the proof of Proposition 4.1, we see from (5.6), with & = 2, that

there exist 75 > 0 and 4y > 0 such that if v > 7 and "’—; > 9o, then
* — * v I
A o)™ Ellgsrs < O 51 e+ 1E s | (4.40)

for F=T(F° F)e H? , x H', . By (4.40), we have

*,per per*
IMCA" [vs]) " ullpz s < ColM [l < ColMlullizz s,

where Cy = Cy(Dy,%) > 0. Therefore, if |A] < ﬁ, then there exists a

unique u € D(A*[vg]) satisfying u = —A(A*[vg])"tu + (A*[vg]) 71 F, e, (A +
A*[vg])u = F, and u = (A + A*[vg]) "L F satisfies
[ull iz s < 2C2[| |32 - (4.41)

We next show the invertibility of A+ L. We set @) = T(1,0) and define
1O by IOy = (¢)a® for u = (¢, w). Then IO is a projection. We also
set I, = I — 1O,

Consider the problem

A+ L))u=F,  ueD(Ly). (4.42)
Since 1) Lru = 0, (4.42) is decomposed into the following system:

IOy =IO F,
M 4 A* v T + T A* [, TTOu =TT, F, (4.43)
u e D(LY).

By the first equation of (4.43), if A # 0, then
. 1-
M0y = XH<O>F. (4.44)

30



We set By = ﬁ Let A satisfy % < |A| < By for By € (O,Bo]. Substituting

(4.44) into the second equation of (4.43), we have
. . - 1~ .
MIu + A v ]u =1L, F — JILA [0 ] TTOF. (4.45)

We set G = I F — LI A*[v,JTIOF. Then G € IL[H2, x HL,] C H2,, X
H),.. If X satisfies B < |\ < B, there exists a function u; = ' (¢1,w;) €
D(A*[v,]) satisfying (A + A*[vs])u; = G. Furthermore, by (4.41) and Propo-
sition 3.1, uy satisfies
* * 1 *
Joslirers < 200Gl < O (145 ) 1F oo (4.46)

for % < ’)\| < 51 with some C5 = C3(ﬁ0,’3/0) > 0.

We set u = %H(O)F + uy. Since Iy, = (¢1)a® = 0, it holds that
%y = {IOF, and we have IIju = u;. Consequently, u is a solution of
(4.42). By (4.44) and (4.46), u = (A + Lj) "' F satisfies

[l 28 < ‘%l”H(O)F”;I?xH?’ + luallzzz s < CallFll2 (4.47)
for % < |A| < 1. Here Cy = Cy(p, 40, B1) > 0. This implies that (A+L§) " :
H2, xHY, — H2 x(H3, NH;,,) is bounded and u = (A+ L)~ F satisfies
(4.47).

We finally prove the invertibility of A+ L = /\+[~/E§ + M*. By Proposition
3.1, we have

11 vy, .,
IVl < O, + g + g el (448)

It then follows from (4.47) and (4.48) that

Ts\—1 ar* * 1 1 I/—{_I) *
IO+ £2) 0wl s < 004(;+%+ o el

Therefore, there exist vy > 0 and 749 > 0 such that if v > vy and % > o, there
exists a unique u € D(L}) satisfying u = —(A+L3)~"M*u+(A+L3) "' f, that
is, a unique solution u € D(LY) of (4.39), and u = (A + L + M*)~! f satisfies
the estimate ||ul|52, s < 2C4|| fl525 g1 Since H2, X (H2,.NH{ ,..) C D(L§),

we have u = (A + L})~' f. This completes the proof. O
We are now in a position to estimate the eigenprojections.
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Proposition 4.14. If v > vy, 7; > o and || < 1o (by taking vy and Ao
suitably larger if necessary), then

Myully < Cllully, (4.49)
1Ly = TO)ally < Clap'l]lull,- (4.50)

Proof. By Proposition 4.7, we see that II,, and II}, are given by

1
I, =-— A+ Ly) tax, I, = — A+ L:) 7l
T omi :@( L), 2mi :@( L)
|>“ 4 |>\| 4
Then u,, = Hn/u(o) is an eigenfunction of —L, for the eigenvalue A\, and

Uy = H:;,u(o)* is an eigenfunction of —Lj, for A}, = A,y. Since A, is a simple
eigenvalue, the eigenprojection IL,, is represented as

w, ur
I, u = <’—7';>u
<U77/, u’n’>

/

7' -

From the proof of Proposition 4.7, we see that (A+ L,y) "' is expanded as
A+ Ly) ™ = (A+Lo) ™" 4 Ry (M)
and R,/ () is estimated as

1Ry (N flla < CUlIf N2 IVQRy (N flly < Cl'lIIF 1y

uniformly for || < ry and |\| = %. We write u,, as

1 1
S = A+ Lo) fu©@dn + — R, (MNu®d\
U77 27 ‘)\|:€TO( + 0) (% + o ‘)\|:€TO gl ( )U

— 2,0 (1)
=u"’ + Uy s

where uf;) =L f|,\|:%0 R,y (M) u®d\. Then u,(;) satisfies

1 = (1
1, < Cl'l IV Qui|l, < Cly).

Similarly, uy, is written as uy, = u©* V% where uf;)* = = fw:%} R:‘],()\)u(o)d)\.

n
By Proposition 4.13, uf;)* is estimated as ||uf;)*||H2 < C|n'|. Thus, by a sim-
ilar argument to that in [15, Theorem 4.11], we obtain the desired estimates

(4.49) and (4.50). This completes the proof. O
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4.5 Estimates of the II-part of the semigroup
We finally prove Theorem 3.2. We set

1 ’77,‘ < To,

Il = Uxoll, T, =
ot X {0 | > 7.

We see from Proposition 2.2 that I1? = II. Furthermore, by Proposition 4.8,
we have

e Eluy = UXOG_tL"/ 1Ly Tug = UXOe’\n’tHn/Tuo.

Then, in a similar manner to the proof of [15], by using Proposition 4.8 and
4.14, we obtain the desired result. This completes the proof. O

5 Resolvent estimates for the principal part
of L()

In this section we give a unique existence of solution of the following problem
which provides the principal part of Ly. We consider the problem:

Ao + v divw + div(¢v) = £, (5.1)

A — vAw — vVdivw + V¢ = f, (5.2)
under the condition

w‘zn = 07 ¢‘2j,7 = ¢‘Ej,+7 w‘Z]’y, = w‘zj,+ (] = 17 e, — 1)? (53)
(¢) =0. (5.4)

Here A € C is a parameter and v = " (v',--- ,0") € H,,, is a given function.

Throughout this section we assume that v and » satisfy (2.4), and thus,
we use relation (2.5). The letter C' denotes positive constants depending only
on v, and Qpe,.

We have the following a priori estimates.
Theorem 5.1. Let k = 0,1,2,3. There exists a constant A > 0 such that if
ReA > —A and [[v]| jsih-n), < Cmin{%z, v, ’y}, then problem (5.1)-(5.4)

as a unique solution v = "(p,w) € HE, > (HF' N Hj ..

the following estimates (5.5);, 0 < j < k:

) and u satisfies

_ v v, .. )
Re(A+ A) (v 20113 + ) + 211 Vuwl3 +  diveo ] + 2 ]

<o (55 + D)1tz + L}

(5.5)0
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2

Re(A + M) (vl + [lwlF) + ||¢||H1 + vl + ——= Vel

vED 1N, Lons 1 - (5:5)
< - (=41
< o{( )M+ (5 + 1718},
_ 1 72
Re(A+ ) (7265 + llwln) + 19l + vlwlfs + —2— [V
A2 1 52 1+
< {2 (G + I8 + ) (55),

v+uv 1 0(12 Lz Y Fne
(5 ) 1M + S0+ 500

_ 1 2
Re(A + A) (7 2|9l 7 + [lwll7r2) + ;||¢||qu +vllwlF + — Dllell%

. C{(,,'il;z ((”jf b ﬁ + 5—%>||f°||§ N EETT

+ (4 ) 10 + Sl + 7).

(5.5)s
Here 01 is any positive number satisfying 0 < ¢y < C'min {% %, 713}
In particular, when A =0, u = ' (¢, w) satisfies
1 v+4v 1, +
ol vlolinn < {0 B + 1l ) (G0

fork=1,23.

To prove Theorem 5.1, we first establish a prirori estimates (5.5)¢-(5.5)s,
and then using the a priori estimates and the result by Heywood-Padula [10],
we will prove the existence of solutions.

a. A priori estimate

In this subsection we will prove the a priori estimate (5.5)3 by the Matsumura-
Nishida energy method [22].

Lemma 5.2. Let (¢, w) be a solution of (5.1)-(5.4). Then
ReA(y~?[|¢ll3 + ||U)||2) +[[Vul; + (v + 7)l|dive|3

L 5.7
< O{ 2 + S es + hollslol +<long), 7
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_ v v, )
ReA(y 2613 + [[wl) + 211Vl + S ldivwld + o3
1 5% 012 1 £112
< — 4+ “NFI1% -
<Gt SIIPB+ I

_ 1 : 1 1 v
for e > 0, where 6, = %mm{;,;,?}.

(5.8)

Proof. Taking the inner products of (5.1) and (5.2) with 712¢ and w, respec-
tively, we have

ReA(y 213 + wll3) + vV} + 7l divu]3
1. 1 -
= Re{ — 5 (div(6v).6) + —5(f*,0) + (/)|

Since Re(div(¢v),¢) = jRe(dive,|¢]*) < [|divoll llolls < [Jvllysllol3, we
have

ReA(y 263 + llel3) + v Tw]3 + 7|divee]3
1, - 1 1
< O{D I+ 171 + 5 ellsll 013 + <l }

for arbitrary € > 0. We thus obtain (5.7).
We next prove (5.8). We have

ReA((u,u)) + %Re(div(gbv) + v2divw, ¢) + Re(V¢ — vAw — oVdivw, w)
— 61Re(Vo — vAw — oV divw, Bo) — 6 Re(B(v*divw + div(¢w)), w)
> ReA((u,1) + ¢Vl + Pldivel} = < lollpll o1
— 61Re(Vo — vAw — oVdivw, Bo) — 6 Re(B(v*divw + div(¢w)), w).
By Lemma 2.3, we have
Re(V¢ — vAw — vVdivw, Bg) < —%||¢||g + C{V*||Vwl||3 + 7*||divw||3},
Re(B(y*divw + div(¢v)), w) < [|B(y*divw + div(év)) |5 [wll,

< C{y*llwlly + llgvllHlwll,
< C{yllwlly + ol a6l Hlwlls.

We set §; = %mjn{l L v } and M = min{%,u,w}. Then if ||v]| yu < CM,

Y v 42
we have

_ v v, .. )
Re(A+ A) (=21l + wlld) + SIVwl + Slidive ] + 5913
1 52 1, =
< o1 o2 | + 2|
<O (5ot )P+ 7
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Lemma 5.3. Let xo € C5.,.(per). Then

ReA(y[[xo26l3 + [xodkwl) + vlxoVakul + (v + 7)l xodivohu
< c{(v+ 7+ ) 1050l + 551 + 5 1
+ 50l el + Sl
(5.9)
for k=1,2,3 and arbitrary o satisfying 0 < 6 < 1.

Proof. Applying 0, to (5.1) and (5.2) and taking the inner product of the
resulting equations with x39,¢ and x20,w, respectively, we have

ReA(Y?[Ix00:81I2 + [Ix00:wll772) + vlIxo Vw3 + 7| xodivOsw]3
1 . NP
= Re{ — W(&Edlv(@;), eV Q) + (—vd2w — vd,divw + 0,0, 2x0V x00:w)
- 1
~ (X302 + 2x0Vx00e) + 501,13V 6) }-
Since Re(9,div(¢v), x30:0) < C||v| sl @l|71, we have
ReA(Y?([x028l3 + [IXOawl[2) + vlIxoVOswl3 + 7l xodivOsw]3

1 1, = 1 1
< C{AIVwl + 51Vl + SIFIB+ gllollus9l5 + =1 £l + 8ol |

for arbitrary § satisfying 0 < § < 1. We thus obtain (5.9). As for higher order
derivatives, since Re(95div(¢v), x§05e) < Cllvll avw—s, 107 (k= 2,3),

we can prove (5.9) for £ = 2,3 in a similar manner. O
We next derive the estimates near the boundary. We introduce local
coordinates W(yq, - ,Yn_1,Yn) near the boundary ¥,. For each z € %,

there exists an open neighborhood O of z such that each x € O is written as

z =y, y) = AY) + van(My)),

where ¥ = (y1,---,yn—1) and A(y’) is local coordinates on 3, N O and n
is the outward unit normal vector to ¥,. We set y = (¥/,y,) and denote
the tangential and normal derivatives by 0 = (0y,,--- ,0,, ,) and Oy = 0y,,,
respectively.

As for the tangential derivatives, we have the following estimates.
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Lemma 5.4. Let x € C°(O). Then
ReA(72[x0"0 13 + [x0"w3) + v[[x0"Vwll; + (v + 7) | x0"divw]3

1 1, =
< C{(v+ 7+ 5) IVullincs + 2l W+ 1l (5.10)
1
+ gl gosan, N0l + S0 |

for k=1,2,3 and arbitrary § satisfying 0 < 6 < 1.

Proof. Using the local coordinates ¥(y), we rewrite (5.1)-(5.2) on O N Qe
as

)\Qg + ’YQakjaykwj + g yk@@j) = [PoV, ~ = (5.11)
M — vy, (450,07 ) — Dag;Oy, (450, 0") + ar;0y, ¢ = f o |

on \P_I(O N Qper)? Wherej = 17" Nz ’Lb(y) = @U(\Ij(y))’ ¢(y) = ¢(\I’(y))>
Us(y) = vs(U(Y)), ps(y) = ps(V(y)), M = 0, ar; = a;(y) is the entry (k, j)
of (D¥)™! = (DU ') oW. DU = (§,,9%) is the Jacobian matrix of U.
Applying 8’;/ to (5.11) and taking the inner product of the resulting equation

with X204, 4 = T(gg, w), we have the desired estimate in a similar manner
to the proof of Lemma 5.3. [
Concerning the normal derivative of ¢, we have the following estimates.

Lemma 5.5. Let x € C3°(O). Then

Re)\

||x5”“8’“¢||2 +Ix0" 954l

(v +0)°

< c{wnwnzw + 2O Ol Tl +
v+rv

£ i (5:12)

S ] e gy 1 [ oy

fork+1=0,1,2.
Proof. We apply %f@N to (5.1) and take the inner product of (5.2) with n,

we have

V+V +v I/—|—V

Ono + (v + v)Ondivw —|— 3Ndiv(gz5v) onf°,

A -1 — vAw - n — pdydivw 4+ dyé = f - n. (5.13)
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Adding these two equations, we obtain

DAL, N
gl
_ - v+U o Vv+vU .
= - w-n+rv(Aw-n— dydivw) + f-n+ o Onf" — o Indiv(¢v).

(5.14)

Applying 0%9%, (k+1=0,1,2) to (5.14), we take the inner product of the
resulting equation with x20*9'¢ (k41 =0,1,2). By integration by parts,
we have the desired estimate. O

Lemma 5.6. Let x € C3°(O). Then

(v +71) Hxakaﬁldivwﬂg

|)\|2 2 k+1 ol 2 1 k al+1 2
< O{-E Nl + VIO RVl + = IPRE (5.15)
v+v 1 ~ 1
I s+ 52 s gl oeccsicn 60w |

fork+1=0,1,2.
Proof. Adding (v + 7)Ondivw to (5.13), we have
(v+D)dydivw = Mw-n+ V¢ -n —v(Aw-n — dydivw) — f-n.  (5.16)

Multiplying (5.16) by x?dydivw and integrating the resulting equation, we
obtain

AP 1

1 ~
2 2 2 2
+——||xOno||5+ oV +— }
y 17Hw||2 iy 17||XN ”2 VHX w||2 iy 5”sz

(v+7)l|xOxdive|3 < O

As for higher order derivatives we apply 8%} to (5.16) and take the inner
product of the resulting equation with x29*9% 'divw. Substituting (5.12) for
the resulting equation, we have the desired estimate. O

We next estimate ||[x0*0Lw||3 for k +1=0,1.

Lemma 5.7. Let x € C3°(O). Then, for arbitrary 6 satisfying 0 < § < 1,
XDl + (X0 0Lo
< Ol + O+ DIl e+ 0l + L (517
+ (v + )| x99 divu |}
fork+1=1,2, k>1.
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Proof. Applying x0*(k = 1,2) to (5.1) and (5.2), it holds that

div(xofw) = F° in O N Qper,
1 ~
_ k 1 koy :
A(x0"w) + yv<Xa ¢)=F in ONQper, (5.18)
(Xakw)k:j,f - (Xakw)|2j,+’ (] = ]-7 e, N = 1)7

where
1 1
FO = [V, x0" w — A\x9" ¢ — ﬁxakdiV(ebv) + ?xf?'“fo,
A % 1 .
= [A, x0"w + = [V x0"¢ — Vxé’kw — ;Xakaivw + ;Xakf.

By using the estimates for the Stokes problem (see, e.g., [8]), we have the
desired estimate. O

Lemma 5.8. Let u = "(¢,w) be a solution of (5.1)-(5.4). Then

A2
’ ‘ w2 + Redv||Vw||2 + ReAd||divw||3

(5.19)
< C{ S+ 173+ 5l lslloln ++2ldivwl .
Proof. We take the inner product of (5.2) with Aw, we have
ARlNw ]+ vl Vwl + Afdivell} - (o, divw) = (f, Aw).  (5.20)

Substituting (5.1) for A¢ in (5.20), the forth term of left-hand side is written
as — (A, divw) = 3(y*divw + div(¢v) — f°, divw). It then follows that

)\2
P | “llwll3 + Redv||[Vw||3 + ReAw||divew]|3

< C{IIfIz + ¥I|f°||2 + ;IIUIIH:sHst?{l + 7| dive|3}.

Lemma 5.9. Let u = " (¢, w) be a solution of (5.1)-(5.4). Then

AP TR e

lwllzps + (v + D)lldive|[Fuen + ;HfHHk}
(5.21)

vllwlfpee + = H¢HHk+1 < C{
for k=0,1,2.
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Proof. We write (5.1)-(5.2) as

1 1
divw = —=\¢ — —div(gw) + = f°, in Qper
Y v .
—vAw + qu = —\w + rVdivw + f, in Qper
W|En = 07 ¢’E]',7 = ¢’E]',+7 w’ELf = w|2j,+ (] - 1, R 1), on aner‘-
(5.22)

We set F' = pVdivw + f . Applying the estimate for Stokes problem, we have

AP

JeolByuse + gllélen < Of il + Ndiveolun + — ||F||Hk}

2
<o P+ (14 )Hdeme i)
AP . ;
< Ol + (14 ) 9divol + ;HfH?{k}-
(5.23)
Multiplying (5.23) by v, we obtain (5.21). O

Proof of Theorem 5.1. Estimate (5.5)y follows from (5.8).

Let bg-l) (j =1,---,4) be positive numbers independent of v, 7 and v and
consider

(5.7) + % (5.19) + b x {(5.9)521 + (5.10)5_1 }

b(l)
+ 27 % (5.12) 10 + b8 X (5.15) im0 + b x (5.21)1—0

v+v

Taking bgl) (j =1,-,4) suitably small and ¢ = § = we have

2C’

. . 1 1
ReA(Ylloll5 + lwlan + lIdivells) + [0l + Svllwllye

1 AR
2(V+V)Hde\|H1+2 —lw H2

SC{VHVwH% —!\vllﬂsll¢!\Hl+ \IUHH3|\¢\|H1+

v+rv 0
(7 +W)\|f I +;\|sz}-

+

9 (5.24)
Y . 2
| divu

40



Computing 55 X (5.24) 4 (5.7) with ¢ = +(5.7) with e = we have

J
16C~2>

. , 1
ReA(Y 210l + [[wlz + lldivelf2) + —Hqﬁllip + ¥lwlle

1 |AI2 N Re
+ 50+ D) vl + 5Bl + g (1018 + %)

2
2 2
Y 2 8 . 2
\V4 d
[Vl + = [divul}

11 1
< {5z + o) ool + llols Il
v+4v 1 012 LNz
+( - +;)Hf HH1+<;+;)HJCH2}

If v satisfies ||v]| 55 <

= mm{ v, v}, then

= 320

v

_ . 1 1
ReA(v @l + llwlli + Idivwlls) + 70l + Svlwlz

1 1 M2 Re)\
50+ Dldivlf -+ 52 ol + s (1018 + 7wl
2 2 (5.25)
+ = Vull; + ——=lldivwl;
v+v
1/+V
<of (Z2+ D)+ R+ D)7}
Y
Furthermore, if A > —A; := —55 mm{7 , v+, v}, we see from (5.25) that

2

_ v
Re(A + A1) (V21013 + lwllFn) + —||¢||§11 +rfwlfe + —— Vw3
v V+v
v+rv 1 0n2 L 2\ 700
<O{ (4 ) + (5 o+ 25 1713}
and hence we have (5.5); and
v+rv 1 1 2\, -

Al < OL (55 + o)1 + (5 + 5 IFIR) - (520)

Let b§2) (j =1,4,5) and bfk)l (7 = 2,3) be positive numbers independent

of v, 7 and v and consider
L AP

(5.26)

(5.25) 4 — % (5.8) + b x {(5.9)5—2 + (5.10)5_s 1}

VV

+ > {== 1! (5.12) + b7, x (5.15)} + 0% x (5.17)jm1m0 + b X (5.2
k+i1=1
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Taking b§2) (j = 1,4,5) and bﬁzl (j = 2,3) suitably small and ¢ =
have

1
2Cv? we

. 1 1
ReA(vlléll5 + lwliin + [xo@*wlls + [x0*wl3) + N 6lhe + vilwlis

1 . 1 AP A2
42 D) divele + 5ol + - vl
. ReA 2
+ReAdive + =5 (101 + 27 wlf) + 7 vl
y? [A*ReA \)\]261

di 2 -2
+ g ldivell; + 2= (P9l + wllz) +

(1/—|—y) ||¢||2

v+op
2112 v+ 1 012 Lzie T A2
fg%w@Mb+Q7r+;gwHm+jumH7ﬂmb

1 2 ‘)"2 1 5% 012 L 2
+ Slellslolfe + 55 (G + 5 ) I+ ST )
(5.28)

Let v satisfy || ;s < g5 min{%, 7v,v}. Computing 55 X (5.28) + (5.25) we
have
—20 11|12 2 2. 112 2,112 1 2 1 2
ReA(Y 0l + lwlfin + o0 wllz + [x07wl2) + o l19ll72 + v lwllz:

1 1 AP AP

A .
43 D) dival + 5ol + -2 vl
. Re) 72
2 2
+ Reldivil + s (10l + 2wlB) + -5 v
2 2
—|d
+ a3+ BEES 2ol + ) + 2ol

c{<jji)((&24+;{MUW§+;Wﬂ@1)
+ (S5 )W+ S+ 78]
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If A satisfies A > —A, := —£ min{v, §;7*}, we have

_ 1 2
ReA(Y Il + lwlizn) + 16l + vilwls + ——=lVwl);
AP

) AP
i 2
+ (v +9) |divele + -2

A .
+ ———||divw|3
+ v

= |Jwllz
14
5.29)
Nk 1 82\, o 1,50, (
< — - -1
<o{orar (o SN+ 175)
v+ru 1 012 L,z A2 )
(S5 + ) I W + 170 + 51708
and
2
Re(A + A2) (v 2||9ll32 + [lwl|3n) + ||€Z5||H2 + vlwl[5s to— ||Vw||2

<o{g 3o ((5174 ’ ﬁ)"fo“g , —||f||§{_1)

+ (524 D)l + T + S0}

Let bg-g) (j=1,5) and bf’;ﬂz (7 = 2,3,4) be positive numbers independent
of v, 7 and v and consider

1 2
(5.29) + ; V — x (527 + B 5 {(5.9) 53 + (5.10)_5}
+ ) {= bos (5.12) + 05, x (5.15)}
k+1=2
+ Y bf’;l % (5.17) 4 b x (5.21) s
yeen

Similarly, we obtain

. 1 2
Re(A -+ A5) (7 210l13n + ol + 16l + wilulif + ——

- C{@‘f;*@ﬁ + s *ﬁ*é—f)”f}“% (5 + 207

v+v 1 on2 L= Y2 209
F (5w 1P + S + 5713}

IVwll3

Taking A = max{A;, Ag, A3}, we have (5.5)1-(5.5)3.

43



When A = 0, we can obtain the estimate (5.6); for £k = 1,2, 3 in a similar
manner to above. In fact, estimate (5.6), with k£ = 1 is obtained as follows.
We do not use (5.19) in the computation for (5.24) and obtain

1 1 1 T
5|0l + Svlwllie + 5 + 7)ldive |3

2
) 5.30)
1 v+u 1, = (
< {uIVul3+ Slollm ol + 2520 + 171},
g g v
instead of (5.24). Computing 55 x (5.30) + (5.7) with & = g, we have
1 1 1 N1
o615 + gl + 3 (4 2)ldivus]
(5.31)

v+

74

1 1, =
< O{ ool + =170 + 1713}

The desired estimate (5.6); with & = 1 follows from (5.31) by taking ||v||
suitably small. One can prove (5.6); for k = 2,3 in a similar manner. [

b. Existence of solution of (5.1)-(5.4)

In this subsection we prove the existence of a solution u = (¢, w) of (5.1)-
(5.4).
Let k= 0,1,2,3. We write (5.1)-(5.2) in the form

A+ Ag[v))u = f (5.32)
for u = "(¢,w) € D(Au[v]) and f = T(f°, f) € HE, x H¥ 1. Here Ag[v] :
HE, . ox HED — HEY < HYUis the operator defined by

_ (div(-v) y2div
Ak[v]‘( Y —yA—DVdiv)

with domain

D(Ak[v]) = {U S Hzlfer,* X (H;:etl N H&,per);Ak[v]u S H;Ser,* X Hzlft;“l :
If we prove the existence of solution u € D(Ag[v]) of (5.32) for all f €
Hy,. . x HF' with X > 1, then we see from estimates (5.5)0-(5.5)3 that
{A € C;ReA > —A} C p(—Ag[v]) by a standard continuation argument.
The existence of solution of (5.32) for A > 1 can be shown in a similar

manner to the proof of Lemma 4.3. We first consider the problem
Ao + div(pv) = F°, FO = % — 42divap (5.33)
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for a given w € H¥' N Hy ,, and f° € H), .. Applying the results of [10],
we see that there exists a constant Ao satisfying Ao > ||v||;s such that if

A > Ao, then the solution operator for (5.33) is an isomorphism on H;fer*
with operator norm bounded by % uniformly for A > 1. We denote this
solution operator by ¢(w). We next consider the problem

{/\w — vAw — iVdivw = F, (5.34)

wly, = wls =0,

gt

where F' = f—V¢ with ¢ = ¢(w). Since —vAw—vVdivw is strongly elliptic,
the solution operator for (5.34) provides an isomorphism from H}! to €
HMY N H] ... One can then define the operator I' : HiX' N Hy A HI’f;;l

Hj e by the solution operator for (5.34), i.e., T'(w) = w for w e H;fetlﬂH&per,
where w is the solution of (5.34). In a similar manner to the proof of Lemma
4.3, one can prove that there exists a unique w € H}F' N Hy ., satisfying
I'(w) = w if A > 1. For this fixed point w, we set ¢ = ¢(w). Then by
(5.33)-(5.34), we see that u = " (¢, w) € D(Ag[v]) is a solution of (5.32) with

A > 1. This completes the proof. O

Remark 5.10. The unique ezistence of (5.33) for k = 0,1,2 follows from
[10, Theorems 1,2,9] respectively. As for the case k = 3, it was proved in
[10, Theorem 11] under the assumption v € W™P for some p > n, where n is
the space dimension. This condition for v can be replaced by v € H* in our
case k = 3. In fact, one can show the unique existence of solution ¢ € H?3
of (5.33) when v € H* as in the proof of [10, Theorem 11]. The point is to
quaratee NV divv € H? for ¢ € H?, which follows from v € H*.

Acknowledgements. Y. Kagei was partly supported by JSPS KAKENHI
Grant Number 24340028, 16H03947, 15K13449, 24224003.

References

[1] Aoyama, R., Decay esyimates on solutions of the linearized compressible
Navier-Stokes equation around a parallel flow in a cylindrical domain,
Kyushu J. Math., 69 (2015), pp. 293-343.

[2] Aoyama, R. and Kagei, Y., Spectral properties of the semigroup for the
linearized compressible Navier-Stokes equation around a parallel flow in
a cylindrical domain, Adv. Differential Equations, 21 (2016), pp. 265
300.

45



3]

[11]

[12]

[13]

Aoyama, R. and Kagei, Y., Large time behavior of solutions to the com-
pressible Navier-Stokes equations around a parallel flow in a cylindrical
domain, Nonlinear Anal., 127 (2015), pp. 362-396.

Bogovskii, M. E., Solution of the first boundary value problem for an
equation of continuity of an incompressible medium, Soviet Math. Dokl.,
20 (1979), pp. 1094-1098.

Bfezina, J., Asymptotic behavior of solutions to the compressible
Navier-Stokes equation around a time-priodic parallel flow, SIAM J.
Math. Anal. 45 (2013), pp. 3514-3574.

Brezina, J. and Kagei, Y., Spectral properties of the linearized com-
pressible Navier-Stokes equation around time-periodic parallel flow, J.
Differential Equations 255 (2013), pp. 1132-1195.

Deckelnick, K., Decay estimates for the compressible Navier-Stokes
equations in unbounded domains, Math. Z. 209 (1992), pp. 115-130.

Galdi G. P., An Introduction to the Mathematical Theory of the Navier-
Stokes Equations, Vol. 1, Springer-Verlag, New York (1994).

Hoff, D. and Zumbrun, K., Multi-dimensional diffusion waves for the

Navier-Stokes equations of compressible flow, Indiana Univ. Math. J.
44 (1995), pp. 604-676.

Heywood, J.G. and Padula M., On the steady transport equation. in
Fundamental Directions in Mathematical Fluid Mechanics, ed. by Galdi,
G.P., Heywood, J.G., Rannacher, R. Birkh&user, (2000), pp. 149-170.

Iooss, G. and Padula, M., Structure of the linearized problem for com-
pressible parallel fluid flows, Ann. Univ. Ferrara Sez., VII 43 (1998),
pp. 157-171.

Kagei, Y., Asymptotic behavior of solutions of the compressible Navier-
Stokes equation around a parallel flow, Arch. Rational Mech. Anal., 205
(2012), pp. 585-650.

Kagei Y., Nagafuchi Y.and Sudou T'., Decay estimates on solutions of the
linearized compressible Navier-Stokes equation around a Poiseuille type
flow, Journal of Math-for-Industory, 2 (2010A), pp. 39-56. Correction
to ”Decay estimates on solutions of the linearized compressible Navier-
Stokes equation around a Poiseuille type flow” in J. Math-for-Ind., 2
(2010A), pp. 39-56, J. Math-for-Ind., 2 (2010B), pp. 235.

46



[14]

[15]

[16]

[17]

23]

[24]

Kagei, Y. and Kobayashi, T., Asymptotic Behavior of Solutions of the
Compressible Navier-Stokes Equation on the Half Space, Arch. Rational
Mech. Anal., 177 (2005), pp. 231-330.

Kagei, Y., Makio, N., Spectral properties of the linearized semigroup of
the compressible Navier-Stokes equation on a periodic layer, Publ. Res.
Inst. Math. Sci., 51, (2015), pp. 337-372.

Kato, T., Perturbation theory for linear operators, Springer-Verlag,
Berlin, Heidelberg, New York, (1980).

Kawashima, S., Systems of a hyperbolic-parabolic composite type, with
applications to the equations of magnethydrodynamics, Ph. D. Thesis,
Kyoto University (1983).

Kobayashi, T., Some estimates of solutions for the equations of motion
of compressible viscous fluid in an exterior domain in R3, J. Differential
Equations 184 (2002), pp. 587-619.

Kobayashi, T. and Shibata, Y., Decay estimates of solutions for the
equations of motion of compressible viscous and heat-conductive gases
in an exterior domain in R?, Comm. Math. Phys. 200 (1999), pp. 621-
659.

Matsumura. A.,; An energy method for the equations of motion of com-
pressible viscous and heat-conductive fluids, University of Wisconsin-
Madison, MRC Technical Summary Report # 2194 (1981), pp. 1-16.

Matsumura, A. and Nishida, T., The initial value problem for the equa-
tions of motion of compressible viscous and heat-conductive fluids, Proc.

Japan Acad. Ser. A 55 (1979), pp. 337-342.

Matsumura, A. and Nishida T., Initial boundary value problems for the
equations of motion of compressible viscous and heat-conductive fluids,
Commun. Math. Phys. 89 (1983), pp. 445-464.

Reed, M., Simon, B., Methods of modern mathematical physics IV. Aca-
demic Press, (1979).

Shibata, Y. and Tanaka, K., Rate of convergence of non-stationary flow
to the steady flow of compressible viscous fluid, Comput. Math. Appl.
53 (2007), pp. 605-623.

Valli, A., On the existence of stationary solutions to compressible
Navier-Stokes equations, Ann. Inst. H Poincaré, 4 (1987), pp. 99-113.

47



MI

MI2008-1

MI2008-2

MI2008-3

MI2008-4

MI2008-5

MI2008-6

MI2008-7

MI2008-8

MI2008-9

MI2008-10

MI2008-11

MI2008-12

MI2008-13

List of MI Preprint Series, Kyushu University

The Global COE Program
Math-for-Industry Education & Research Hub

Takahiro ITO, Shuichi INOKUCHI & Yoshihiro MIZOGUCHI
Abstract collision systems simulated by cellular automata

Eiji ONODERA
The intial value problem for a third-order dispersive flow into compact almost Her-
mitian manifolds

Hiroaki KIDO
On isosceles sets in the 4-dimensional Euclidean space

Hirofumi NOTSU
Numerical computations of cavity flow problems by a pressure stabilized characteristic-
curve finite element scheme

Yoshiyasu OZEKI

Torsion points of abelian varieties with values in nfinite extensions over a p-adic field

Yoshiyuki TOMIYAMA
Lifting Galois representations over arbitrary number fields

Takehiro HIROTSU & Setsuo TANIGUCHI
The random walk model revisited

Silvia GANDY, Masaaki KANNO, Hirokazu ANAI & Kazuhiro YOKOYAMA
Optimizing a particular real root of a polynomial by a special cylindrical algebraic
decomposition

Kazufumi KIMOTO, Sho MATSUMOTO & Masato WAKAYAMA
Alpha-determinant cyclic modules and Jacobi polynomials

Sangyeol LEE & Hiroki MASUDA
Jarque-Bera Normality Test for the Driving Lévy Process of a Discretely Observed
Univariate SDE

Hiroyuki CHIHARA & Eiji ONODERA
A third order dispersive flow for closed curves into almost Hermitian manifolds

Takehiko KINOSHITA, Kouji HASHIMOTO and Mitsuhiro T. NAKAO
On the L? a priori error estimates to the finite element solution of elliptic problems
with singular adjoint operator

Jacques FARAUT and Masato WAKAYAMA
Hermitian symmetric spaces of tube type and multivariate Meixner-Pollaczek poly-
nomials



MI2008-14

MI2008-15

MI2009-1

MI2009-2

MI2009-3

MI2009-4

MI2009-5

MI2009-6

MI2009-7

MI2009-8

MI2009-9

MI2009-10

MI2009-11

MI2009-12

MI2009-13

MI2009-14

Takashi NAKAMURA
Riemann zeta-values, Euler polynomials and the best constant of Sobolev inequality

Takashi NAKAMURA
Some topics related to Hurwitz-Lerch zeta functions

Yasuhide FUKUMOTO
Global time evolution of viscous vortex rings

Hidetoshi MATSUI & Sadanori KONISHI
Regularized functional regression modeling for functional response and predictors

Hidetoshi MATSUI & Sadanori KONISHI
Variable selection for functional regression model via the L; regularization

Shuichi KAWANO & Sadanori KONISHI

Nonlinear logistic discrimination via regularized Gaussian basis expansions

Toshiro HIRANOUCHI & Yuichiro TAGUCHII
Flat modules and Groebner bases over truncated discrete valuation rings

Kenji KAJIWARA & Yasuhiro OHTA
Bilinearization and Casorati determinant solutions to non-autonomous 1+1 dimen-
sional discrete soliton equations

Yoshiyuki KAGEI
Asymptotic behavior of solutions of the compressible Navier-Stokes equation around
the plane Couette flow

Shohei TATEISHI, Hidetoshi MATSUI & Sadanori KONISHI

Nonlinear regression modeling via the lasso-type regularization

Takeshi TAKAISHI & Masato KIMURA
Phase field model for mode III crack growth in two dimensional elasticity

Shingo SAITO
Generalisation of Mack’s formula for claims reserving with arbitrary exponents for
the variance assumption

Kenji KAJIWARA, Masanobu KANEKO, Atsushi NOBE & Teruhisa TSUDA
Ultradiscretization of a solvable two-dimensional chaotic map associated with the
Hesse cubic curve

Tetsu MASUDA
Hypergeometric T -functions of the g-Painlevé system of type Eél)

Hidenao IWANE, Hitoshi YANAMI, Hirokazu ANAI & Kazuhiro YOKOYAMA
A Practical Implementation of a Symbolic-Numeric Cylindrical Algebraic Decompo-
sition for Quantifier Elimination

Yasunori MAEKAWA
On Gaussian decay estimates of solutions to some linear elliptic equations and its
applications



MI2009-15

MI2009-16

MI2009-17

MI2009-18

MI2009-19

MI2009-20

MI2009-21

MI2009-22

MI2009-23

MI2009-24

MI2009-25

MI2009-26

MI2009-27

MI2009-28

MI2009-29

Yuya ISHIHARA & Yoshiyuki KAGEI
Large time behavior of the semigroup on LP spaces associated with the linearized
compressible Navier-Stokes equation in a cylindrical domain

Chikashi ARITA, Atsuo KUNIBA, Kazumitsu SAKAI & Tsuyoshi SAWABE

Spectrum in multi-species asymmetric simple exclusion process on a ring

Masato WAKAYAMA & Keitaro YAMAMOTO
Non-linear algebraic differential equations satisfied by certain family of elliptic func-
tions

Me Me NAING & Yasuhide FUKUMOTO
Local Instability of an Elliptical Flow Subjected to a Coriolis Force

Mitsunori KAYANO & Sadanori KONISHI
Sparse functional principal component analysis via regularized basis expansions and
its application

Shuichi KAWANO & Sadanori KONISHI
Semi-supervised logistic discrimination via regularized Gaussian basis expansions

Hiroshi YOSHIDA, Yoshihiro MIWA & Masanobu KANEKO
Elliptic curves and Fibonacci numbers arising from Lindenmayer system with sym-
bolic computations

Eiji ONODERA
A remark on the global existence of a third order dispersive flow into locally Hermi-
tian symmetric spaces

Stjepan LUGOMER & Yasuhide FUKUMOTO
Generation of ribbons, helicoids and complex scherk surface in laser-matter Interac-
tions

Yu KAWAKAMI
Recent progress in value distribution of the hyperbolic Gauss map

Takehiko KINOSHITA & Mitsuhiro T. NAKAO
On very accurate enclosure of the optimal constant in the a priori error estimates
for HZ-projection

Manabu YOSHIDA
Ramification of local fields and Fontaine’s property (Pm)

Yu KAWAKAMI
Value distribution of the hyperbolic Gauss maps for flat fronts in hyperbolic three-
space

Masahisa TABATA
Numerical simulation of fluid movement in an hourglass by an energy-stable finite
element scheme

Yoshiyuki KAGEI & Yasunori MAEKAWA
Asymptotic behaviors of solutions to evolution equations in the presence of transla-
tion and scaling invariance



MI2009-30

MI2009-31

MI2009-32

MI2009-33

MI2009-34

MI2009-35

MI2009-36

MI2009-37

MI2010-1

MI2010-2

MI2010-3

MI2010-4

MI2010-5

MI2010-6

MI2010-7

MI2010-8

Yoshiyuki KAGEI & Yasunori MAEKAWA
On asymptotic behaviors of solutions to parabolic systems modelling chemotaxis

Masato WAKAYAMA & Yoshinori YAMASAKI
Hecke’s zeros and higher depth determinants

Olivier PIRONNEAU & Masahisa TABATA
Stability and convergence of a Galerkin-characteristics finite element scheme of
lumped mass type

Chikashi ARITA
Queueing process with excluded-volume effect

Kenji KAJIWARA, Nobutaka NAKAZONO & Teruhisa TSUDA
Projective reduction of the discrete Painlevé system of type(As + Al)(l)

Yosuke MIZUYAMA, Takamasa SHINDE, Masahisa TABATA & Daisuke TAGAMI
Finite element computation for scattering problems of micro-hologram using DtN
map

Reiichiro KAWAI & Hiroki MASUDA
Exact simulation of finite variation tempered stable Ornstein-Uhlenbeck processes

Hiroki MASUDA

On statistical aspects in calibrating a geometric skewed stable asset price model

Hiroki MASUDA
Approximate self-weighted LAD estimation of discretely observed ergodic Ornstein-
Uhlenbeck processes

Reiichiro KAWAI & Hiroki MASUDA
Infinite variation tempered stable Ornstein-Uhlenbeck processes with discrete obser-
vations

Kei HIROSE, Shuichi KAWANO, Daisuke MIIKE & Sadanori KONISHI
Hyper-parameter selection in Bayesian structural equation models

Nobuyuki IKEDA & Setsuo TANIGUCHI
The It6-Nisio theorem, quadratic Wiener functionals, and 1-solitons

Shohei TATEISHI & Sadanori KONISHI
Nonlinear regression modeling and detecting change point via the relevance vector
machine

Shuichi KAWANO, Toshihiro MISUMI & Sadanori KONISHI
Semi-supervised logistic discrimination via graph-based regularization

Teruhisa TSUDA
UC hierarchy and monodromy preserving deformation

Takahiro ITO
Abstract collision systems on groups



MI2010-9

MI2010-10

MI2010-11

MI2010-12

MI2010-13

MI2010-14

MI2010-15

MI2010-16

MI2010-17

MI2010-18

MI2010-19

MI2010-20

MI2010-21

MI2010-22

MI2010-23

MI2010-24

Hiroshi YOSHIDA, Kinji KIMURA, Naoki YOSHIDA, Junko TANAKA & Yoshihiro
MIWA
An algebraic approach to underdetermined experiments

Kei HIROSE & Sadanori KONISHI
Variable selection via the grouped weighted lasso for factor analysis models

Katsusuke NABESHIMA & Hiroshi YOSHIDA
Derivation of specific conditions with Comprehensive Groebner Systems

Yoshiyuki KAGEI, Yu NAGAFUCHI & Takeshi SUDOU
Decay estimates on solutions of the linearized compressible Navier-Stokes equation
around a Poiseuille type flow

Reiichiro KAWALI & Hiroki MASUDA
On simulation of tempered stable random variates

Yoshiyasu OZEKI

Non-existence of certain Galois representations with a uniform tame inertia weight

Me Me NAING & Yasuhide FUKUMOTO
Local Instability of a Rotating Flow Driven by Precession of Arbitrary Frequency

Yu KAWAKAMI & Daisuke NAKAJO
The value distribution of the Gauss map of improper affine spheres

Kazunori YASUTAKE
On the classification of rank 2 almost Fano bundles on projective space

Toshimitsu TAKAESU
Scaling limits for the system of semi-relativistic particles coupled to a scalar bose
field

Reiichiro KAWALI & Hiroki MASUDA
Local asymptotic normality for normal inverse Gaussian Lévy processes with high-
frequency sampling

Yasuhide FUKUMOTO, Makoto HIROTA & Youichi MIE
Lagrangian approach to weakly nonlinear stability of an elliptical flow

Hiroki MASUDA
Approximate quadratic estimating function for discretely observed Lévy driven SDEs
with application to a noise normality test

Toshimitsu TAKAESU
A Generalized Scaling Limit and its Application to the Semi-Relativistic Particles
System Coupled to a Bose Field with Removing Ultraviolet Cutoffs

Takahiro ITO, Mitsuhiko FUJIO, Shuichi INOKUCHI & Yoshihiro MIZOGUCHI
Composition, union and division of cellular automata on groups

Toshimitsu TAKAESU

A Hardy’s Uncertainty Principle Lemma in Weak Commutation Relations of Heisenberg-

Lie Algebra



MI2010-25

MI2010-26

MI2010-27

MI2010-28

MI2010-29

MI2010-30

MI2010-31

MI2010-32

MI2010-33

MI2010-34

MI2010-35

MI2010-36

MI2010-37

MI2011-1

MI2011-2

MI2011-3

MI2011-4

Toshimitsu TAKAESU
On the Essential Self-Adjointness of Anti-Commutative Operators

Reiichiro KAWALI & Hiroki MASUDA
On the local asymptotic behavior of the likelihood function for Meixner Lévy pro-
cesses under high-frequency sampling

Chikashi ARITA & Daichi YANAGISAWA
Exclusive Queueing Process with Discrete Time

Jun-ichi INOGUCHI, Kenji KAJIWARA, Nozomu MATSUURA & Yasuhiro OHTA
Motion and Bécklund transformations of discrete plane curves

Takanori YASUDA, Masaya YASUDA, Takeshi SHIMOYAMA & Jun KOGURE
On the Number of the Pairing-friendly Curves

Chikashi ARITA & Kohei MOTEGI
Spin-spin correlation functions of the ¢-VBS state of an integer spin model

Shohei TATEISHI & Sadanori KONISHI

Nonlinear regression modeling and spike detection via Gaussian basis expansions

Nobutaka NAKAZONO
Hypergeometric 7 functions of the ¢-Painlevé systems of type (Aa + Al)(l)

Yoshiyuki KAGEI
Global existence of solutions to the compressible Navier-Stokes equation around
parallel flows

Nobushige KUROKAWA, Masato WAKAYAMA & Yoshinori YAMASAKI
Milnor-Selberg zeta functions and zeta regularizations

Kissani PERERA & Yoshihiro MIZOGUCHI
Laplacian energy of directed graphs and minimizing maximum outdegree algorithms

Takanori YASUDA
CAP representations of inner forms of Sp(4) with respect to Klingen parabolic sub-

group
Chikashi ARITA & Andreas SCHADSCHNEIDER

Dynamical analysis of the exclusive queueing process

Yasuhide FUKUMOTO& Alexander B. SAMOKHIN

Singular electromagnetic modes in an anisotropic medium

Hiroki KONDO, Shingo SAITO & Setsuo TANIGUCHI
Asymptotic tail dependence of the normal copula

Takehiro HIROTSU, Hiroki KONDO, Shingo SAITO, Takuya SATO, Tatsushi TANAKA

& Setsuo TANIGUCHI
Anderson-Darling test and the Malliavin calculus

Hiroshi INOUE, Shohei TATEISHI & Sadanori KONISHI
Nonlinear regression modeling via Compressed Sensing



MI2011-5

MI2011-6

MI2011-7

MI2011-8

MI2011-9

MI2011-10

MI2011-11

MI2011-12

MI2011-13

MI2011-14

MI2011-15

MI2011-16

MI2011-17

MI2012-1

MI2012-2

Hiroshi INOUE
Implications in Compressed Sensing and the Restricted Isometry Property

Daeju KIM & Sadanori KONISHI
Predictive information criterion for nonlinear regression model based on basis ex-
pansion methods

Shohei TATEISHI, Chiaki KINJYO & Sadanori KONISHI

Group variable selection via relevance vector machine

Jan BREZINA & Yoshiyuki KAGEI

Decay properties of solutions to the linearized compressible Navier-Stokes equation
around time-periodic parallel flow

Group variable selection via relevance vector machine

Chikashi ARITA, Arvind AYYER, Kirone MALLICK & Sylvain PROLHAC
Recursive structures in the multispecies TASEP

Kazunori YASUTAKE
On projective space bundle with nef normalized tautological line bundle

Hisashi ANDO, Mike HAY, Kenji KAJIWARA & Tetsu MASUDA
An explicit formula for the discrete power function associated with circle patterns
of Schramm type

Yoshiyuki KAGEI
Asymptotic behavior of solutions to the compressible Navier-Stokes equation around
a parallel flow

Vladimir CHALUPECKY & Adrian MUNTEAN
Semi-discrete finite difference multiscale scheme for a concrete corrosion model: ap-
proximation estimates and convergence

Jun-ichi INOGUCHI, Kenji KAJIWARA, Nozomu MATSUURA & Yasuhiro OHTA
Explicit solutions to the semi-discrete modified KdV equation and motion of discrete
plane curves

Hiroshi INOUE
A generalization of restricted isometry property and applications to compressed sens-
ing

Yu KAWAKAMI
A ramification theorem for the ratio of canonical forms of flat surfaces in hyperbolic
three-space

Naoyuki KAMIYAMA
Matroid intersection with priority constraints

Kazufumi KIMOTO & Masato WAKAYAMA

Spectrum of non-commutative harmonic oscillators and residual modular forms

Hiroki MASUDA
Mighty convergence of the Gaussian quasi-likelihood random fields for ergodic Levy
driven SDE observed at high frequency



MI2012-3

MI2012-4

MI2012-5

MI2012-6

MI2012-7

MI2012-8

MI2012-9

MI2012-10

MI2012-11

MI2012-12

MI2012-13

MI2013-1

MI2013-2

MI2013-3

MI2013-4

MI2013-5

Hiroshi INOUE
A Weak RIP of theory of compressed sensing and LASSO

Yasuhide FUKUMOTO & Youich MIE
Hamiltonian bifurcation theory for a rotating flow subject to elliptic straining field

Yu KAWAKAMI
On the maximal number of exceptional values of Gauss maps for various classes of
surfaces

Marcio GAMEIRO, Yasuaki HIRAOKA, Shunsuke IZUMI, Miroslav KRAMAR,
Konstantin MISCHAIKOW & Vidit NANDA
Topological Measurement of Protein Compressibility via Persistence Diagrams

Nobutaka NAKAZONO & Seiji NISHIOKA
Solutions to a g-analog of Painlevé III equation of type Dgl)

Naoyuki KAMIYAMA
A new approach to the Pareto stable matching problem

Jan BREZINA & Yoshiyuki KAGEI
Spectral properties of the linearized compressible Navier-Stokes equation around
time-periodic parallel flow

Jan BREZINA
Asymptotic behavior of solutions to the compressible Navier-Stokes equation around
a time-periodic parallel flow

Daeju KIM, Shuichi KAWANO & Yoshiyuki NINOMIYA
Adaptive basis expansion via the extended fused lasso

Masato WAKAYAMA

On simplicity of the lowest eigenvalue of non-commutative harmonic oscillators

Masatoshi OKITA
On the convergence rates for the compressible
Navier- Stokes equations with potential force

Abuduwaili PAERHATI & Yasuhide FUKUMOTO
A Counter-example to Thomson-Tait-Chetayev’s Theorem

Yasuhide FUKUMOTO & Hirofumi SAKUMA
A unified view of topological invariants of barotropic and baroclinic fluids and their
application to formal stability analysis of three-dimensional ideal gas flows

Hiroki MASUDA
Asymptotics for functionals of self-normalized residuals of discretely observed stochas-
tic processes

Naoyuki KAMIYAMA
On Counting Output Patterns of Logic Circuits

Hiroshi INOUE
RIPless Theory for Compressed Sensing



MI2013-6

MI2013-7

MI2013-8

MI2013-9

MI2013-10

MI2013-11

MI2013-12

MI2013-13

MI2013-14

MI2013-15

MI2013-16

MI2014-1

MI2014-2

MI2014-3

MI2014-4

Hiroshi INOUE
Improved bounds on Restricted isometry for compressed sensing

Hidetoshi MATSUI
Variable and boundary selection for functional data via multiclass logistic regression
modeling

Hidetoshi MATSUI
Variable selection for varying coefficient models with the sparse regularization

Naoyuki KAMIYAMA
Packing Arborescences in Acyclic Temporal Networks

Masato WAKAYAMA

Equivalence between the eigenvalue problem of non-commutative harmonic oscilla-
tors and existence of holomorphic solutions of Heun’s differential equations, eigen-
states degeneration, and Rabi’s model

Masatoshi  OKITA
Optimal decay rate for strong solutions in critical spaces to the compressible Navier-
Stokes equations

Shuichi KAWANO, Ibuki HOSHINA, Kazuki MATSUDA & Sadanori KONISHI
Predictive model selection criteria for Bayesian lasso

Hayato CHIBA
The First Painleve Equation on the Weighted Projective Space

Hidetoshi MATSUI
Variable selection for functional linear models with functional predictors and a func-
tional response

Naoyuki KAMIYAMA
The Fault-Tolerant Facility Location Problem with Submodular Penalties

Hidetoshi MATSUI
Selection of classification boundaries using the logistic regression

Naoyuki KAMIYAMA
Popular Matchings under Matroid Constraints

Yasuhide FUKUMOTO & Youichi MIE
Lagrangian approach to weakly nonlinear interaction of Kelvin waves and a symmetry-
breaking bifurcation of a rotating flow

Reika AOYAMA
Decay estimates on solutions of the linearized compressible Navier-Stokes equation
around a Parallel flow in a cylindrical domain

Naoyuki KAMIYAMA
The Popular Condensation Problem under Matroid Constraints



MI2014-5

MI2014-6

MI2014-7

MI2014-8

MI2014-9

MI2014-10

MI2014-11

MI2014-12

MI2014-13

MI2015-1

MI2015-2

MI2015-3

MI2015-4

MI2015-5

MI2015-6

Yoshiyuki KAGEI & Kazuyuki TSUDA
Existence and stability of time periodic solution to the compressible Navier-Stokes
equation for time periodic external force with symmetry

This paper was withdrawn by the authors.

Masatoshi OKITA
On decay estimate of strong solutions in critical spaces for the compressible Navier-
Stokes equations

Rong ZOU & Yasuhide FUKUMOTO
Local stability analysis of azimuthal magnetorotational instability of ideal MHD
flows

Yoshiyuki KAGEI & Naoki MAKIO
Spectral properties of the linearized semigroup of the compressible Navier-Stokes
equation on a periodic layer

Kazuyuki TSUDA
On the existence and stability of time periodic solution to the compressible Navier-
Stokes equation on the whole space

Yoshiyuki KAGEI & Takaaki NISHIDA
Instability of plane Poiseuille flow in viscous compressible gas

Chien-Chung HUANG, Naonori KAKIMURA & Naoyuki KAMIYAMA
Exact and approximation algorithms for weighted matroid intersection

Yusuke SHIMIZU
Moment convergence of regularized least-squares estimator for linear regression model

Hidetoshi MATSUT & Yuta UMEZU
Sparse regularization for multivariate linear models for functional data

Reika AOYAMA & Yoshiyuki KAGEI
Spectral properties of the semigroup for the linearized compressible Navier-Stokes
equation around a parallel flow in a cylindrical domain

Naoyuki KAMIYAMA
Stable Matchings with Ties, Master Preference Lists, and Matroid Constraints

Reika AOYAMA & Yoshiyuki KAGEI
Large time behavior of solutions to the compressible Navier-Stokes equations around
a parallel flow in a cylindrical domain

Kazuyuki TSUDA
Existence and stability of time periodic solution to the compressible Navier-Stokes-
Korteweg system on R3

Naoyuki KAMIYAMA
Popular Matchings with Ties and Matroid Constraints



MI2015-7

MI2015-8

MI2016-1

MI2016-2

MI2016-3

Shoichi EGUCHI & Hiroki MASUDA
Quasi-Bayesian model comparison for LAQ models

Yoshiyuki KAGEI & Ryouta OOMACHI
Stability of time periodic solution of the Navier-Stokes equation on the half-space
under oscillatory moving boundary condition

Momonari KUDO
Analysis of an algorithm to compute the cohomology groups of coherent sheaves and
its applications

Yoshiyuki KAGEI & Masatoshi OKITA
Asymptotic profiles for the compressible Navier-Stokes equations on the whole space

Shota ENOMOTO & Yoshiyuki KAGEI
Asymptotic behavior of the linearized semigroup at space-periodic stationary solu-
tion of the compressible Navier-Stokes equation



