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9;:=<?>A@CB;DFEHGJIJK?LCMON;PCQRG;ITSRUWVXBTYXZ8[]\;^`_Oa8bdcfeTgdD
. h Iji5k , l IRSUWVdInm�opLHInE=\qbsr;Z;t

. uqv PTg`wOx=E=GXIny{z , h IO|s}q~ Navier-Stokes �{�=� In�=�|�}�i{c�e`�=����<nY �W�-� \8D . l InV=G�BW�W�{_Oa;IC�T�jD;i5kW~ , 1960 �=�R� I Finn
I`�

�;Is�J�{�O�jt��]����[�\JeRgHe
([11], [31], [33], [35]

Pj�sb� =¡
), ¢ In£R¤=¥;Is¦O§OxqI{|5}qI��Pj[©¨OEH\XI`ª«cpg?¬{

, ® GH�J<R~sV=GJIs¯O° (wake region)
IO±s�;L{Is²=³O´TaAInµJgHB{¶

[�·J< � \XeRg�D .
� � ,

V=G;IR¸C¹»ºf¼�½¾y{zq~
, l I`V{¿{À=Á;I{¶`Â � <Jº`·{·=Ãj[Ä¨T�;�JIÅ?Æ B`ÇdPCg

.
¸?¹AI5È{ÉjbÊ�J�=�J<�Ë8Ì=Dn^�Z

,
V�GX~`�T�{_{aRÍ=¨

,
�HYXPnÎOÏOÐ

ω
LH¸`¹{_

adIT�R�»D;i�cCt8½
.
¸W¹TÑ=ÒXÓd<;tqoÔ_=a �{�J� b`Õqk`Ö-cFeW�=YXP?�=�T×=Ø8<CÙqÚ�D?|`}j<ÛTÜ � ÍÝDXi ,

E�GJI?ÏOÐHyd<?ÞRß{�jDfà{áHâRãJä{ÞRß=åX~
,

L = −∆− (ω × x) · ∇+ ω× (0.1)
iÊPXD

.
|5}dIOæ�çd~

1 è I�ã=äOÞRß{å (ω×x) ·∇
IT^=ZR<`ÞTß{å

L
In�H�=�sx�é�B

Laplace
Þ

ß{å;I l \d<nê=�Jenë8<nì«��P;D5íA<OîXD .
cÊ·1c�³ � , l I{ænçABCÇ�c]¨=ïRðHñ � \APOBÝ[ , ¢In£O¤�òO²�³{´{aAB`�J�-[Ä\XeXkT^

. ó{ôHõ L�~ , [7], [23]
bOK?öX< l In÷Xøqb�ù=�jD .

Y{ú ¢ <ï{g=eH~
R. Farwig û , ü=ý`þ Ø ¢ (

Y{ú ¢ Inÿ�Y?x )
<`ï{gHe=~�������� û iÊI	��
F�J�JLHî�D .

D ⊂ R
3
~� [Ê·HP��=N

∂D
b�ºÊïT�H�W×HØ iÄ�jD

.
V�G

(≡ R
3 \D)

IO¸`¹��;~C���Rx1b��AÃ
¨A<

y3-
�-i{c

, ��� eO¸?¹{ÎOÏOÐ�b ω = (0, 0, a)T
i]�1D

. a ∈ R
~?YW�;L=îJD

. ü�� t
L`EHGJI

�`ZJD ×HØ8b
, D(t) = {y = O(at)x; x ∈ D}

i�Ù»�
.
^��1c

, O(t) =

 

cos t − sin t 0
sin t cos t 0
0 0 1

!

.
EHGXI

ÏOÐ
u(y, t)

i����
p(y, t)

~
, Navier-Stokes �O���

∂tu+ u · ∇yu = ∆yu−∇yp, div yu = 0
b
y ∈ D(t)

i
t > 0

<� «cfe�!d^»c
,
�HN�"�#XÙ�t�$�%'&�"(#

u|∂D(t) = ω × y, u→ 0 (|y| → ∞), u(y, 0) = u0(y) (y ∈ D)
B�)qÌd[�\8D

. * � *(+ y = O(at)x, p(y, t) = p′(x, t)
Ù8t,$

O(at)T
(
u(y, t)− ω × y

)
= u′(x, t),

î�Dng�~
O(at)Tu(y, t) = u′(x, t) + ω × x = ũ(x, t)

<Jt�o
, D - IO|s}8< ÛRÜ � ÍÝt8½ ([2], [21]). (u′, p′)

<� «cfe=~




∂tu
′ + u′ · ∇u′ = ∆u′ − 2ω × u′ − ω × (ω × x)−∇p′ (x ∈ D, t > 0),

div u′ = 0 (x ∈ D, t ≥ 0),

u′ = 0 (x ∈ ∂D, t > 0),

u′ + ω × x→ 0 (|x| → ∞, t > 0),

u′(x, 0) = u0(x)− ω × x (x ∈ D)

(0.2)

1



i5P o
, Coriolis

I�
−2ω × u′

B � \1D?B
,
9X:��dL�� þ �»D �=N�"(#AB þ kOP{æsç�LJîJD .

�
� , (ũ, p′)

<� -cÊeH~




∂tũ+ ũ · ∇ũ = ∆ũ+ (ω × x) · ∇ũ− ω × ũ−∇p′ (x ∈ D, t > 0),

div ũ = 0 (x ∈ D, t ≥ 0),

ũ = ω × x (x ∈ ∂D, t > 0),

ũ→ 0 (|x| → ∞, t > 0),

ũ(x, 0) = u0(x) (x ∈ D)

(0.3)

< Û Í-[Ô\dD5B
, � MTNJP��O�qbOº�ï	�TE�
 (ω×x)·∇ũ

b�¼�½
. h I�
J~� è LO~RîOD5B ,

ÎCÏTÐ
ωBW^�i�Ì�� � ��eXº]wTx�
 ∆ũ

·�[ I��HP=D��RaÝi����O� h if~CL{kCP`g . h I h i�b ,
YRú?Ùdt $

� YWúRI�� óC¢ I������=L ��¶qcFtA½ . v ¨ , (0.1)
I5ÞCßCå

L
I�� ó?¢ Γ(x, y) = (Γjk(x, y))

~ � I
(1.4)

I�t;½]<�)�ÌX[ \dDFB
, ω = 0 (Laplace

ÞCßCå
)
I�y`z i"!=Pqo

, # í%$	& |Γ(x, y)| ≤ C/|x−y|b
, x, y

B l \('T\qîXD�)�Y;I �+* <�,�gR9X:��.-�/«�=i`kO<�0 � PRg ([8], [22]). 1(2 , 3 Ì�4
xρ = (ρ, 0, 0)T , yρ = (0, ρ, 0)T

i�58D;isk
, 6 ·1[FI%$�&

Γ33(xρ, yρ) =

∫ ∞

0
(4πt)−3/2e−ρ2(1−sin at)/2t dt ≥ C

√
|a| log ρ

ρ
(0.4)

B�7.8;I
ρ > 1

<� -cfe�9�o�:Tï
. ; < , � Y{ú�|5}qI	� óR¢ <`ïHg=e , <>=Xý R

3
<CÙ{gHe

(0.1)I?Þ{ß{å
L
B
Lq =;ý- L�?@9{�»D%A�B

(TR3(t)f) (x) = O(at)T
(
et∆f

)
(O(at)x) (0.5)~

, ω = 0 ( C A	B et∆)
I`yOz i�!;PÝo

, ¢ED A�B;L�PCg ([21], [10], [9]).�=�X|s}
(0.3)

îXD5gJ~
(0.2)

I�F ¢ xq~ , G I1i h @ , [2], [21], [15], [18], [23]
<JtqoIH � \XegAD

. J %AI�K@Lq~ Borchers [2]
<JtOD M ¢ ,

�APRÃENRîJD�OdI�P@Q@�+R`�@SO¥ � b !d^1c �R�=�b�T+Us�dI	8(V{L�!A^?� ¢ L=î�D . W ú=I Navier-Stokes �O�=� i�
�¬8< ,
M ¢ IC��8Oxq~`äJ·Ý[PCg

. lqh L	X�Y [21]
~

,
��8 ¢ b üHý[Z�\ ��<�]^9�c�^ .

% &+Us�qI�-[�· � ~ u0 ∈W 1/2
2 (D)L=îXD

. [21]
I�%'&_Un�AI�� [�· � b�`j�n<R~ , L2

I%ajb TjÌ?e
, Giga-Miyakawa [19], Kato [25]IXt8½�<

Lq

L	b�cO�jDXi`tFg
. 1>2 , Geissert-Heck-Hieber [18]

~
,
% &dU5�

u0 ∈ Lq(D), q ≥ 3,<  c�e
,
��8AP üHý[Z�\O¢ I?£T¤»b H�c�^ .

; < , ü=ýCþ Ø ¢ bnrdZ�DT<O~ , l I@eTE-i=cfeTYHúJ|5} (1.1)
I ¢ b��OïqÚ�D h iÊB J %dI@fgih�j L=îJD

. hRh L ,
YHú ¢ i�~ , k I5Ñ{ÒXÓ=LH~nVHGXIT¸`¹«i�
ml]m & 2π/|a|

b�ºfï ü=ý m &
¢ b�8dVC�1D . Galdi [14]

~
,
� � gRÎOÏ{Ð ω

<  cÊe
, |u(x)| ≤ C/|x|

b�!d^?��Y=ú ¢ IC��8O£¤jb�H«cÊ^
.
� ó{¢ I 6 ·Ý[fI	$@& (0.4)

<;ºs·H·{Ã»[©¨
, h Idt�½ P5²�³O´{aXB�n«[�\J^ h i5~8O�AL=î � ^{B , h I�o^p;~ , (0.4)

b !d^`�
(x, y) ∈ R

3 ×R
3
I�q�z;B � ú;<%� � g=^=ZO< , y

<
ïHg�e

D - L Æ äR�»DXi l InÈ{ÉdB � \;PTg=I'�ji�¿ ¢�� \1D . Farwig
i�X@Y

[7]
~

,
tdo"r�g

sXíJL
[14]
I�K^L1b�Ë1Ì`Ö«cf^

. 1t2 ,
���8b

f = div F
iHcFe

,
ÎOÏ=Ð

ω
i
F ∈ L3/2,∞(D)B�� � g i5k , u ∈ L3,∞(D)

PJD�u^v�f{ITY{ú ¢ BW�@8q<s£R¤=�1D h inb�H«cÊ^ .
^'�»c

, Lq,r

~
Lorentz =;ý ,

)A<
Lq,∞

~�M
-Lq =Jý L=îÝo , W ú�I Lq =Jý I 1@wAý <Jt � e�n«[Ä\jD .

Galdi-Silvestre [15]
~

, [14]
I`YOú ¢ I5m�oÄL�x ¢ b ü{ý`þ ØJ��<�]@9«c ^ . hRh L ,

YOú ¢ <�)Ì`^�% &�yEzJ~
L2

L{I[A�BAI	?�9HÞTß{å�I?Y�{TØ
(2.1)

<%|�c�eWg{e
, l I % &�yEz�I W 1

2 -normiÄÎ{ÏHÐ
ω
~	� � g . t → ∞

I8ink
, h I þ Ø ¢ ~WY{ú ¢ - Dirichlet-norm

<Xtqo"}E~O�»D`B
,

l I?Ï � ~Cr;Zj[Ä\;eOg�PTg .
� ���(� û i�X^Y [23]

~
,
tdo ���c g�%(&^ytz;I(u>v�f{IdºXi

,

üHýWþ Ø ¢ IWY=ú ¢ -;I	}E~AI`Ï � bnrAZXDAi�g�½ÔíJL [15]
b=t�o����j<s�»D h i`b�����< ,

A
BAI

Lp-Lq

$^&jb�H«cÊ^
.
K@L�i{cÊe

, [15]
i5~	!APJD üHýWþ Ø ¢ £O¤JYR¿�b �(:�L�k�D .
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1
�����

L
b

(0.1)
L�)qÌd[Ä\jDfâOã�äHÞOßHå�iHcfe

,
Y=ú=|n}

Lu+∇p+ u · ∇u = f, div u = 0 (x ∈ D); u = ω × x (x ∈ ∂D) (1.1)

b��8Ì�D
. Galdi [14]

~
, f = 0

L
|ω|
B��{ä>� � gÝink , |u(x)| ≤ C|ω|/|x|, |∇u(x)| + |p(x)| ≤

C|ω|/|x|2
I;t�½p<
	��H�jD ¢ (u, p)

B?��8X��<5£R¤H�1D h inb H«cf^ . [7]
L=~

, h I # í[$@&jb¿ ¢ �8Ds^=ZO< ,
Us� =�ý bFßHgAD h iF<�t � e , � [Ê<�r=g���=·j[ [14]

I%K�LXBsË�ÌnÖ � \�^ .^(�Ýc
, f ∈ Ẇ−1

q,r (D)
iF~

, f = div F , F ∈ Lq,r(D)
I h iÊL�îJD ([29]).

���
1.1 ([7]) f ∈ Ẇ−1

3/2,∞(D)
i]�jD

. |ω|
i
‖f‖Ẇ−1

3/2,∞
(D)

B��Rä^� � gÝi�k ,

|5}
(1.1)

<  �c
e

, u ∈ L3,∞(D), (∇u, p) ∈ L3/2,∞(D)
PXD�u>v�f{I

(
TdUn�AI	8.V{LHI

) ¢ (u, p)
B?��8X��<5£

¤�cÊe
,

$@&
‖u‖L3,∞(D) + ‖(∇u, p)‖L3/2,∞(D) ≤ C

(
|ω|+ ‖f‖Ẇ−1

3/2,∞
(D)

) B�9�o :Tï
.

YO¿
1.1
I��d¶HI ó éJ�R�=äd~ , (∇u, p) ∈ L3/2,∞(D)

PXD^uEv�f=L=I`àHá�¿Ec;LXî;D
. 1 ~ ,

Lorentz =;ý L?Ë8Ì�Dn:-o ,
à{áq|5}

Lu+∇p = f, div u = 0 (x ∈ D); u = 0 (x ∈ ∂D) (1.2)

I ¢ In£R¤ ,
�@8Tx

, Lq,r-
$^&dIn�=��eHB�9(:C�jD`^=ZRItu^v�fji=c�e

, =;ý L3/2,∞(D)
~��?NXL

î1o
, h I h i5~n�=�A|s}8<�)HMXLJîXD .

�=�T×=Ø;L=InàHá=¿^cjb �_:T�1DT<O~
, <t=;ý R

3 - Ià{áq|5}
Lu+∇p = f, div u = 0 (x ∈ R

3) (1.3)
<  O�jD

Lq-
$^&AB��

1 �Jè L=îJD .
�qPRÃEN

, f ∈ Ẇ−1
q (R3)

<� R�1D
(∇u, p)

I
Lq-
$�&dB��=ø

L=îXD
. v ¨ , f ∈ Lq(R

3)
<  {�jD

(∇2u,∇p)
I
Lq-
$^&dIs�J�XB���/�cf^

([8]). 1 < q <∞
i

�jD
. v ¨ ,

|n}
(1.3)

I����
p
~
ω = 0

I`y{zAI
Stokes

|5}�I l \-i,
 lfL�îJD?·1[ , ó é��<R~ �{�=� Lu = f
I ¢ I���	HÇ_U`� f

<� R�»D�$^&
‖∇2u‖Lq(R3) ≤ C‖f‖Lq(R3)

b�HOÍ+4At�g
.

l Idt�½ P f
<� R�»D ¢ ~ , u(x) =

∫
R3 Γ(x, y)f(y) dy

I;t8½ <R¶	H � \ , l I Æ ä�� Γ
~

Γ(x, y) =

∫ ∞

0
O(at)TEt (O(at)x− y) dt (1.4)

iFP;D
.
^'�»c

, E(x) = (4π)−3/2e−|x|
2/4, Et(x) = t−3/2E

(
x/
√
t
) i ÙHg�^

. Riesz *(+ I Lq-
M

NWx�tdo
,
Æ äHÞRß{å

(Tf)(x) = −∆u(x) =
∫

R3 K(x, y)f(y) dy
B
Lq-
M{NXL=îJD h i`b HOÍ�4;tg

. l I Æ ä�� K
~

K(x, y) = −∆xΓ(x, y) =

∫ ∞

0
O(at)Tψt (O(at)x− y)

dt

t
(1.5)

LXîAD
.
^���c

, ψ(x) = −∆E(x), ψt(x) = t−3/2ψ
(
x/
√
t
) iÊÙJgX^

.
� ó=¢ Γ

I�$E&
(0.4)b��»Dqi

, (1.5)
~

Calderón-Zygmund
á8I Æ ä���LX~�POg1t»½Ê<��jÌXD

. q ∈ (2,∞)
<� =�

D
Lq-
M�NHx1I��q¶JI ��� ~ , v ¨ ξ- =�ý I 2

�Xä ¢ b?ß;g;e ,
Þ�ßXå

T
b
{Tj}j∈Z

<Cä ¢� D
. ; < , # Tj

b
Hardy-Littlewood

I
maximal function

i
Littlewood-Paley

I
square

3



function (Sv)(x) =
(∫∞

0 |(φs ∗ v)(x)|2 ds
s

)1/2 b � � e�$E&�c , ‖Tjf‖Lq(R3) ≤ C2−2|j|‖f‖Lq(R3)b��«�
.
^ ��c

, {φs}s>0

~ ∫
R3 φs(x)dx = 0,

Ù»t�$ ∫∞
0 φ̂s(ξ)

2 ds
s = 1 (ξ ∈ R

3 \ {0}), v ^
supp φ̂s ⊂ {ξ; 1/(2√s) < |ξ| < 2/

√
s}
b�!A^C���' ��dP���	HÇ_U`���;LJîJD

.
ÞRß=å

-norm
<Jt

D }E~
	H�
T =

∑
j∈Z

Tj

<Xtqo
, T
~
Lq(R

3) - I?M{NHÞOßHå�iHcfeTY;Z8[Ä\jD .

2 è ãJä ∇2u
I�$^&���G;~WÖ�8<{~nßJg [�\dPWg�B

,

il�����IdºXiFL -�� I����qb���� � ÍDXi

, (∇u, p)
I
Lq-
$�&dB�H � \jD .

���
1.2 ([22]) 1 < q < ∞, f ∈ Ẇ−1

q (R3)
ip�1D

. h I»ink ,

|n}
(1.3)

<� cFe
, ¢ (u, p) ∈

Ẇ 1
q (R3) × Lq(R

3)
B?£O¤�c

, h I(uEv�fJ<?Ù=g�e u
<	 {�1D

ω
ITYT���qI?µJgdb�`Og�eW��8AL

î�D
. v ^ , h I ¢ ~%$@& ‖(∇u, p)‖Lq(R3) + ‖(ω × x) · ∇u− ω × u‖Ẇ−1

q (R3) ≤ C‖f‖Ẇ−1
q (R3)

b�!
^`�

. hOh L ,

YT�
C = C(q) > 0

~
f
IC�;P8[Ä¨

|ω|
<;º���[ÊPTg

.

YW¿
1.2
i 
�¬AP�K�L

,
�XPWÃ>N ¢ I5£C¤ ,

�[8Cx=Ùqt $
Lq-
$[&

‖(∇u, p)‖Lq(D) ≤ C‖f‖Ẇ−1
q (D)Bs�O��|F}

(1.2)
<, c e�9E:C��DsIO~

, 3/2 < q < 3
I�iFkT<?:JD

([22]). � : n/(n−1) < q < n

( =Aý�;^k n ≥ 3)
~

, W úJI Stokes
|`}

(ω = 0)
<� �cFeJ~

, Borchers-Miyakawa [3], Galdi-

Simader [17], Kozono-Sohr [27], [28]
<;tqo�¶1[Ê·J< � \ , J �OLJîXD .

cf·Ýc
, � : q > 3/2 =

n/(n− 1)
IR^�Z{<

, Lq-
¿^c �JÚCLTYHú

Navier-Stokes
|5}

(1.1)
b ¢ � h iF~RLJkRPCg . h I hif~

, 3 ;[k �O��|�}>)OMJITæ�ç;LHîHD . L3/2

LO~��R�! ?e
,
� 6 I`YC¿ 1.3

I%8tV{LRI�F ¢ xXB�n[]\dPCgJIRL
,
à{ád|s}dB ¢ ÚHD=t�½ <@Un� =;ý bFÇ�c�>d@�" ,

·Cï l I =Jý ~ � à{áOx8<Xtdo �#��J<�$_4s\8D{ºsIOL{Pd�ÊeH~OP�[fPWg
. ω = 0

I8i5k
, =�ý L3/2,∞(D)

I=K`L	b�cXBn�H��e�½ v� g»� h inb Kozono-Yamazaki [29]
B�H c

, � [�<�VHGJB?�W�O�1D�yRz»º (
�W�OÏ{Ð

→ 0
L{I ¢In´Oa�b�b>cO�1Dn^=Z{<

) Shibata-Yamazaki [37]
<Jtqo =Xý L3/2,∞(D)

B&%�$Tß=g [©\J^
. ; IYC¿d~

, =Jý L3/2,∞(D)
º�'qZWe

,
|�}

(1.2)
I ¢ In£R¤ ,

�[8Rx
,
$�&8bF�=��e�H cJ½ÊD

Lorentz

=Jý ~�(dL=îXDn·;bC¶»[�·J<�cÊ^Aº?IRLJî1o , ω = 0
I`yOzdI

[29], [37]
I	K�LdI�)+*HL�îJD

.
���

1.3 ([7]) (q, r)
~

(i) (q, r) = (3/2,∞); (ii) 3/2 < q < 3, 1 ≤ r ≤ ∞; (iii) (q, r) = (3, 1)I{g{¨J\d·db !8^�c
, f ∈ Ẇ−1

q,r (D)
if� D

. h IÝi?k ,

|C}
(1.2)

<� �c�e
,

�E8 ¢ (u, p) ∈
Ẇ 1

q,r(D)×Lq,r(D)
Bn£C¤«c

,

$[&
‖(∇u, p)‖Lq,r(D) +‖(ω×x) ·∇u−ω×u‖Ẇ−1

q,r (D) ≤ C‖f‖Ẇ−1
q,r (D)B�9�o :Rï

. h{h L ,

YC�
C = C(q, r, a0) > 0

~
, a0 > 0

b 7.8�<�)qÌ=D�,Xis<
, |ω| = |a| ≤ a0L=îXD

ω
<?ïHg�eC�T¬�<�5R\1D

.

�d¶HI`÷+-�b
, J º�.=ødP (q, r) = (3/2,∞)

I`yHz8<`ù=�»tj½
. v ¨ ,

YT¿
1.2
bnß�gJe 1�w

ý �»D h i5<At�o , Lorentz =Aý L�I�
s¬8P�K�LdB[n [p\1D .
)q<

(q, r) = (3/2,∞)
Iji`kRI�K

L8bsßJgHe
, <E=Xý R

3
Ù8t�$TMHNW×=Ø

D ∩Bρ

LHI ¢ b cut-off
Us�8<Xtqo/�0 � ÍAe&13254!67

, 8�9!:<;>=<?@= parametrix A<B�C+DFEHGJI&K . L�MON , Bρ = {x ∈ R
3; |x| < ρ}. PF=�QFE ,

divergence =SRTA�UFV�WXK<LFY�E , Bogovskĭı [1] =�Z�[TA�\F]^K . P�=`_<a
= parametrix (v, π)b
, Lv + ∇π = f + Rf , div v = 0, v|∂D = 0 A�c>L&W . L�MdN , Rf

b
f eOfhg+i!Kkj+l�m!no 2

, Pp=
q b compact n o K . r�s Ẇ 1
3,1(D) ↪→ L∞(D) _ Fredholm =Ht�u`A�v+\�WdKpw+_

Eyx 2 , I + R
b
Ẇ−1

3/2,∞(D) E�z�]F{
|�}^~��p��\p�>AF��GXwy_����!e�K (q < 3/2,
o K<] b

q = 3/2 n�� r < ∞ =X_Sa b , f ∈ Ẇ−1
q,r (D) _�N�{>� Rf ∈ Ẇ−1

3/2,∞(D)
b������ K&� , ���`E

Rf ∈ Ẇ−1
q,r (D) np~
] ). wT��N�{ , L3/2,∞- ���XA�c�L&W�:S; (1.2) =<?��&��f � K . ���^=
g
�

C > 0 � |ω| ∈ [0, a0] ES��f�~&]@wF_
b

, ������tp�pn ����� K . w<=&�+� b , parametrix A 2 �
GdI�K Shibata-Yamazaki [37] =����^AS�����+ +E@N�L���=�n o K .
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2
�������

D �+n solenoidal n o�� {
	����y� C∞0 (D) E��WXK���������� u = (u1, u2, u3)
T =��pC@A

C∞0,σ(D) n o f 6 W . 1 < q < ∞ _�Nk{ , C∞0,σ(D) = Lq(D) EHz���K�� �"!TA Jq(D) _ WXKy_ ,

Helmholtz �H? Lq(D) = Jq(D)⊕
{
∇p ∈ Lq(D); p ∈ Lq,loc

(
D

)} �#� 2%$ G ([13], [32]). Jq(D) &
=��'&F=#( )`A P n o f 6 W�_ , Stokes �
\�� A

b
, Dq(A) = {u ∈W 2

q (D)∩ Jq(D);u|∂D = 0},
Au = −P∆u Eyx 2 g+* ��� K . Jq(D) �p=���\�� L A

{
Dq(L) = {u ∈ Dq(A); (ω × x) · ∇u ∈ Lq(D)},
Lu = PLu = −P [∆u+ (ω × x) · ∇u− ω × u]

(2.1)

_�g *�WTK . i�, , q = 2 =`_�a , [20] EFx � { −L b J2(D) �+=#-".�/�0 {T (t)}t≥0 =
12����\
�+n o K�w+_ � ����� L . 3`E#4�5+L�x`��E , wH='/
0 b ?�6!D�n�~
] . [21] n b , w&=�w+_ �
�7�8

R
3 �p=2/�0 (0.5) E#9JNh{ �J� � L . Farwig-Neustupa [10], Farwig-Nečasová-Neustupa [9]b

, � 7:8 = ;y~`f<,�8�9!:<;@E�9�N�{^� , 1 �F��\p�y= spectrum A>=�5yL . ?�E ,
7@8

Jq(D)

�Fn�=BA�C spectrum
b

, q ∈ (1,∞) E��3fD,@E σess(−L) = {λ = µ+ ika; µ ≤ 0, k ∈ Z} _S~2
, E � { T (t)

b ?�6yD�np~�] . w<=�wy_ b , F"G�m (ω × x) · ∇u EFx�K�HJILK!=�M�[^=�N � no K . N�eXN , O�C�m ∆u � o KH=�n'/
0 T (t) �+P�Q
CTA�| � ~
] b , b ~@I , RpQ , � 7@8 R
3

n�='/
0^E�9JNk{ b , S'TVU<� f �+QJfhe�n�~@Ik{^� , t > 0 E�z�]�{ TR3(t)f �'W�Xp= Sobolev7Y8 E#ZTK�wF_ � (0.5) =B[ � eXf �+e!K . [21] =+\�] b , 8�9+:<;�=<?!edf<^y=yx`��~+P'Q2!�M
[TA2_+a'`XN�L>w!_kn o K : f ∈ D2(A

δ) ~TfLa t > 0 EB9�Nk{ T (t)f ∈ D2(A
α) n ocb , ���

‖AαT (t)f‖L2(D) ≤ Ct−α+δ‖f‖D2(Aδ) (0 < t < 1) ��� b $ G . L�MXN , 0 < δ ≤ 1/2, δ ≤ α ≤ 1 no K . Fujita-Kato [12] d e , ?'6@/B0`A \�]�L�f2g
?�=>h���� bBi Ikj�\ � � {pa&L�� , l�m>E>n
\+~�= b ?�6'C!P �po CFn b ~^I , P � eTf�=
q
Zyn o K t = 0 =�r�Ikn�=
P'Q
C�����n o K . /
0 T (t) =<���3_ts'u"K�m�= D2(A

δ) np=<���TA�vw; 4^6 7 K!_ , (0.3) =�x 8 f'g�?XA<�'yyD+E
h��!nFapK . (0.3) =Bz�}�{2| b ũ|∂D = ω× x = −1

2 rot (|x|2ω) _~}V��KH=�n , 0 ≤ ζ ≤ 1 e
G+z�}
∂D =�r ��n ζ = 1 _�~yK ζ ∈ C∞0 (R3) A+��g�N , b(x) = −1

2 rot {ζ(x)|x|2ω} _�z�]�{ , (0.3) =
ũ E�9JNk{+�!Y�{ u = ũ− b A#���pK . w�=`_Sa , u =�c^L�W'����� ��� b ,

u(t) = T (t)(u0 − b)−
∫ t

0
T (t− τ)P [F (b) + (u · ∇b+ b · ∇u+ u · ∇u)(τ)] dτ (2.2)

_ ~yK . L�MXN , F (b) = Lb+ b · ∇b.
� �

2.1 ([21]) u0 − b ∈ D2(A
1/4) _�W`K . w<=T_Sa , T > 0 �
�2� N�{ , �'��� (2.2)

b � y�?
u ∈ C ((0, T ];D2(A)) ∩ C

(
[0, T ];D2(A

1/4)
) AF�kG .

7w8
Jq(D) n b , /
0^=
1 � o C+�B� Nh]p:�;^n o�� L . Geissert-Heck-Hieber [18]

b
, Hille-

Yosida =�1+�pg&t!E b#� f%,�E , B�C�DpE resolvent (λI +L)−1 A�h'��N ,
� f�E Laplace �+�`A� Nk{�/�0 T (t) ��B�C�D+E��yY�{ , w � =�1 ����\��+=�g * ��� (2.1) n��pg ��� L�x@��E�~FK

wF_�A��^e�Y+K+_�]��%�+��n , ^F=
g�t`A � NhL . i�L���r , Shibata [36]
b Pp=S�p�+�+A#�V�&L .

� �
2.2 (Geissert-Heck-Hieber [18], Shibata [36]) 1 < q <∞ _ WTKy_<a , (2.1) =&��\�� L b7Y8
Jq(D) �pn'/�0 {T (t)}t≥0 A#12��WTK .

(2.5) =�?^E t = 0 =
rOI�n�=2P'Q
C����O����f � KH=�n , ^F=+f2g�?��'�Fg�t+� ����� K .
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� �
2.3 (Geissert-Heck-Hieber [18]) 3 ≤ q ≤ r < ∞, u0 − b ∈ Jq(D) _ WXK . w<=T_<a , T > 0

���'��Nk{ , � �Y� (2.2)
b �2y�? u ∈ C

(
(0, T ];W 1

r (D)
)
∩ C ([0, T ]; Jq(D)) Ap� G .

^^E , x 8 � ��?3_kPF=��Yr����@A , g��&?>=	�pg2C3_�=�U	
�=��
n+�J�pK . (0.3) =�g�&?dA
(us, ps) n

o f 6 W . Galdi-Silvestre [15]
b

[14] =�g��H?>=�� b n�� y�~ x 8 � ��?XA�h��3N�L .

(0.3) = ũ E�9JNk{+�!Y�{ u = ũ− us _hzXI�_ , w�= u EB9�WTKH:S; b

du

dt
+ Lu+ P (u · ∇us + us · ∇u+ u · ∇u) = 0, u(0) = u0 − us. (2.3)

� �
2.4 (Galdi-Silvestre [15]) u0 − us ∈ D2(L) _ WXK . |ω| _ ‖u0 − us‖W 1

2
(D) �	���'. � ]O_

a , (2.3) =��2y�? u ∈W 1
∞ (0,∞; J2(D)) ∩ C

(
(0,∞);W 2

2 (D)
)
∩ C

(
[0,∞);W 1

2 (D)
) ���'��Nk{ ,

limt→∞ ‖∇u(t)‖L2(D) = 0.

�������	� _���� [23]
b

, g���?�=���r���g�C�_��yE ��!p=�"$#�=�% � ���+Y
L . S T$�! b .� ]O_�WTKH� , P�=2QJf�e � A'&FgJN�~�] . us A�g
t 1.1 n���f � L�g��&?�_�N�{ , (2.3)
b g
t

2.2 ='/�0 T (t) A�\F]�{������ �Y�

u(t) = T (t)(u0 − us)−
∫ t

0
T (t− τ)P (u · ∇us + us · ∇u+ u · ∇u) (τ) dτ (2.4)

E#}�aBl ��� K . ?'6!=
\'] b�(�) DpE b Lq- t�uFn
o K<� , (2.4) Ah?�I�E b Lq MY�Hn b �$*y=

9��@A,+^Y`f � ~
] . P�=&9���_ b , u�K�m u · ∇us + us · ∇u =�-!]�n
o K . P�=,.p� ( g��H? )

=@��/	0 ∇us ∈ L3/2,∞(D), us ∈ L3,∞(D) x b , wH=Bu"K�m`A� $1^~�2���_�Nk{ Lq- t�u!M:��n
- ��wy_ b nFa�~
] . Yamazaki [38]

b
, Lorentz

7@8 AS\p]p{�3�u�WXK!_&wH=!x`��~4.p�`AF� G
u�K�m>A�52\�9Fedf�=627��_�Nk{�879FD&�F +E'-���K�w+_<A��Tf�epE@N�L .

P@wHn , Borchers-Miyakawa [4] EBE � { , solenoidal ~ Lorentz
7:8

Jq,r(D) A�: Z N , g
t
2.2 ='/�0 T (t) A , R�; 8 E+x b Jq,r(D) �p='/�0@E,<�=�W`K .

� �
2.5 ([23]) u0 − us ∈ J3,∞(D) _ WTK . g
� δ > 0 ���'�3Nk{ , |ω| + ‖u0 − us‖L3,∞(D) ≤ δ

~Tf>a , ����� (2.4)
b ��y�? u ∈ BC ((0,∞); J3,∞(D)) AF��G . S�T�{�| b , J3,∞(D) =>�&n

w∗–limt→0 u(t) = u0 − us =�y@?pn&c>L �h� K . q ∈ (3,∞) A'A@y`E+�J�FK . w&=d_�a , g
�
δ̃ = δ̃(q) ∈ (0, δ] �
� � Nk{ , |ω| + ‖u0 − us‖L3,∞(D) ≤ δ̃ ~`f>a , �pnH�yL�? b AYy!= r ∈ (3, q)

E#9�Nh{ u ∈ C ((0,∞); Jr(D)) _ ~ � { , ‖u(t)‖Lr(D) = O
(
t−1/2+3/2r

)
(t→∞).

3�uy=6B�C�9�� b , /�0 T (t) = Lp-Lq ��� (p ≤ q)

‖∇jT (t)f‖Lq(D) ≤ Ct−j/2−(3/p−3/q)/2‖f‖Lp(D) (t > 0) (2.5)

=�:w`
n o K . L�MXN , j = 0, 1 _ WXK . ~Hz , p = q, j = 0 =@_<a b , T (t) ��|�}@/�0�n o K�wy_
A o f 6 N , wH=!w+_ o C@� [23] n�S>Y�{ �J��� L . 1 X�Dp�y=<���>EHG�]p{ , (2.5)j=1 =!x`��E� � ~�"�#�=�% � A��TK
E b q ≤ 3 (=

7@8 ^�E n) _�]��GF>H��21 ,XK�� , wH=
{'| b � � ���
, , w�=!wF_ b 8�9 Dirichlet :S;@EB?�|+n o K (ω = 0 =`_Sa , [24], [30]).

� �
2.6 ([23]) j = 0 =`_Sa 1 < p ≤ q ≤ ∞ (p 6= ∞), j = 1 =T_<a 1 < p ≤ q ≤ 3 _ WXK . i

L , a0 > 0 AIA"y!E��w��K . w<=`_�a , gH� C = C(p, q, a0) > 0 �B�2�3Nh{ , ��� (2.5) �,A"yy=
f ∈ Jp(D) _ |ω| = |a| ≤ a0 n

o K ω E�9JNk{B� b $ G .
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g�t 2.6 =
���&�F��= � K b���� m^= o K>H IBKp���Y��=&8p9�:H;TE�9�N�{ Shibata [34] E
x b ��� ��� L70�� � � ��?�6�_ cut-off � �
	�����E�Jf � , 8�9 Stokes :S;`EB9�WdKI3�u�=� vV; b Iwashita [24] E!x b � $ ��� L . PF= \Y] b ,

( ) DyE b , |p}^~�q@Ay��G�S"TJU��
f ∈ Lq,[d](D) E�9JNk{�z�}�r�I�=H|�}���� DR = D ∩BR = {x ∈ D; |x| < R} n�=+f2g����'���
� "�#����

‖T (t)Pf‖W 1
q (DR) ≤ Ct−3/2‖f‖Lq(D) (t ≥ 1) (2.6)

AB��Y � a!xS] , _k]3���H=�n o K . L�MON , 1 < q < ∞ n ocb , d > 0 _ R > 0
b ��� � a>I

�Hg ��� {�]�{ , C > 0
b
q, d,R E��"��N�L
g
��n o K . i�L , Lq,[d](D) = {f ∈ Lq(D); f(x) =

0 a.e.|x| ≥ d} _�z�]�L . �
�!n , [ � (0.5) x b � 7:8 R
3 n�=2/
0 TR3(t) � Lp-Lq ���XA�c^L

WTwy_ b l���ES�+e b , w � _ (2.6) A�v@; 4�6 7 {�g�t 2.6 � ����� K . �2�`A � i�e�EB4�5`K
_ , d���= (1) ∼ (5) =yx`��E�~yK . ����� , ^+=�x`��~����^= �!]
�@A>NHx`� . f ∈ Lq,[d](D) E
9�WXK#/�0 o K�] b resolvent = DR �p= norm E+x�Kh���TA ! f g → f g�"<����_Hx$#`wF_�E
N , �
��~ f ∈ Jq(D) EB9�W@KB/�0y= DR ��= norm EFx�Kh���`A ! � � → f g%"<����_&x$#>w
_�E<W`K . cut-off �V��	&����A�\p]^KH= b , d��p= (2), (4), (5) n o K :

(1) � 7�8 R
3 n�= resolvent :S;!=�?^= ! f+g → f+g�" ��� ; (2) 8�9 resolvent :�; (2.7) =

? (λI + L)−1Pf = ! f g → f'g�"
��� ; (3) T (t)Pf = ! f g → f'g�"
��� (2.6); (4) T (t)f

= ! � � → f2g'"���� ‖T (t)f‖W 1
q (DR) ≤ Ct−3/2q‖f‖Lq(D) (t ≥ 1); (5) |x| ≥ R E�z���K T (t)f

=�"�#���� .

f'gyD�~��%(!E�q�WTK Shibata-Iwashita =�����_�w<=�:<;�_ =*)�C b � I , ! f'g → f2g'"
�
� b /�0�=�?�6 C�_~l�m`E b U'.^=�~&]�C ) n o K . _ b ]:� , R�Q+E b ?�6@/�0yn�~�]�LpY�E +, W�5!a�-L���/.�0 o�b , ?!E�^�A��21�~�� � a�~`fk~&] : (i) 3'4!E/5�] |λ| → ∞ _�NhLT_Sa
=
resolvent =6��r7��� ; (ii) /�0!= resolvent Eyx�K�[�N ; (iii) 6�7�m!=�8 b -y]�� .

(iii)
b �+� (5) eXfk=+\�9+n o K . (i) _ (ii)

b;: m`E2U�
�N�{�]>KH� , Oseen /
0�_ 8�5+{+;
x>� . ��<!= (2) edf (3) A�:OIkQFE , Oseen /�0TA resolvent =L�F�+n
[�N�WTK�� 4 , 1+�F��\
�p= spectrum

b
λ = 0 n*3%4!E>m�W`K>=�?2u^=�@BA�n o K�e`f , Kobayashi-Shibata [26] =yx^�

EC3'4@A��F��D�_ WXK . Oseen /
0 b ?�6!D ([32]) n o K�edf , resolvent =&��\�� -norm
b 3�4

E/5�] |λ| → ∞ _�N�LT_<a�E�"7#�N , λ = 0 =�r�I�=S?"6^EBE � W � ayx�] . resolvent = λ = 0

=�rJI b /�0�= t→∞ n�=��"r7�$�^E�l+mVU'.pW`K�eXf , P�=�?"6y�$�FE#n�\!~�= b � ��i�n��
~&]p� , resolvent (λI + L)−1 = 3'4!E
P�F�~��HG�=�"�# b ~�]peTf , Oseen /�0�=�x@��E b ]�e
~&] . N�eXN , ��\�� -norm n��J��K&=�n b ~@I , f ∈ Lq,[d](D) EB9�WTK resolvent :S;

λu+ Lu+∇p = f, div u = 0 (x ∈ D); u = 0 (x ∈ ∂D) (2.7)

=�? u(·, λ) = (λI +L)−1Pf A�|�}
��� DR �+E'F>HTN�{
����K�wF_knBS�Y
{ , 3�4yE�5 � { |λ|
� � aS]`_ aH='"�#+= I
J�A�_�a+` 7 K . Z�[�_�N�{ , wS=Fx�� ~#f
g+! � � L K�Lp=y��_�n�=
/#0
=#[�N : T (t)Pf = i

2πt

∫∞
−∞ eiτ t∂τ (iτI +L)−1Pf dτ A�V2M>!ynpa�K . w �yb , �F_H�F_�� Laplace

�2�>EFx�K�[�N+n o � L�=�� , ���ND^A$3�4�&2O%P � W`K�wF_knH� Fourier �2�>EFx�K�[�NJ_ ~ �
{
]^K . f g !>EFx � { λ = 0 n�=�?%Q
C���RyY@f � , C+ 3 λ→ 0 =@_�a�E ∂λ(λI +L)−1Pf

b
|λ|−1/2 =
S
�UTH��n/VTKXW � . λ = 0 =�rdI n�=
QOfhe � n*YJ��KF_ , 3/2 X�D���Z
[�_�]�� wp_
�&V�M�! ��� { , w<=�wF_ � (2.6) =�"�#!=�% � O(t−3/2) E;\U] ��� {�]^K .

Lorentz
7@8 n�= Lp,r-Lq,r ��� ‖∇jT (t)f‖Lq,r(D) ≤ Ct−j/2−(3/p−3/q)/2‖f‖Lp,r(D) ��nY\+n o

K . j = 1, 1 < p ≤ q = 3 EB9�Nk{ b (2.5) =+R�; 8 n b ��f � , , P�N�{^w�=��N^ ( ?^E r = 1
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=S��� ) �BA@E#n�\pn o K<� , �+� (4) i�n $ � � � {
R$; 8 N , /�0 TR3(t) = Lp,r-Lq,r ����_
vY;�^�� 7 {2�+� (5) =�3�u@A�� b � 7 a!x�] .(���� n b ?�C���	�
p=B;<W>K ��^�A - � L
� , ��g6%
� b n�=�����	�>��� � :k;p�#�:�+f � K .

����W>KX?�CFE������+A��<g�W>Kp_ , �$�
�+��� b (0.3) =&P � E���� 1 Gp=�F'G
m (
O(at)T b

)
·∇ũ

���c�>f � L���_�~yK ([6]). w<=Hm b , ?�C+��	�
�4y=��HG�E�����WXK���^>E b Oseen m b · ∇ũ
n o K . P+=X_�a , Galdi-Silvestre [16]

b g�� Navier-Stokes :H;@=�?`=�h���_ �Yr���� , ?@E
wake region =B�'�XA&�Xf�eFE>NkL . ��� K%L ω ‖ b =��F_ n
��r ,

� ����� � b /
0!=+12�+z>x�
Lp-Lq ���XA

� N ([36]), P � AS\�]p{ [16] =<?�=6�pg
CTA��y�TN�L .
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