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1 K D " W G ' 0���u�LaX5C�h�U&Æ�~)vW"ky��(v;$F�h^4{
V\C [1−3]. lO�9W5C`K8?Q-8K
OH?����)?D��{�;)v$F�q�0h�LW5C�IU&�W5C�IU&Æ�R^vMoUO?�I [4−9] .

Sideris T C s Agemi R a
tPAW5C7CI=HU&ÆhK
D��{ Cauchy ,�?$F�q�0h [10,11].O
e11�;\W�UR.SvrC+6W5C8xo^(uq�?:�?e1�pmW5C8{Q3a(uq��x{�vU+6?�&A/ZoO2U�LaW5C�IU&� Christodoulou D[4] s Klainerman S[6] ;\AE℄?W��A��4
a
Morawetz C S h* [12] {b*?�A��o}UR�MQ3a�I��)^ Lorentz ��C�LaM�ÆU&Æ�4
a℄ Kubota K s Yokoyama K �<?Eg� [13], �u
Keel-Smith-Sogge?Eg�s Huygense6 [14], Metcalfe JAb*A�?B�sk
Æg� [7]. �Mb*AW5C8o^(uq�?s-U?g��/O>*$F�q�0h��*�M,HO4S5C7CI=HU&Æ&���W5C8o^ u � u ?:�?%�{X5C�h�U&Æ Cauchy ,�?$F�?q�0hC�b* [11] 7��2U�MhaW5C8o^ u � u ?:�?%��&Ag� u, �� Hardy �A��.M\ u?:�? L2 Rg� u ? L2 R�;\lWW�UR�>;�A�Æ�/Ob*A)���;{$F�q�0h�,H1O�h�U&Æ? Cauchy ,��{

Lu = F (u, du, d2u),

u(0) = f, ∂tu(0) = g,
(1.1)^{ Lu = ∂2

t u − c2
2∆u − (c2

1 − c2
2)∇⊗∇u, �Æ 0 < c2 < c1. W5C8^S1B��

F (u, du, d2u) = N(∇u,∇2u) + H(u, du, d2u) + P (u, du), (1.2)^{
N i(∇u,∇2u) =

∑

16j,k63

16l,m,n63

B
ijk
lmn∂l(∂muj∂nuk), i = 1, 2, 3, (1.3)�+ 2009 Z 7 g 17 o�<�
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Hi(u, du, d2u) =

∑

16j63

16α,β63

C
ij
αβ(u, du)∂α∂βuj , i = 1, 2, 3. (1.4)o9 C

ij
αβ(u, du) = O(|u||du|+ |du|2), P (u, du) = O(|u||du|2 + |du|3) h (u, du) = 0 \#�&U�_��.MYq x0 = t s ∂0 = ∂t. F" du = u′ = ∇t,xu ��{-0:���


(1.3) s (1.4) ?0�MK
1O?L#���
B

ijk
lmn = B

ikj
lnm = B

jik
mln, (1.5)

C
ij
αβ(u, du) = C

ji
αβ(u, du) = C

ij
βα(u, du). (1.6)&A>;�?q�0h�{MfW5CQ-8K
1O?D���

B
ijk
lmnξiξjξkξlξmξn = 0, ∀ξ ∈ S2. (1.7)

1.1 �IG
∂0 =

∂

∂t
, ∂i =

∂

∂xi
, (1.8)

∂ = (∂0,∇) = (∂0, ∂1, ∂2, ∂3), ∇ = (∂1, ∂2, ∂3). (1.9)�I���.S=&
Ω = (Ω1, Ω2, Ω3) = x ∧∇, (1.10)^{ ∧ &O
?:���0
:�.SY�&:��Y�&

∇ =
x

r
∂r −

x

r
∧ Ω, (1.11)^{ r = |x|, ∂r = x

r
· ∇. E℄?�I��� [11]

Ω̃l = ΩlI + Ul, l = 1, 2, 3, (1.12)^{
U1 =




0 0 0
0 0 1
0 −1 0



 , U2 =




0 0 −1
0 0 0
1 0 0



 , U3 =




0 1 0
−1 0 0
0 0 0



 , (1.13)�h*l{_;~M�\� Scaling ��HW&
S = t∂t + r∂r , (1.14)�".M};\

S̃ = S − 1. (1.15)G Γ = (Γ0, · · · , Γ7) = (∂, Ω̃, S̃). Uu Γ {?nV?`���|ML& 0, MLh Γ m$?0
{	�
��C� ∇ ��b Γ ���|h ∇ m$?0
{��&
[∇, Γ] = ∇. (1.16)"O�C� Γa (a = (a1, · · · , ak)) ��^G� k = |a| :�!� Γa = Γa1

· · ·Γak
.7La5C7C��?W�&

E1(u(t)) =
1

2

∫

R3

[|∂tu(t)|2 + c2
2|∇u(t)|2 + (c2

1 − c2
2)|∇ · u(t)|2]dx, (1.17)
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_�W�HW&
Ek(u(t)) =

∑

|a|6k−1

E1(Γ
a(u(t))), k > 2. (1.18)�

Λ = (Λ1, · · · , Λ7) = (∇, Ω̃, r∂r − 1), (1.19)^{ Λ �b Γ 4
?b{
/i?:���
 Λ b Γ ^7�?�|Cz�HW
Hk

Λ = {f ∈ L2(R3)3 : Λaf ∈ (L2(R3))3, |a| 6 k} (1.20)4^S�
‖f‖2

Hk
Λ

=
∑

|a|6k

‖Λaf‖2
L2(R3). (1.21)��h0
 Ḣk

Γ(T ) {fj�℄ C∞([0, T ); C∞
c (R3)3) �S� sup

06t<T

E
1
2

k (u(t)) #�z>;�.Su=
Ḣk

Γ(T ) ⊂
{
u(t, x) : ∂u(t) ∈

k−1⋂

j=0

Cj([0, T ); Hk−1−j
∧ )

}
. (1.22).M{FM L2-S�

Mk(u(t)) =

2∑

α=1

∑

|a|6k−2

‖〈cαt − r〉Pα∂2Γau(t)‖L2 . (1.23)o9�wO�;\
〈ρ〉 = (1 + |ρ|2)

1
2 , (1.24)

ρ &����:��s� [�� P1 s P2 HW&
P1u(x) =

x

r
⊗

x

r
u(x) =

x

r

〈x

r
, u(x)

〉
(1.25)s

P2u(x) = [I − P1]u(x) = −
x

r
∧

(x

r
∧ u(x)

)
, (1.26)^{ 〈 , 〉 �� R

3 {?V��
1.2 UE&/�- 1.1 wL#C�� (1.5)–(1.6) �D�� (1.7) K
��
 k > 9, k0hs"�
ε s A, ~>rky!y)vK


4Ek−2(u(0)) exp{A{2Ek(u(0))}
1
2 + 2AEk(u(0))} 6 3ε2, (1.27)TL Cauchy ,� (1.1) 0h%O?q��

Ek(u(t)) 6 CEk(u(0))〈t〉Cε+Cε2

, Ek−2(u(t)) < 4ε2, (1.28)LnV t > 0.�*
[p1�hD 2 �{.M�b*O<d�u}�D 3 �b*�`
j L2 g��;\D 2 �sD 3 �?g��.MhD 4 �{b*H6 1.1 ?tP�
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2 L � Q 6���b*�`ia�|��?Y6S�D���A�s�` Sobolev-��A���2�v Γ :�!b�� L ?�|Cz�

[L, ∂] = [L, Ω̃] = 0, [L, S] = 2L. (2.1)&A>;W�g��.M��I:�! Γ bW5C8?�|Cz�&,�.MFMtPD�fh$Y1)^��C�J- 2.1 (i) LnV? u, v, w ∈ Ḣk
Γ(T ) s Γa, ^

ΓaN(u, v) =
∑

b+c=a

N(Γbu, Γcv), (2.2)

ΓaH(u, v, w) =
∑

b+c+d=a

H(Γbu, Γcv, Γdw). (2.3)

(ii) G u & (1.1) ?ky��kLnV? Γa, ^
LΓau =

∑

b+c=a

N(Γbu, Γcu) +
∑

b+c+d=a

H(Γbu, Γcu, Γdu) + ΓaP (u, du) + [L, Γa]u. (2.4)P La (2.2),�* [11]{Q� 3.1. (2.3)?tP4
��V; LΓau = ΓaLu+[L, Γa]us (i), .M.S>; (2.4) ?tP�1O?Y6�hg�B�W�{_;i��\�LK
D�� (1.7)?W5C8.S>;N"?
Æ�Y6 2.2 s 2.3 ?tP. �* [11].J- 2.2 �w u, v, w ∈ H2
∧ 
W5C8 N K
D�� (1.7). G N = {(α, β, γ) 6=

(1, 1, 1), (2, 2, 2)} &Wepw��k^
|〈u(x), N(v(x), w(x))〉|

6
C

r
|u(x)|

∑

|a|61

[|∇Ω̃av(x)||∇w(x)| + |∇Ω̃aw(x)||∇v(x)|

+ |∇2v(x)||Ω̃aw(x)| + |∇2w(x)Ω̃av(x)|]

+ C
∑

N

|Pαu(x)|[|Pβ∇
2v(x)||Pγ∇w(x)| + |Pβ∇

2w(x)||Pγ∇v(x)|], (2.5)o9swO α, β, γ = 1, 2, C ��s"��J- 2.3 G u ∈ H2
Λ, A = c2

2 △ +(c2
1 − c2

2)∇⊗∇, k
|Pα[Au(x) − c2

α∂2
ru(x)]| 6

c

r
[|∇Ω̃u(x)| + |∇u(x)|]. (2.6)J- 2.4 LanV? u ∈ C∞

c (R3), a > 0, ^
〈r〉

1
2 |Γau(t, x)| 6 CE

1
2

|a+2|(u(t)), (2.7)

〈r〉|∂Γa(u(t, x))| 6 CE
1
2

|a+3|(u(t)), (2.8)

〈r〉〈cαt − r〉
1
2 |Pα∂Γa(u(t, x))| 6 C[E

1
2

|a+3|(u(t)) + M|a+3|(u(t))], (2.9)

〈r〉〈cαt − r〉|Pα∂2Γa(u(t, x))| 6 CM|a+4|(u(t)), (2.10)

〈r〉
1
2 〈cαt − r〉|Pα∂Γa(u(t, x))| 6 C[E

1
2

|a+2|(u(t)) + M|a+3|(u(t))], (2.11)9`K?S�^4{�



2 ℄ j�K P5Y6D�iAV'�%G��r�1iD I 165P (2.7)–(2.9) ?tP�* [11] {Q� 3.3. .MxFMtP (2.10) s (2.11). ,H1O?Æ&-�~uS��A��
r

1
2

( ∫

S2

|v(rω|4dω
) 1

4

6 C‖∇v‖L2 . (2.12)9 r > 1 {�℄ (2.12) s S2 t? Sobolev aqH6>
r

1
2 |〈cαt − r〉Pα∂Γa(u(x))| 6 C

∑

|b|61

r
1
2

( ∫

S2

|Ω̃b〈cαt − r〉Pα∂Γa(u(rω))|4dω
) 1

4

6 ‖〈cαt − r〉Ω̃b∂Γau‖Ḣ1

6
∑

|b|6|a|+1

‖∂Γbu‖L2 +
∑

|b|6|a|+1

‖〈cαt − r〉∂∇Γbu‖L2

6 CE
1
2

|a|+2(u(t)) + CM|a|+3(u(t)).9 r 6 1 {�G Φ &ky�!yq�� Φ(x) =

{
1, 9 |x| 6 1 {�
0, 9 |x| > 2 {� ℄ Sobolev aqH6>;

|〈cαt − r〉∂Γau(t, x)| 6 C(1 + t)|Φ∂Γau|

6 C(1 + t)
2∑

|b|=1

‖∇b(Φ∂Γau)‖L2

6 C(1 + t)

2∑

|b|=1

‖∇b∂Γau‖L2(|x|<2) + C sup
1<|x|<2

(1 + t)|∂Γau(t, x)|

6 C

2∑

|b|=1

‖〈cαt − r〉∇b∂Γau‖L2 + C sup
1<|x|<2

|〈cαt − r〉∂Γau(t, x)|

6 C[E
1
2

|a+2|(u(t)) + M|a+3|(u(t))].X, (2.11) >t�3htP (2.10). LanV u ∈ C∞
c (R3)3, r = |x|, ρ = |y|, ^

r〈cαt − r〉|u(x)| 6 C
∑

|a|61

‖〈cαt − ρ〉∂rΩ̃
au‖L2(|y|>r) + C

∑

|a|62

‖〈cαt − ρ〉Ω̃au‖L2(|y|>r).9 r > 1 {�Z\ Pα∂2Γau �
�V; ∂r s Ω̃ b Pα .�|�<�.S>; (2.11). lO9 r 6 1 {�^
〈cαt − r〉|Pα∂2Γau(t, x)| 6 C〈t〉|Φ∂2Γau(t, x)| 6 C〈t〉

∑

|b|62

‖∇b(Φ∂2Γau)‖L2

6 C〈t〉
∑

|b|62

‖∂2∇bΓau‖L2(|x|62) 6 C
∑

β

∑

|b|62

‖〈cβt − r〉Pβ∂2∇bΓau‖L2 6 CM|a|+4(u(t)).

(2.11) >t�
3 $ 5 L

2-� #��{�.M��� E
1
2

K(u(t)) L�? Mk(u(t)) ? L2 R�g���2.M�b*O`W"~M?�A��b Klainerman s Sideris[15] b*?�A�W"7
�



166 	 I Z + 31 * A �J- 3.1 (Klainerman-Sideris �A�) 9 k > 2 {�1O?�A�
Mk(u(t)) 6 CE

1
2

k (u(t)) + C
∑

|a|6k−2

‖(t + r)LΓau(t)‖L2 (3.1)LnVkyq� u $<�r�A�`K?S�^4�P ℄* [11] {Y6 3.4, ^
∑

|a|6k−2

2∑

α=1

‖〈cαt − r〉Pα∂∇Γau(t)‖L2 6 CE
1
2

k (u(t)) + C
∑

|a|6k−2

t‖LΓau(t)‖L2.X,�℄ Mk(u(t)) ?HW�&AtP (3.1), .MxFMtP
∑

|a|6k−2

2∑

α=1

‖〈cαt − r〉Pα∂2
t Γau(t)‖L2.G L̃u = c2

2 △ u(t, x) + (c2
1 − c2

2)∇(∇ · u(t, x)). Ut
∂tSu − ∂tu = t∂2

t u + r∂t∂ru, (3.2)

∂rSu − ∂ru = r∂2
r u + t∂r∂tu. (3.3)X,

t(∂tSu − ∂tu) − r(∂rSu − ∂ru) = t2∂2
t u − r2∂2

ru. (3.4)�S
t2∂2

t u − r2∂2
ru =

(c2
αt2 − r2)

c2
α

∂2
t u +

r2

c2
α

Lu +
r2

c2
α

(L̃u − c2
α∂2

ru), α = 1, 2, (3.5)�
(c2

αt2 − r2)∂2
t u = c2

α

[
(t2∂2

t u − r2∂2
ru) −

r2

c2
α

Lu −
r2

c2
α

(L̃u − c2
α∂2

ru)
]
. (3.6)℄ (2.6) .S>; |cαt− r||Pα∂2

t u| 6 C[|∂Γu(t, x)|+ |∇u(t, x)|+ r|Lu(t, x)|]. d"O�C�.u
∑

|a|6k−2

2∑

α=1

‖〈cαt − r〉Pα∂2
t Γau(t)‖L2 6 C

[
E

1
2

k (u(t)) +
∑

|a|6k−2

‖rLΓau(t)‖L2

]
.Y6 3.1 >t�J- 3.2 9 u &,� (1.1) ?ky�{�w k > 8, k′ = [k−1

2 ] + 3, kLnV?
|a| 6 k − 2, ^

‖(t + r)LΓau(t)‖L2 6 C[E
1
2

k′ (u(t))Mk(u(t)) + E
1
2

k (u(t))Mk′ (u(t)) + Ek′ (u(t))Mk(u(t))

+ Ek′(u(t))E
1
2

k (u(t)) + E
1
2

k′ (u(t))Mk′(u(t))E
1
2

k (u(t))]. (3.7)P ℄Y6 2.1 .>
t‖LΓau(t)‖L2 6 Ct

∑

b+c6k−2

‖∇Γbu∇2Γcu‖L2

+ Ct
∑

b+c+d6k−2

{‖Γbu∂Γcu∂2Γdu‖L2 + ‖∂Γbu∂Γcu∂2Γdu‖L2

+ ‖Γbu∂Γcu∂Γdu‖L2 + ‖∂Γbu∂Γcu∂Γdu‖L2}. (3.8)



2 ℄ j�K P5Y6D�iAV'�%G��r�1iD I 167La (3.8) `KD 1 8?tP.S �* [11] {Y6 3.5. F"�� m = [k−1
2 ]. ℄Y6 2.4 s Hardy �A��^

‖Γbu∂Γcu∂2Γdu‖L2

6 C〈t〉−1
2∑

α=1

‖〈r〉〈cαt − r〉PαΓbu∂Γcu∂2Γdu‖L2

6 C〈t〉−1






2∑
α=1

‖〈r〉
1
2 Γbu‖L∞‖〈r〉∂Γcu‖L∞‖〈cαt − r〉Pα∂2Γdu‖L2, b, c 6 m,

2∑
α=1

‖〈r〉
1
2 Γbu‖L∞‖∂Γcu‖L2‖〈r〉〈cαt − r〉Pα∂2Γdu‖L∞ , b 6 m, d 6 m − 1,

2∑
α=1

‖ 1
r
Γbu‖L2‖r∂Γcu‖L∞‖〈r〉〈cαt − r〉Pα∂2Γdu‖L∞ , c 6 m, d 6 m − 1

6 C〈t〉−1





Ek′ (u(t))Mk(u(t)), b, c 6 m,

E
1
2

k′ (u(t))Mk′(u(t))E
1
2

k (u(t)), b 6 m, d 6 m − 1, c 6 m, d 6 m − 1.�6.>
‖∂Γbu∂Γcu∂2Γdu‖L2

6 C〈t〉−1
2∑

α=1

‖〈r〉〈cαt − r〉Pα∂Γbu∂Γcu∂2Γdu‖L2

6 C〈t〉−1





2∑
α=1

‖〈r〉∂Γbu‖L∞‖〈r〉∂Γcu‖L∞‖〈cαt − r〉Pα∂2Γdu‖L2, b, c 6 m,

2∑
α=1

‖〈r〉∂Γbu‖L∞‖∂Γcu‖L2‖〈r〉〈cαt − r〉Pα∂2Γdu‖L∞, b 6 m, d 6 m − 1

6 C〈t〉−1

{
Ek′ (u(t))Mk(u(t)), b, c 6 m,

E
1
2

k′ (u(t))Mk′(u(t))E
1
2

k (u(t)), b 6 m, d 6 m − 1.9 b 6 m, d 6 m {b9 b 6 m, c 6 m {?e14
�o9xb*9 b 6 m, c 6 m {?tP�℄a
‖Γbu∂Γcu∂Γdu‖

L2(r6
〈c2t〉

2
)

6 C〈t〉−1
2∑

α=1

‖〈cαt − r〉PαΓbu∂Γcu∂Γdu‖
L2(r6

〈c2t〉
2

)

6 C〈t〉−1





2∑
α=1

‖〈r〉
1
2 Γbu‖L∞‖〈r〉

1
2 〈cαt − r〉Pα∂Γcu‖L∞‖∂Γdu‖L2, b, c 6 m,

2∑
α=1

‖ 1
r
Γbu‖L2‖r∂Γcu‖L∞‖〈r〉

1
2 〈cαt − r〉Pα∂Γdu‖L∞, c, d 6 m

6 C〈t〉−1E
1
2

k′ (u(t))(Mk′ (u(t)) + E
1
2

k′(u(t)))E
1
2

k (u(t)),

‖Γbu∂Γcu∂Γdu‖
L2(r>

〈c2t〉
2

)

6 C〈t〉−1
2∑

α=1

‖〈r〉Γbu∂Γcu∂Γdu‖L2
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6 C〈t〉−1






2∑
α=1

‖〈r〉
1
2 Γbu‖L∞‖〈r〉

1
2 〈cαt − r〉Pα∂Γcu‖L∞‖∂Γdu‖L2, b, c 6 m,

2∑
α=1

‖ 1
r
Γbu‖L2‖r∂Γcu‖L∞‖〈r〉∂Γdu‖L∞, c, d 6 m

6 C〈t〉−1

{
E

1
2

k′(u(t))(Mk′ (u(t)) + E
1
2

k′ (u(t)))E
1
2

k (u(t)), b, c 6 m,

Ek′(u(t))E
1
2

k (u(t)), c, d 6 m.La�wO8��zO
C��H b 6 m, c 6 m, a�
‖∂Γbu∂Γcu∂Γdu‖L2 6 C〈t〉−1

2∑

α=1

‖〈r〉〈cαt − r〉∂Γbu∂Γcu∂Γdu‖L2

6 C〈t〉−1
2∑

α=1

‖〈r〉
1
2 ∂Γbu‖L∞‖〈r〉

1
2 〈cαt − r〉Pα∂Γcu‖L∞‖∂Γdu‖L2

6 C〈t〉−1Ek′ (u(t))E
1
2

k (u(t)).Y6t��J- 3.3 G k > 9 
 µ = k − 2, �w u ∈ Ḣk
Γ(T ) & (1.1) ?��k0hs"� ε0,~>9

sup
06t<T

E
1
2
µ (u(t)) < ε0 (3.9){�^

Mµ(u(t)) 6 CE
1
2
µ (u(t)), ∀t ∈ [0, T ], (3.10)

Mk(u(t)) 6 CE
1
2

k (u(t)), ∀t ∈ [0, T ]. (3.11)P 	l k > 9, ^ k′ = [k−1
2 ] + 3 6 k − 2 = µ. ℄Y6 3.1 sY6 3.2, .S>;

Mµ(u(t)) 6 CE
1
2
µ (u(t)) + C[E

1
2

µ′ (u(t))Mµ(u(t)) + E
1
2
µ (u(t))Mµ′(u(t))

+ Eµ′(u(t))Mµ(u(t)) + Eµ′ (u(t))E
1
2
µ (u(t)) + E

1
2

µ′(u(t))Mµ′(u(t))E
1
2
µ (u(t))]

6 CE
1
2
µ (u(t)) + ε0Mµ(u(t)) + ε2

0Mµ(u(t)) + ε
3
2

0 6 CE
1
2
µ (u(t))s

Mk(u(t)) 6 CE
1
2

k (u(t)) + C[E
1
2

k′ (u(t))Mk(u(t)) + E
1
2

k (u(t))Mk′(u(t))

+ Ek′ (u(t))Mk(u(t)) + Ek′ (u(t))E
1
2

k (u(t)) + E
1
2

k′ (u(t))Mk′(u(t))E
1
2

k (u(t))]

6 CE
1
2

k (u(t)) + ε0Mk(u(t)) + ε2
0Mk(u(t)) + ε2

0E
1
2

k (u(t)) 6 CE
1
2

k (u(t)),9 ε0 (Y;{�
4 2 . � #℄'�0hCH6�.Mu=,�^%O?'�ky���H u(t) ∈ Ḣk

Γ(T ) & (1.1)?'��
 T0 & t?tk��̂ { t h 0 6 t < T0 ~> E
1
2
µ (u(t)) < 2ε$<�La(Y;? ε ~>,Y6 3.3 h [0, T0) t$<�.M�MtP E

1
2
µ (u(t)) < 2ε h�g
 0 6 t 6 T0N$<�/O.S�'��J!;nV{
�
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




d

dt
Ẽk(u(t)) 6 C〈t〉−1(Ẽµ(u(t)) + Ẽ

1
2
µ (u(t)))Ẽk(u(t)),

d

dt
Ẽµ(u(t)) 6 C〈t〉−

3
2 (Ẽk(u(t)) + Ẽ

1
2

k (u(t)))Ẽµ(u(t)),^{ Ẽk(u(t)) s Ẽµ(u(t)) &1OHW?EsW���w 0 6 t < T0, 1O 〈·, ·〉 5� R
3 {?����LanV? l = 1, 2, · · · , k (k > 9),.M^

E′
l(u(t)) =

∑

|a|=l−1

∫

R3

〈∂tΓ
au, LΓau〉dx

=
∑

16i63

|a|=l−1

∫

R3

B
ijk
lmn∂l(∂mΓauj∂nuk)∂tΓ

auidx

+
∑

16i63

|a|=l−1

∫

R3

Ci
αβ(u, du)∂α∂βΓaui∂tΓ

auidx +
∑

b+c=a

b6=a

∫

R3

〈N(Γbu, Γcu), ∂tΓ
au〉dx

+
∑

b+c+d=a
d 6=a

∫

R3

〈H(Γbu, Γcu, Γdu), ∂tΓ
au〉dx +

∑

|a|6l−1

∫

R3

〈ΓaP (u, du), ∂tΓ
au〉dx

+
∑

|a|6l−1

∫

R3

〈[L, Γa]u, ∂tΓ
au〉dx. (4.1)rL#C�� (1.5)–(1.6) K
�℄Y��Y>

∑

16i63

|a|=l−1

∫

R3

B
ijk
lmn∂l(∂mΓauj∂nuk)∂tΓ

auidx +
∑

16i63

|a|=l−1

∫

R3

Ci
αβ(u, du)∂α∂βΓaui∂tΓ

auidx

= −
1

2

d

dt

∑

16i63

|a|=l−1

∫

R3

B
ijk
lmn∂mΓauj∂nuk∂lΓ

auidx

+
1

2

∑

16i63

|a|=l−1

∫

R3

B
ijk
lmn∂mΓauj∂t∂nuk∂lΓ

auidx

+
1

2

d

dt

∑

16i63

|a|=l−1

∫

R3

Ci
αβ(u, du)ηα

γ ∂βΓaui∂γΓauidx

−
∑

16i63

|a|=l−1

∫

R3

∂αCi
αβ(u, du)∂βΓaui∂tΓ

auidx +
1

2

∑

16i63

|a|=l−1

∫

R3

∂tC
i
αβ(u, du)∂βΓaui∂αΓauidx,^{ ηα

γ = diag{1,−1,−1,−1}. HWEsW�&
Ẽl(u(t)) = El(u(t)) +

∑

16i63

|a|=l−1

∫

R3

B
ijk
lmn∂mΓauj∂nuk∂lΓ

auidx

−
1

2

∑

16i63

|a|=l−1

∫

R3

Ci
αβ(u, du)ηα

γ ∂βΓaui∂γΓauidx. (4.2)
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cEk(u(t)) 6 Ẽk(u(t)) 6 CEk(u(t)). (4.3)X,�9�W";{�^

Ẽ′
k(u(t)) 6

∑

|a|6k−1

{ ∑

b+c=a
c 6=a

‖∇Γbu∂∇Γcu‖L2

+
∑

b+c+d=a
d 6=a

[‖Γbu∂Γcu∂2Γdu‖L2 + ‖∂Γbu∂Γcu∂2Γdu‖L2]

+
∑

b+c+d=a

[‖Γbu∂Γcu∂Γdu‖L2 + ‖∂Γbu∂Γcu∂Γdu‖L2]
}
‖∂Γau‖L2. (4.4)La (4.4) `KD 1 8�℄* [11] .S>;

‖∇Γbu∂∇Γcu‖L2 6 C〈t〉−1E
1
2

k (u(t))E
1
2
µ (u(t)).FOUO�4
Y6 3.2 {?UR�℄Y6 3.3 .S>;

‖Γbu∂Γcu∂2Γdu‖L2 6 C〈t〉−1Eµ(u(t))E
1
2

k (u(t)),

‖∂Γbu∂Γcu∂2Γdu‖L2 6 C〈t〉−1Eµ(u(t))E
1
2

k (u(t)),

‖Γbu∂Γcu∂Γdu‖ 6 C〈t〉−1Eµ(u(t))E
1
2

k (u(t)),

‖∂Γbu∂Γcu∂Γdu‖L2 6 C〈t〉−1Eµ(u(t))E
1
2

k (u(t)).ia_�W��A��.S>;
Ẽ′

k(u(t)) 6 C〈t〉−1(Eµ(u(t)) + E
1
2
µ (u(t)))Ek(u(t)). (4.5)1Og�B�W��℄ (4.2) ^

Ẽ′
µ(u(t))

6
∑

|a|6µ−1

{ ∑

b+c=a

c 6=a

‖∇Γbu∂∇Γcu‖L2 +
∑

b+c+d=a

d 6=a

[‖Γbu∂Γcu∂2Γdu‖L2 + ‖∂Γbu∂Γcu∂2Γdu‖L2]

+
∑

b+c+d=a

[‖Γbu∂Γcu∂Γdu‖L2 + ‖∂Γbu∂Γcu∂Γdu‖L2]
}
‖∂Γau‖L2.℄* [11], La N(∇u,∇2u), .M^ ‖∇Γbu∂∇Γcu‖L2 6 C〈t〉−

3
2 E

1
2

k (u(t))E
1
2
µ (u(t)). 1Og�^�a8���Yg
 R

3 Y$?`�Y� {(t, x) : |x| 6
〈c2t〉

2 } s {(t, x) : |x| >
〈c2t〉

2 }.9 r 6
〈c2t〉

2 {�X& b + 2 6 µ− 1 + 2 = µ + 1 < k 
 c + 3 6 µ− 1 + 3 = µ + 2 = k,;\ (2.7), (2.8) s Mk(u(t)) ?HWS�Y6 3.3, .M>;
‖Γbu∂Γcu∂2Γdu‖

L2(r>
〈c2t〉

2
)

6 C〈t〉−
3
2

2∑

α=1

‖〈r〉
3
2 〈cαt − r〉PαΓbu∂Γcu∂2Γdu‖L2

6 C〈t〉−
3
2

2∑

α=1

‖〈cαt − r〉Pα∂2Γdu‖L2‖〈r〉∂Γcu‖L∞‖〈r〉
1
2 Γbu‖L∞

6 C〈t〉−
3
2 E

1
2
µ (u(t))Ek(u(t)).
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C�^
‖∂Γbu∂Γcu∂2Γdu‖

L2(r6
〈c2t〉

2
)
6 C〈t〉−

3
2 E

1
2
µ (u(t))Ek(u(t)),

‖Γbu∂Γcu∂Γdu‖
L2(r6

〈c2t〉
2

)
6 C〈t〉−

3
2 E

1
2
µ (u(t))Ek(u(t)),

‖∂Γbu∂Γcu∂Γdu‖
L2(r6

〈c2t〉
2

)
6 C〈t〉−

3
2 E

1
2
µ (u(t))Ek(u(t)).9 r >

〈c2t〉
2 {�X& c + 3 6 k 
 b + 2 6 k, ℄ (2.7)–(2.8) sY6 3.3 >;

‖Γbu∂Γcu∂2Γdu‖
L2(r>

〈c2t〉
2

)

6 C〈t〉−
3
2

2∑

α=1

‖〈r〉
3
2 〈cαt − r〉PαΓbu∂Γcu∂2Γdu‖L2

6 C〈t〉−
3
2

2∑

α=1

‖〈cαt − r〉Pα∂2Γdu‖L2‖〈r〉∂Γcu‖L∞‖〈r〉
1
2 Γbu‖L∞

6 C〈t〉−
3
2 E

1
2
µ (u(t))Ek(u(t)).\�L?UR�.S>;

‖∂Γbu∂Γcu∂2Γdu‖
L2(r>

〈c2t〉
2

)
6 C〈t〉−

3
2 E

1
2
µ (u(t))Ek(u(t)),

‖Γbu∂Γcu∂Γdu‖
L2(r>

〈c2t〉

2
)
6 C〈t〉−

3
2 E

1
2
µ (u(t))Ek(u(t)),

‖∂Γbu∂Γcu∂Γdu‖
L2(r>

〈c2t〉
2

)
6 C〈t〉−

3
2 E

1
2
µ (u(t))Ek(u(t)).�tu

Ẽ′
k(u(t)) 6 C〈t〉−1(Eµ(u(t)) + E

1
2
µ (u(t)))Ek(u(t)), (4.6)

Ẽ′
µ(u(t)) 6 C〈t〉−

3
2 (Ek(u(t)) + E

1
2

k (u(t)))Eµ(u(t)). (4.7)
( (4.2){E℄?W�b��?W�?A�C�La;�.M<�.S>;1O?$Y�A�Æ�
Ẽ′

k(u(t)) 6 C〈t〉−1(Ẽµ(u(t)) + Ẽ
1
2
µ (u(t)))Ẽk(u(t)),

Ẽ′
µ(u(t)) 6 C〈t〉−

3
2 (Ẽk(u(t)) + Ẽ

1
2

k (u(t)))Ẽµ(u(t)),/O.S>;H6 1.1.SA |?^>d�x��s82`��?w:�h:s���� � * � = � ?
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