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+ c(y)ψn = λn(θ)ψn

� �
T

N ,

� �F� � �
θ ∈ T

N
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· � ���r� ¾ �r� � �H�M� q � k X ��F� � °�� � }Qq � � ��� °¿À.���F��� q � � � ��� �¿���F�r� �r�

θ
��° ���F�i��� } °½� � � � �¿��� � ��} �L®����F� ��} � ¾ �
N



� �
λn(θ)
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θ
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u0
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)
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(
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� �

R
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°Z� } ���6° k

� � } °�°½� � �W� � } � � �M�W���Q� �r����� }Qq
c(y)

�±° }7� � }QqU� � } °�� � } ¶ q �
¶��H�F��®F�6®@��� � ����®F� �� �F� � � � �H�ÍÀ|� k � k ¶U� q �H� ¾ °y� �
L∞(TN)

À � �F� q �B� �F�@���Q���¿��� � }Qq
d(t, x, y)

À } �F��� } � ��� ¾� � bdx�j À���° � � }Qq À � � } °�� ��} ¶ q � ÀU�M�F� � � �½� q�� ¶��H�F�L®M�6®ÍÀÍ��� � ����®F� � � �
y
} �L®@° � �.�Q���'� �

(t, x)
k � � � � �¿}Qq�q � � } � À � � �f¾ �±³Q�¿�

θ
ÀH� �F� � q � � � b � � °��M� � � ��® j °½�U� � � ��}QqM� � q q �¿��� } � ���Q�

−(
®F�±³

y + 2iπθ)
(

(∇y + 2iπθ)ψn

)

+ c(y)ψn = λn(θ)ψn

� �
T

N ,
b v�j

} ® � ���s° }7� �Q�F��� } ¶ q ��°½�¿���F�¿� � ��� � � � }Qq ��� �r� � } °�� � ¾ �r� ¾ �r�8³ }Qq �F�6°
(λn)n≥1

b�� �r�U� } � ��®� ��� �i� �M�¿� � � � q ����� q � � � � �Mjn} �L®��F� �½�B}Qq ���r�6®i�r� ¾ �r� � �F� � � ���Q�L°
(ψn)n≥1

À � ��� �
‖ψn‖L2(TN ) =

1
Àc°���� � �g� �s° ¼ � �r�¿�³�H��� � } � � � �±° }©� � � � }Q� ��°�� q � · } ® ´ �H� ��� � � � � q � � · ³ }Qq �M�6®S�H��� ��} � � �
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θ
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2π
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T
N kfX �B�Q���F� �� � � ®�°¿À¤¶ � ��� � � �¬®M� � ��� � � �©�±°i�¿�F�Q� ¾ � � � � �H�L°��±®F� �

θ ∈ T
N k7c � �W� � � ��®F�l� } � q °i�H�� q � � � � } ³H�6°rÀ�°½�¿��� k ¾Fk � LOu � À � NQN � kX �8� �F� °½�¿���F� q À � �!°�� }Qq q;� �Q�L°��±®F� � � � � �r�F� �½¾Q�0q ��³H� q °
n,m ≥ 1

} ��® � q � � �� } � }Q� �r��� � °
θn, θm ∈ T

N
°½� � ��� � } �Ê���F�W�r� ¾ �r�8³ }Qq �F�6°

λn(θn)
} �L®

λm(θm)
° } � ��° � ����F� � � q�q � � � � ¾S} °Å°�� � �M�����H�

� � �
p = n,m
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(i) λp(θ
p)
��° } °�� � � q �i�¿� ¾ �¿�c³ }Qq �M�QÀ

(ii) θp
��° }S�r� � ��� �¿}Qq ���H�����]� �

λp(θ)
� k � k À

∇θλp(θ
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b � j
� �J� �H� � °½�QÀ � � } °�°�� � �{� � } �¿ÀU�r� ���F� �

n 6= m
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n = m
} �L®

θn 6= θm b � � n = m} ��®
θn = θm

À ���F�¿�
dε = d(t, x, x/ε)

} �L® � �F�±° �¿} °�� �;} ° }Qq � � } ® � � � � } ���6®!���
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 � � �r����� } ¶ q �³��� } ³ � � ���M� � � � �
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∇θλp(θ)
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p ≥ 1, λp(2θ

n − θm) 6= 2λn(θ
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dε

À�®M��µn�F��® ¶ � bdx�j Àf� } °�¶U�r�¿� ®F��°�� ¾ �F�6® ���'� ��} �L° � � � � �M�B���M� � � }Qq °½� } � � � � � �b � � } °�� jB� � � �¿����� �
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+ c(y)ψ − λn(θ)ψ,
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∂ψn
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∂λn
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∂ψn

∂θk

(θn) = 2iπζk
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∂2ψn
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(θn) = −4π2χkl
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+el · (∇y + 2iπθn)ζk
n + (

®F��³
y + 2iπθn)

(

elζ
k
n

)

+2ek · elψn −
1

4π2

∂2λn

∂θl∂θk

(θn)ψn

� �
T

N .

b L x�j

� � ² �F� � � � } �
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ψn

� ��� � � �6°���� � �©� �
θ
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φ(t, x, y)
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vn(t, x) ∈ L2

(

(0, T ) × R
N
) °�� � � � � } �
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(∇ + 2iπ
θn

ε
)(
∂φ

∂xk

vn
ε ) · (∇− 2iπ
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ε2 e−2iπ θ
m

·x

ε

)

uε

(

ψn(
x

ε
, θn)φ(t, x) + O(ε)
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=
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‖rε(t)‖
2
L2(RN ) = ‖v0‖2

L2(RN ) − ‖vn(t)‖2
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L2(RN )

� �F� � ����°f� � � � ��°�� q �yu ¶�� �¿} �L°½�g� � ���F� � �Q�L°�� � ³ } � � �H��� � �¿�F� ��¾Q� � � � �F�p�F� � � ¾ �¿�F���¿�6®
° � °Z� � ��bZLOK�j ÀF� k � k

‖vn(t)‖2
L2(RN ) + ‖vm(t)‖2

L2(RN ) = ‖v0‖2
L2(RN ).Y � � � �

limε→0 ‖rε(t)‖
2
L2(RN ) = 0
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MJ1�����'-�&1g)DC�?��[@�B(Zj\"3646�
���879�0%�#��

ζk(y)
)DC
ζk(y)+ck(t, x)ψn(y)

M�%('n�&%
��Cq#&%(�K#��b�0%( �.L�
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ε2 e2iπ θ
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





i
∂uε

∂t
− (

®F��³
+ iεAε) (∇ + iεAε) uε + ε−2c

(x

ε

)

uε = 0
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N × (0, T )

uε(t = 0, x) = u0
ε(x)

���
R

N , bdwQx�j� �F� � �
Aε(t, x)

��°©� �F�³� q � � � � � �B}Q¾ �F�r��� � ³H� � ��� � ���Q� �r��� � } q À�� k � kB} � �F� � � � �H� ��� � �
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Aε(t, x).

c � �p} � � q � � � � � � }Q¾ �F�l� � �g�;} ³Q�QÀn� �F��³Q� � � � � ���Q� �r����� }Qq ��° } °Å°�� � �6®@����¶�� ¾ ��³H�¿�!¶ �
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2Aε · ∇Ψε + Ψε

®F�±³
Aε

)

dx

= i/2

∫

RN

(v2n−m
ε + vm

ε )φ
(

2aε · (∇y − 2iπθn)ψ
ε

n + ψ
ε

n

®F��³
ya

ε
)

dx

+i/2

∫

RN

2iπ
(

v2n−m
ε (θm − θn) · aε + vm

ε (θn − θm) · aε
)

φψ
ε

ndx + O(ε). bdwHK�je � �¿}Qq�q ��� ¾ ��� } �p���F�©� � ��· ° �¿}Qq � q � � ��� � �
v2n−m

ε

��° u ÀM���F� q � � ��� � �;b wQK�j ��°
i/2

∫

RN

∫

TN

vmφψm

(

2a · (∇y − 2iπθn)ψn + ψn

®M�±³
ya+ 2iπψn(θn − θm) · a

)

dx dy

� �F� � � � ��� q ®L° � � �½� � q }�bdw � ji� � � � �F� � �H�F� q ��� ¾ � �.��� � ���r��� d∗nm

k@m �F� � �6°Z�y� � � �F�� � �.� � �±°]��®F�r����� �¿}Qq ���³��� } �]� �±m �F�¿� � � �3w.k�N.k
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(iii)
���F� � �{� � ��°½��°

l ≥ 1
°�� � � � � } �

λl(2θ
n − θm) = 2λn(θn) − λm(θm),

(iv)
� � �]} � �

p ≥ 1, λp(3θ
n − 2θm) 6= 3λn(θn) − 2λm(θm). b�x�u�j
LOP
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� � � � �F�
� q � � ��� } � }Q� �r��� �

θl = 2θn − θm
ÀF� k � k

� � �
p = n,m, l

{

(i) λp(θ
p)
��° } °�� � � q �i�r� ¾ �r�8³ }Qq �F�QÀ

(ii) θp
�±° }��r� ��� � �¿}Qq ���H� ���]� �

λp(θ)
� k � k À

∇θλp(θ
p) = 0.b�xFL j

� ��� � ���F�6°½�i�F� �1} °�°½� � �.� ���Q�L° � � ¾ �r�F� ��}Qq ���¿� m �F�¿� � � ��wMk N ¶ � �l¶M� } ���F� � ¾7}{q � � ���
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u0
ε ∈ H1(RN).K�

u0
ε(x) = ψn

(x

ε
, θn
)

e2iπ θ
n
·x

ε v0(x),

4y.� �:
v0 ∈ H1(RN)

Z���:;�m�T�
�!�� W.L�
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�

uε(t, x) = ei
λn(θn)t

ε2 e2iπ θ
n
·x

ε ψn

(x

ε
, θn
)

vn(t, x)

+ ei
λm(θm)t

ε2 e2iπ θ
m

·x

ε ψm

(x

ε
, θm

)

vm(t, x)

+ ei
λ

l
(θl)t

ε2 e2iπ θ
l
·x

ε ψl

(x

ε
, θl
)

vl(t, x) + rε(t, x),

4y.� �:

lim
ε→0

∫ T

0

∫

RN

|rε(t, x)|
2 dx = 0,
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(vn, vm, vl) ∈ C
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[0, T ];L2(RN )
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





































i
∂vn

∂t
−
®F��³

(A∗
n∇vn) + d∗nm(t, x) vm + d∗nl(t, x) vl = 0

.�'
R

N × (0, T )

i
∂vm

∂t
−
®M�±³

(A∗
m∇vm) + d∗mn(t, x) vn = 0

.�'
R

N × (0, T )

i
∂vl

∂t
−
®M�±³

(A∗
l ∇vl) + d∗ln(t, x) vn = 0

.�'
R

N × (0, T )

vn(t = 0, x) = v0(x)
.�'

R
N

vm(t = 0, x) = 0
.�'

R
N

vl(t = 0, x) = 0
.�'

R
N ,

4y.� �:
A∗

p = 1
8π2∇θ∇θλp(θ

p)
M;3Q�
�

p = n,m, l
M6%('91

d∗np(t, x) = d
∗

pn(t, x) =
1

2

∫

TN

d(t, x, y)ψn(y, θn)ψp(y, θ
p) dy

bdx�NHj
LOK
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(k +

1)θn − kθm
%('91p��'-���W+(C

(k + 1)λn(θn) − kλm(θm)
%(����#��
�w79�K�&1F3Q�
�

−1 ≤ k ≤
k0
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(vm, vn, v2n−m, ..., v(k0+1)n−k0m)
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�T79�!.�'�+$E�%( W�R.YX
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k0 + 2
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���K�
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d∗ =























0 × 0
× 0 × 0
0 × 0 × 0Z Z Z Z Z Z Z Z Z Z Z Z Z Z Z

0 × 0 × 0
0 × 0 ×

0 × 0






















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ε
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