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1 Ú ó

g,.Ú)�L§¥�3éõL¡Ú.¡o
z)�y�. é�²ïG�eL¡Ú.¡oz)
�y��ïÄ��´�²ïÚOÔnÆÚvà�
ÔnÆ¥���©¹��ïÄ+� [1,2] . ��¡
´Ï�§�Nõ­��¢S)�L§ (X©få
	ò)� [2,3]!¬N)�!zÆí��È�) �
éX, kÏu
)L¡Ú.¡)��ÔnÅn, é
JpL¡Ú.¡�)�¬�kX���^; ,�
�¡´du§�9�)�5Æ!IÝÚÊ·a
��²ïÚOÔnÆ¥�NõÄ�¯K, kÏu
íÄ�²ïÔnÆ�uÐ. Cc5, <��éØ
Ó�)�L§JÑ
�«ØÓ�ÄåÆ)��
., ïá
)�ÄåÆ�§, ¿3�§ên5�
�ïÄ!XÚ�)Û)Úê�)!¢�y��
*ÿ©Û±9Nõ�'+��
�þLk¤��
ó� [3−9].

)�L¡��^)�pÝ¼ê h(x, t), x ∈ Rd

(d �Ä.�ê) 5£ã. ¦+L¡)�ã�Z^z
�, ��Ñ¥yg���©/(� [2], 
�)�8
ì�L¡�3��¹��)�«, �^L¡�²þ
°Ý W (L, t) = 〈[h(x, t) − h(t)]2〉1/2 5£ã. �þ

�ïÄuy, ���­½)��, )�L¡3�m
Ú�mþ÷v�½�IÝ'X [2,10], =

W (L, t) = Lαf(t/Lz). (1)

ùp, L �XÚ�A�ºÝ; t �)��m; f(t, L)

´�IÝ¼ê, äkìC1�: f(u) u→∞−→ const.

Ú f(u) u→0−→ uβ ; α Ú z ½Â�L¡�o÷Ý�ê
ÚÄåÆ�ê, o÷Ý�ê α L�?u­½G�L
¡ /�A5, 
ÄåÆIÝ�ê z KL���­
½)��µþ�m�á. β = α/z �XÚ�)��
ê, L�L¡Ð©)��ã�ÄåÆ5�. �«�
��IÝ)�y��±�âIÝ�ê α Ú z 5(
½Ù)�5ÆÚy©Ê·a.

3LãL¡)��ÄåÆüz5Æ�, A^'
�2��k��´¹D(� Kuramoto-Sivashinsky

(KS) �§ [11,12]

∂h(x, t)
∂t

=ν∇2h(x, t) − κ∇4h(x, t)

+
λ

2
|∇h|2 + η(x, t). (2)

�§ (2) m>1��¥�L¡ÜåXê ν ���K
�, L«XÚ�Ø­½5; 1��L«L¡�ÑÑ
�A; 1n��L¡)����5�A��$�,

~ê λ �'uL¡�)��Ý; ����´ Gauss
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D(, Ù÷v

〈η(x, t)〉 = 0, (3)

〈η(x, t)η(x′, t′)〉 = 2Dδd(x − x′)δ(t − t′), (4)

ª¥ D L«D(rÝ.

3JÑ KS �§�, <�^�ÍÜ�{ [13−16]

é KS �§?1
ïÄ©Û, ¦Ñ
�A�IÝ�
ê, 3���¹e, ¤�(JØ���A)��.
�ê��[(JÎÜéÐ, 
��©z [17,18] ¥
�(J�'�ÎÜ. Ïd, <�@� KS �§�Ð/
�N
,�)�Ê·a.

3���¹D( KS �§¥ [12,19], ¿vk�
ÄL¡"�Ú,��K�. 
¢Sþ, )�L¡´
�3"�Ú,��, 
��½¬é)�L¡�IÝ
5��)K�. �©3���¹D( KS �§¥\
\:"�Úå��þ!)�Ç�, ¿æ^d Forster,

Nelson Ú Stephen[20] 3?n¹kD(� Burgers �
§�JÑ5�ÄåÆ­�z+�{, ïÄ���¹
e:"�Ú,���3éL¡)�1��K�, �
�
�A�o÷Ý�ê α ÚÄåÆ�ê z. O�(
JL², :"�Ú,���3¬¦)�L¡oz,

¿ á��­½)��µþL§.

2 nØ�.

3)�L¡��¥, :"�½,���3ò/
¤Û��³^½³², ù«³^½³²¬éL¡)
�âfäkü½½áN�^, ùÑk�U��)�
L¡½.¡oz. æ^ Fδ(x) L«"�½,�Úå
��þ!)�Ç�, Ù¥ δ(x) � δ ¼ê, F �rÝ.

F > 0 L«ü½�^, F < 0 KL«áN�^. �Ä
�þ!��, ¹D( KS �§�?��
∂h

∂t
= ν∇2h − κ∇4h +

λ

2
|∇h|2 + η + Fδ(x). (5)

e¡æ^©z [12,18,20] ¥¤^��{ÚÚ½
é�§ (5) ?1©Û.

é � § (5) � I Ý C � x → bx, t → bzt,

h → bαh, ¿|^ (3) ª, Kk

bα−z ∂h

∂t
=νbα−2∇2h − κbα−4∇4h

+
λ

2
b2α−2(∇h)2 + b−d−αη

+ b−dFδ(x). (6)

dd�Ñ�ëê�IÝC�'X� ν → bz−2ν,

κ → bz−4κ, D → bz−d−2αD, λ → bα+z−2λ,

F → bz−α−dF .

é h(x, t), η(x, t) Ú Fδ(x) ?1 Fourier C�,

�ò�§ (5) C��Äþ�m¥.

h(k, ω) =G0(k, ω)[F2πδ(ω) + η(k, ω)]

− λ

2
G0(k, ω)

∫ +∞

−∞

dΩ

2π

∫
q<Λ

ddq

(2π)d
q

× (k − q)h(q, Ω)h(k − q, ω − Ω). (7)

ùp,

G0(k, ω) =
1

νk2 + κk4 − iω

�àDÂf, D( η(k, ω) ÷v

〈η(k, ω)〉 =0, (8)

〈η(k, ω)η(k′, ω′)〉 =2Dδd(k + k′)

× δ(ω + ω′). (9)

d

h(k, ω) = G(k, ω)[2πFδ(ω) + η(k, ω)]

½Âk�DÂf G(k, ω), K (7) ª�±^ã 1 ¤«
� Feynman ãL«.

ã 1 (7) ª�ã/L«
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ò (7) ª?1S�Ðm�=�3é�þ!)
�Ç���g�A, r��5����6, ¿�Ä
éD(�²þ, K (7) ª�Ðmã/�±w¤´d
ã 2(a) Ú (b) |¤.

ã 2 (7) ªÐm�ã/�CqL« (a) Ó��ÄD(
Ú:"���^; (b) ��Ä:"���^

ã 2(b) ¥ G′
0(k, ω) L«3�Ä
:"�Úå

��þ!)�Ç���g�A��é�5àDÂ
f G0(k, ω) �?�, ¡�k�àDÂf. ½Â

G′
0(k, ω) =

1
ν′k2 + κk4 − iω

,

Ù¥ ν′ �k�L¡ÜåXê.

�âã 2(b) O��� G′
0(k, ω), =

G′
0(k, ω) =G0(k, ω)

+
(
− 1

2

)
G0(k, ω)

∫ +∞

−∞

dΩ

2π

×
∫ Λ

0

{
ddq

(1
2
k + q

)(1
2
k − q

)
(2π)d

× G0

(
1
2
k + q,

1
2
ω + Ω

)
× G0

(
1
2
k − q,

1
2
ω − Ω

)
× 2πFδ

(
1
2
ω + Ω

)}
. (10)

�6NåÆ4� [18]k → 0 Ú ω → 0, ¿3 G′
0(k, 0)

�È©O�¥=�Ä k �"g�, Kk
1
ν′ =

1
ν

+
KdΛ

d−2λF

2(d − 2)ν3
. (11)

ùp Λ �Å¥ k ����;

Kd =
Sd

(2π)d
=

Sd−1

(2π)d

∫ π

0

dθ sind−2 θ,

Ù¥ Sd � d ��m¥ü ¥N�L¡È. l (11)

ªØJuy: ��þ!)�Ç�Ø�3�, ν′ ��
� ν ��Cq��; 
��þ!)�Ç��3�, ν′

��� ν ��ØÓ. e F v
�, K�â (11) ª ν′

�CqL«�

ν′ =
2(d − 2)ν3

KdΛd−2λF
. (12)

�©�é:"�åÌ��^ (= F v
��)

��¹?1?Ø. �â±þ¤ãØJwÑ, :"�
��3���5�L¡ÜåXê ν UC�k��
L¡ÜåXê ν′, ν′ Ú ν kØÓ�IÝC�'X.

ã 2(a) éA��§�
∂h

∂t
= ν′∇2h − κ∇4h +

λ

2
|∇h|2 + η. (13)

�§ (13) ��5�¹D( KS �§ (2) 3/ªþ
´�����, �´k�L¡ÜåXê ν′ ��

�5� ν.

3 ÄåÆ­�z+©Û

Ï L C þ � � u = −∇h(x, t) Ú f =

−∇η(x, t) ���§ (13) ���/ª�
∂u(x, t)

∂t
=ν′∇2u − κ∇4u − λu∇u

+ f(x, t). (14)

�
BuÄåÆ­�z+©Û, ò�§ (14) Ú
D('éªÅ�� Fourier C�, ��3Äþ�m
¥�Ì�§/ª�

(−iω + νk2 + κk4)u(k, ω)

=f(k, ω) − iλ
2

k

∫
q6Λ0

ddq

(2π)d

∫ ∞

−∞

dΩ

2π

×
{
u(q, Ω)u(k − q, ω − Ω)

}
. (15)

(15) ª¥�È©Äþk��þ�� Λ0 ≡ π/∆x,

∆x = L/N L«¢S�m¥��fm�, L Ú N ©
OL«XÚº�Ú�fê, �
Ø���5, 3O
�L§¥ Λ0 �±�� 1. D( f(x, t) 3 Fourier �
m÷v

〈f(k, ω)f(k′, ω′)〉 =2(2π)d+1Dk2

× δd(k + k′)δ(ω + ω′). (16)

� â ­ � z + � { � Ï ~ ? n � { [18,20],

ò u(k, ω) ©¤ “¯�”u>(k, ω) Ú “ú�”u<(k, ω)

ü�Ü©, éA�Åê÷v Λl ≡ Λ0 e−l 6 |k| 6 Λ0
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Ú |k| 6 Λl, Ù¥ l �Û�XÚºÝ. �±kÏL
È©$�ò “¯�” Ü© u>(k, ω) ��, �e� “ú
�”u<(k, ω) ÷v

[−iω + νk2 + κk4 + Σ(k, ω)]u<(k, ω)

=f<(k, ω) − iλ
2

k

∫
q6Λl

ddq

(2π)d

∫ ∞

−∞

dΩ

2π

×
{
u<(q, Ω)u<(k − q, ω − Ω)

}
, (17)


 f<(k, ω) ÷v

〈f<(k, ω)f<(k′, ω′)〉

=2(2π)d+1[Dk2 + Φ(k, ω)]δd(k + k′)

× δ(ω + ω′). (18)

�ª (17) Ú (18) ¥� Σ(k, ω) Ú Φ(k, ω) �ü�C
q(J©O�

Σ(k, ω) =λ2

∫ Λ0

Λl

ddq

(2π)d

∫ ∞

−∞

dΩ

2π

{
k(k − q)

× |G0(q, Ω)|2G0(k − q, ω − Ω)Dq2

+ kq|G0(k − q, ω − Ω)|2

× G0(q, Ω)D(k − q)2
}

(19)

Ú

Φ(k, ω) =λ2

∫ Λ0

Λl

ddq

(2π)d

∫ ∞

−∞

dΩ

2π

{
k2|G0(q, Ω)|2

× |G0(k − q, ω − Ω)|2

× Dq2D(k − q)2
}
, (20)

ª¥

G0(k, ω) =
1

ν′k2 + κk4 − iω
.

XÚ36NåÆ4� (k → 0, ω → 0) e�
IÝ1�â´k¿Â�, Ïdkò (19) Ú (20) ª
�m>é Ω È©, ,�� ω = 0, 2?1�V?
êÐm¿�3� k4 �, ���âÄåÆ­�z+
�{, ÏLÈ©$��� “¯�” Ü©�¦XÚ¡
E�G, IéCþ?1­#IÝ, k → (1 + δl)k,

ω → (1 + zδl)ω, u(k, ω) → [1− (α + z)δl]u<(k, ω).

­#IÝ��ëêÚk�­�zëê�'X�

ν′ = [1 + (z − 2)δl]ν
′<,

κ = [1 + (z − 4)δl]κ<,

λ = [1 + (z + α − 2)δl]λ<,

D = [1 + (z − 2α − d)δl]ν
′<.

òO�(J�\¿²�n���L«¹D( KS �
§¥ëêCz�­�z6�§Xe:

dν′

dl
=ν′

(
z − 2 +

λ2D

ν
Kd

× ν(2 − d) + κ(4 − d)
4d(ν + κ)3

)
,

dκ

dl
=κ

(
z − 4 +

λ2D

κ
Kd

× a0ν
3 + a1ν

2κ + a2νκ2 + a3κ
3

16d(d + 2)(ν + κ)5

)
,

dλ

dl
=λ(α + z − 2),

dD

dl
=D

(
z − 2α − d + λ2DKd

1
4(ν + κ)3

)
,

(21)

Ù¥

a0 = 3d(d − 2),

a1 = 11d2 − 24d − 20,

a2 = 13d2 − 40d − 60,

a3 = 5d2 − 22d − 16.

�{üå�, =?Ø 1 + 1 �)�, �â�§
| (21) �±)�o÷Ý�ê α ÚÄåÆ�ê z ©
O� α = 1.46, z = 0.54. �â©z [12,19], d��
�¹D( KS �§���(J´ α = 0.5, z = 1.5.

�©�O�(JL², :"���3¦)�L¡o
z, ¿ á
��­½)��ã�µþL§.

4 ( Ø

�©Äu KS �§, æ^ÄåÆ­�z+�{
©Û
:"�½,���3éL¡)�1��K
�. ©ÛL², :"�½,���3éL¡)�1
��)�K��8(���k�L¡ÜåXê ν′.

O���
�A�IÝ�ê α = 1.46 Ú z = 0.54.

ïÄL²: �L¡þ�:"�³�f�, éL¡
�)�1�A�vkK�; ��:"�Úå��
þ!)�Ç����, ¬UCL¡)��IÝ1
�, ¦)�L¡oz¿ á��­½)��ã�µ
þL§.
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Abstract

The dynamic scaling properties of growing surfaces with point-defects are studied by applying the dynamic renormalization-group

approach to the noisy Kuramoto-Sivashinsky equation with an additional term of point-defects potential. From the roughness and the

dynamic exponents α and z obtained here it follows that point-defects tend to roughen the growing surface and shorten its dynamic

relaxation process to a steady-growth state.

Keywords: surface growth, dynamic renormalization-group approach, point-defects
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