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Äºo���H ��o�Ãº ì�r�í (degree distribution)�� P (k)∼k−γ\�¦ ëß�7á¤���H ��Ä» »¡¤'�� ÕªÓüt}©� 0A\�"f ë�H�o

_� +þA$í
õ� ��/åL\� �'aô�Ç Axelrod �̧+þA\� @/�#� ���½̈�%i���. Axelrod �̧+þA\�"f��H ���ª�$í
�̀¦ ����?/��H

���Ãº q\�@/�#�e��>�°úכ qc���>rF�ô�Ç��.7£¤ q < qc{9�M:��Hë�H�o>�_� ½̈$í
"é¶�è[þt_�@/ÂÒì�rs�éß�{9�ë�H�o

\�5Åq���H|9�"f�©�I���÷&�¦, q > qc{9�M:��H ½̈$í
"é¶�è[þts�"f�Ð���Érë�H�o\�¦°ú�>�÷&��HÁº|9�"f�©�I����)a

��.s����|9�"f-Áº|9�"f�©����s��&³�©�_�:£¤$í
s���Ä»»¡¤'��ÕªÓüt}©�_���o�Ãºt�Ãº γ\�_��>r�#�#Qb�G>����

�o���Ht�\�¦���½̈�%i���. γ ≤ 3\�"f��H qc��Ä»ô�ÇÕªÓüt}©�_�ß¼l� N\�@/�#� qc(N)∼Nβ(β > 0)ü<°ú �Ér

"4�ZO�gË:�̀¦ ëß�7á¤�<Ê�̀¦ Ä»ô�Ç ß¼l� »¡¤'�� (finite size scaling)s��:r�̀¦ ��6 x�#� ·ú���?/%3���. s���H N →∞{9�
M: ¢̧��H Áºô�Çß¼l�_� ÕªÓüt}©�0A\�"f��H �©����s���H �>rF� �t� ·ú§�¦ ë�H�o>���H #Q�"� q\�"f�̧ �½Ó�©� |9�"f�©�I�

\� e��6£§�̀¦ _�p�ô�Ç��. ìøÍ��� γ > 3\�"f��H N → ∞{9� M: Ä»ô�Çô�Ç qc\�"f �©����s��� ����z���̀¦ �Ð%i���.
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I. "e Â]Ø

þj��H Óüto��<Æ��[þt�Ér ���r, �â
]j>� 1px\�"f �'a¹1Ï÷&��H 4�¤
ú̧�>�_� ��1lx\� �'aô�Ç ú́§�Ér ���½̈\�¦ ��¦ e���� [1–10]. �
t�ëß� #��Q ���r, �â
]j�&³�©�\�"f ��������H e��>��&³�©� (crit-
ical phenomena),��l�½̈�̧�o (self-organization),�½Óµ1Ï�&³
�©� (emergence behavior)1pxõ� °ú �Ér 4�¤ú̧�>� ��1lx[þt_� Óüt
o�&h� ì�r$3��Ér 6 xs��t��� ·ú§��. Õª!3�\��̧ Ô�¦½̈��¦ Óüto�
�<Æ��[þt�Ér éß�í�Hô�Ç �̧4Sq�̀¦ �̧{9��<ÊÜ¼�Ð+� s���� 4�¤ú̧�>� ��

1lx[þt_� l��:r "é¶o�\� @/K� çß�éß��>� [O�"î
��9��H r��̧\�¦

K�M®o��.
:£¤y� ���r>�\�"f ë�H�o_� +þA$í
õ� ��/åL\� @/K� ���½̈ô�Ç

Axelrod �̧+þA�Ér#��Q��|ÃÐ[þt\�_�K��Ö̧µ1Ïy����½̈�)a �̧+þA
×�æ ���s��� [3–8]. #�l�"f ë�H�oêøÍ ���r&h� %ò
�¾Ó 5Åq\�"f
>h>h���_� l� ñ�� ½©#3�, '��1lx �ª�d��[þt_� /BN:�x�)a |9�½+Ë�̀¦ ú́�
� 9 "f�Ðçß�_� �©� ñ���6 xÜ¼�Ð ���K� /BN���½+É Ãº e����. s����
ë�H�o_�+þA$í
õ���/åL�ÉrY>���t�×�æ¹כô�Ç:£¤fç
�̀¦t������.��
�r ½̈$í
"é¶[þt�Ér �����õ� ë�H�o&h� :£¤$í
�̀¦ �8 ú́§s� /BNÄ»���H

��|ÃÐõ� �©� ñ���6 x��9��H �â
�¾Ós� e����. ¢̧ô�Ç >h>h���[þt çß�
_� �©� ñ���6 x�Ér 1lx{9�ô�Ç ë�H�o&h� :£¤$í
�̀¦ /BNÄ»�>� ëß�1puÜ¼

�Ð+�, 1lx{9�ô�Ç ë�H�o&h� :£¤$í
�̀¦ °ú���H ��|ÃÐ_� Ãº\�¦ 7£x��r����
��. Axelrod �̧+þA\�"f��H ë�H�o_� ���ª�$í
�̀¦ ����?/��H q°úכ

∗E-mail: syook@khu.ac.kr

\� ����"f ë�H�o>��� ���Ér :£¤$í
�̀¦ �Ðs�>� �)a��. 7£¤ e��>�
°úכ qc���>rF��#� q < qc{9�M:��Hë�H�o>�_� ½̈$í
"é¶�è[þt_�

@/ÂÒì�rs� éß�{9�ë�H�o\� 5Åq���H |9�"f�©�I� (order phase)��
÷&�¦, q > qc{9� M:��H ½̈$í
 "é¶�è[þts� "f�Ð ���Ér ë�H�o\�¦ °ú�

>�÷&��H Áº|9�"f�©�I� (disorder phase)�� �)a��.
�:r ���½̈\���� ��Ä» »¡¤'�� ÕªÓüt}©� (scale-free net-

work)0A\�"f Axelrod �̧+þA_� q�î̈
+þA |9�"f-Áº|9�"f �©����
s� (nonequlibrium order-disorder phase transition) �&³�©�
\� @/�#� ×�æ&h�&h�Ü¼�Ð ���½̈�%i���. ��Ä» »¡¤'�� ÕªÓüt}©�s�
êøÍ ��o�Ãº ì�r�í (degree distribution)�� P (k)∼k−γü< °ú 

s� "4�ZO�gË:\�¦ ëß�7á¤���H ÕªÓüt}©��̀¦ ú́�ô�Ç�� [11,12]. #�l�"f
t�Ãº γ��H��o�Ãºt�Ãº (degree exponent)���¦ô�Ç��.z�́]j
actor network�� email network 1px\�"f �̂¦ Ãº e����H ��ü<
°ú s� ú́§�Ér���rÕªÓüt}©� (social network)[þt_� ½̈�̧��s�ü<
°ú �Ér ��Ä» »¡¤'�� ÕªÓüt}©� +þAI�e��s� ·ú��9&����. [9,10]. ��o�
Ãº ì�r�í�� �í��5Åx (Poisson) ì�r�í��� Áº���0A ÕªÓüt}©� (ran-
dom network)\�"f��H �̧×¼[þts�ÅÒ�Ð��t���H î̈
ç�H&h������
o�Ãº�� �>rF��t�ëß�, ��Ä» »¡¤'�� ÕªÓüt}©�\���� Y>�Y>� �̧×¼[þt
s����Ér �̧×¼[þt�Ð���s̀��� ú́§�Ér��o�Ãº\�¦��t�>��)a��.��
Ä» »¡¤'�� ÕªÓüt}©�\�"f ���Ér �̧×¼[þt�Ð�� �s̀��� ú́§�Ér ��o�Ãº

\�¦ ��t���H �̧×¼[þt�̀¦ )�ÚÔ���¦ ú́�ô�Ç��. ��Ä» »¡¤'�� ÕªÓüt}©�
�Ér s���� )�ÚÔ_� %i�½+É�Ð ���K� &ñ
½©������� Áº���0A ÕªÓüt}©�

õ���H ���Ér :£¤$í
�̀¦ �Ð����� [13–15]. ¢̧ô�Ç °ú �Ér ��Ä» »¡¤'��
ÕªÓüt}©� ½̈�̧���̧ ��o�Ãº t�Ãº (γ)\� ���� Óüto��<Æ&h� ��1lx
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s� ¢-a��� d�¦�9t���H �â
Äº�̧ e����. \V\�¦ [þt��� 2 < γ ≤ 3���
Áºô�Ç ß¼l�_� ��Ä» »¡¤'�� ÕªÓüt}©�0A\�"f ���%i�#î
s� (�t���H

�â
Äº ���çß�_� ���%i�Ö�¦ëß� e���8���̧ ����̂ ÕªÓüt}©�Ü¼�Ð ~1�>�

���%i�#î
s� (�t���H :£¤$í
s� e����. ìøÍ��� γ > 3��� Áºô�Ç ß¼l�
_� ��Ä» »¡¤'�� ÕªÓüt}©�0A\�"f��H ���%i�Ö�¦_� e��>�°úכs� �>rF�

�#� Õª s��\���� ����̂ ÕªÓüt}©�Ü¼�Ð (�t�t� ·ú§��H��. [16]
s����_� Axelord �̧+þA\� @/ô�Ç ���½̈[þt�Ér ÅÒ�Ð 1	�"é¶ ¢̧
��H 2	�"é¶&ñ
½©�����0A\�"f��ÀÒ#QM®o�� [5,6,8]. �t�ëß���
�r ÕªÓüt}©�\� 5Åq���H ë�H�o>�_� ½̈�̧��H &ñ
½©�����ü< °ú �Ér

ç�H|9�ô�Ç (homogeneous) ½̈�̧��l� �Ð����H q�ç�H|9�$í
 (het-
erogeniety)�̀¦ ��t���H 4�¤ú̧�>� ÕªÓüt}©� ½̈�̧\� �Ð�� ��¾ú�
���¦ ½+É Ãº e����. ����"f �Ð�� z�́|9�&h���� ë�H�o +þA$í
 :£¤$í

�̀¦ s�K��l� 0AK�"f ���ª�ô�Ç 4�¤ú̧�>� ÕªÓüt}©� 0A\�"f Ax-
elrod �̧+þA_� :£¤$í
�̀¦ s�K�½+É ��¹כ��9 e����. Õª���X< t��FK
��t���H ��o�Ãº t�Ãº (γ)�� 3��� Barabasi-Albert network
(BA network) [11]0A\�"fëß� ���½̈�� e��%3��¦ [7] ÕªÓüt}©�_�
½̈�̧��Ô�¦ç�H|9� (heterogeneous)K�t���H γ < 3���ÕªÓüt}©�s�
��Õªµ1Ú\� γ > 3���ÕªÓüt}©�\�@/ô�Ç �̧f��&h�������½̈��H\O�%3�
��. s���� 2[t�\�"f Äºo���H ��Ä» »¡¤'�� ÕªÓüt}©�\�"f γ_� °úכ

�̀¦ #��Q��t��Ð �̧]X�����"f Axelrod �̧+þA_� |9�"f-Áº|9�"f
�©����s� �&³�©�_� :£¤$í
\� @/�#� ���½̈��9�¦ ô�Ç��.

II. Axelrod {¢]kù

Äºo���H l��>r_� Axelrod �̧+þA [3,4]�̀¦ N>h_� �̧×¼�Ð ½̈

$í
�)a ��Ä» »¡¤'�� ÕªÓüt}©�0A\�"f ���½̈�%i���. Äº��� Äºo���H
��Ä» »¡¤'�� ÕªÓüt}©��̀¦ ½̈$í
½+É M:, ��o���� t�Ãº (γ)\�¦ ~1�
>� �̧]X�½+É Ãº e����H �̧+þAÜ¼�Ð"f ]jîß��)a &ñ
&h� �̧+þA (static
model)�̀¦ s�6 x�%i��� [17]. &ñ
&h��̧+þA�Ér ÕªÓüt}©�_� y�� �̧
×¼ i (i = 1, 2, · · · , N)\�¦ i−α_� SX�Ò�¦�Ð ������ r���� �̧+þA

s���. s�XO�>� ½̈$í
�)a ÕªÓüt}©��Ér ��o�Ãº ì�r�í (degree dis-
tribution)�� P (k)∼k−γ\�¦ ëß�7á¤� 9 ��o�Ãº t�Ãº (γ)��H
γ = (1− α)/α_� �'a>�\�¦ �������.
s�]j ��Ä» »¡¤'�� ÕªÓüt}©�0A\�"f Axelrod �̧+þA [7]�̀¦ &ñ

SX�y� &ñ
_�K� �Ð��. ÕªÓüt}©�_� y�� �̧×¼[þt�Ér ë�H�o>�_� ½̈$í

"é¶[þt�̀¦ �����·p��. y��y��_� �̧×¼ i_� ë�H�o&h� :£¤$í
�Ér F>h

_����Érë�H�o&h¹כ��è_�|9�½+Ë (σi1, σi2, · · · , σiF )�Ð&ñ
_��)a
��.�íl�\� �̧×¼ i_�y��y��_� σif (f = 1, 2, · · · , F )��H 1\�"f
q��t�_������Ãº×�æ���\�¦1lx{9�ô�ÇSX�Ò�¦�ÐÁº���0A�Ð���×þ�

�#� &ñ
ô�Ç��. #�l�"f q��H #Q�"� ë�H�o&h� :£¤$í
\� @/ô�Ç >h>h

���_� '��1lx, I��̧1px_� 7áxÀÓ\�¦ ����?/ 9 ë�H�o>�_� ë�H�o&h�
���ª�$í
õ� ����'a�)a��. Õª Êê ��6£§_� õ�&ñ
�̀¦ ìøÍ4�¤ô�Ç��.

(1) ÕªÓüt}©�\�"f e��_�_� �̧×¼ iü< �������)a �̧×¼[þt ×�æ �

����� j\�¦ Áº���0A�Ð ���×þ��#� s�ÀÒ#Q��� bond (i, j)\�¦ ���
×þ�ô�Ç��.

(2) ��6£§Ü¼�Ð ¿º �̧×¼ iü< j�� /BNÄ»���H :£¤$í
_� Ãº

m(i, j) =
∑F

f=1 δσif ,σjf
\�¦ >�íß�ô�Ç��.

(3) ëß���� 0 < m(i, j) < Fs���� bond (i, j)��H �Ö̧1lx

&h� �©�I�\� e���� &ñ
_���¦ bond_� ¿º �̧×¼ iü< j\� SX�Ò�¦

mij/F�̀¦ ½+É{©�ô�Ç��.
(4) SX�Ò�¦ mij/F�Ð ��6£§õ� °ú �Ér õ�&ñ
�̀¦ r�'��ô�Ç��. �̧

×¼ iü< j ��s�_� ���Ér ë�H�o&h� :£¤$í
, 7£¤, σif 6= σjf��� :£¤$í


×�æ ���\�¦ Áº���0A�Ð ���×þ���¦, Õª ���×þ�ô�Ç :£¤$í
�̀¦ σif =
σjfü< °ú s� 1lx{9��>� ëß���H��.

(5) ëß���� bond (i, j)\�"f ë�H�o&h� :£¤$í
s� �̧¿º °ú ����
(m(i, j) = 0)��ØÔ����� (m(i, j) = F )��Áº{9��̧{9�#Q��t�
·ú§��H��.
s��Qô�Ç ½©gË:�Ér ·ú¡"f ���/åLÙþ¡~�� ½̈$í
"é¶[þts� �����_� ë�H

�o&h� :£¤$í
õ� q�5pwô�Ç ½̈$í
"é¶õ� �8 ú̧� �©� ñ���6 x��9��H �â


�¾Ó÷�rëß� ��m��� �©� ñ���6 xÜ¼�Ð ���K� "f�Ð çß�\� /BNÄ»�

��H ë�H�o&h� :£¤$í
s� Zþt#Qèß�����H ��z�́�̀¦ ú̧� ìøÍ%ò
ô�Ç��. Dy-
namics�� ���'��H�d\� ���� Axelrod �̧+þA�Ér �Ö̧1lx&h� �©�I�_�
bond���>rF��t�·ú§��Hf�̈Ãº�©�I� (absorbing state),7£¤ �̧
��H bond\� @/�#� m = 0 or F��� �©�I�\� [þt#Q��>� �)a��.
Axelrod �̧+þA�Ér ë�H�o&h� ���ª�$í
 q\� ����"f ß¼>� ¿º��t�

_� f�̈Ãº �©�I��� �>rF�ô�Ç��. �íl� �©�I�\�"f q°úכs� ��������

½̈$í
 ¹�è[þt�Érכ "f�Ð ~1�>� �©� ñ���6 x��¦ ���²DG ����̂ ë�H�o

>�_�ë�H�o&h�:£¤$í
s���_�1lx{9�K�t���Héß�{9�ë�H�o�©�I�\�[þt

#Q��>� |̈c �.���s	כ ìøÍ���\� q °úכs� 7£x���<Ê\� ���� ��_� �̧

��H �̧×¼_� ë�H�o&h� :£¤$í
 (σif )s� "f�Ð ²ú���4R"f �̧×¼z�o�
�©� ñ���6 x�l� #Q�90At��¦, Õª ���õ� ��_� �̧��H �̧×¼[þt_�
ë�H�o&h� :£¤$í
s� ���Ér ¢̧ ���_� f�̈Ãº�©�I��� Òqt$í
|̈c Ãº e��

��. s�%�!3� >��� #Q�"� f�̈Ãº�©�I�\� [þt#Q��Ö¼����H q\� ��

�Érë�H�o&h����ª�$í
õ�>�\�¦|9�"f�or�v��9��H (ë�H�o&h�:£¤$í

�̀¦ °ú >� ëß�×¼�9��H) ²DG�è&h� �©� ñ���6 x ×�æ #QÖ¼ ��s	כ Äº[j
�Ö¼��\� ²ú��9e����.

III. +sÇ ÊÝ

q�� ����<Ê\� ���� ����±ú� Ãº e����H ¿º ��t� "f�Ð ���Ér

�©�I�\�¦ �8 ú̧� s�K��l� 0A�#� |9�"f ë�B6£§ ���Ãº (order
parameter) 〈smax〉/N\�¦ �̧{9�Ùþ¡��. 1lx{9�ô�Ç ë�H�o&h� :£¤$í

�̀¦ ��t����"f "f�Ð �������)a �̧×¼[þt_� |9�½+Ë, 7£¤ 1lx{9� ½̈%i�
(homogeneous domain)_�ß¼l�\�¦ s��&ñ
_����� 〈smax〉��H
���©�	�H1lx{9� ½̈%i�_�ß¼l�_� î̈
ç�H�̀¦_�p�ô�Ç��.s�M:�â
>�
°úכ qc�� �>rF��#� q < qc��� >���H éß�{9�ë�H�o�©�I��Ð |9�"f�o

(〈smax〉/N ∼ 1)÷&�¦ q > qc��� ��Ãºë�H�o�©�I��Ð Áº|9�"f�o

(〈smax〉/N ∼ 0)÷&��H |9�"f-Áº|9�"f �©����s� �&³�©�s� SX����÷&
%3��� [5–7]. Õª�Q�� ��Ä» »¡¤'�� ÕªÓüt}©� 0A\�"f_� Axelrod
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Fig. 1. Plot of 〈smax〉 /N against q when F = 10 for (a)
γ = 2.3 and (b) γ = 2.7.

�̧+þA_� �©����s� :£¤$í
_� ��������� t�Ãº (γ)\� _��>r$í
\� @/ô�Ç
���½̈��H ·ú��94R e��t� ·ú§��.
Äº��� Ä»ô�Ç ��Ä» »¡¤'�� ÕªÓüt}©��̀¦ &ñ
&h� �̧+þA [17]�̀¦ s�6 x
�#�ëß�[þt÷& î̈
ç�H��o����Ãº 〈k〉 = 4�Ð�¦&ñ
r�&� �̧��H �̧
×¼�� ô�Ç 9þt�QÛ¼'�\� �̧s�>� �%i���. �:r �7Hë�H\�"f��H ÅÒ#Q
��� γ\� @/�#� F = 10Ü¼�Ð �¦&ñ
r�&� Z�~�¦ q\�¦ �̧]X�� 9

〈smax〉/N��#Qb�G>�����o���Ht� �̧���%i���.ÅÒ#Q��� γü<

ß¼l��� N���ÕªÓüt}©��̀¦ 10>h\�¦ëß���H��6£§,y��ÕªÓüt}©�0A\�
"f 10���_� r�Ð3x?/l��#� %3��Ér 8úx 100 ���_� smax\�¦ î̈
ç�H

�#� 〈smax〉[þt�̀¦ >�íß�Ùþ¡��.
���$� γ < 3��� γ = 2.3õ� γ = 2.7_���Ä»»¡¤'��ÕªÓüt}©�0A
\�"f 〈smax〉/N_� q\� @/ô�Ç _��>r�̧\�¦ Fig. 1(a)ü< (b)\�
����?/%3���.Ä»ô�Çß¼l�_�ÕªÓüt}©�\�"fÄ»ô�Çô�Çe��>�&h� qc�̀¦

�â
>��Ð 〈smax〉/N∼1���|9�"f�©�I�\�"f 〈smax〉/N∼0���Áº
|9�"f �©�I��Ð �©����s��� {9�#Q����H �¦̀�	כ SX����½+É Ãº e��%3���.
¢̧ô�Ç ÕªÓüt}©� ß¼l��� &�|9�Ãº2�¤ �©����s� &h�s� &h�&h� &������

��H �¦̀�	כ ·ú� Ãº e����. s�\�¦ &ñ
|¾Ó&h�Ü¼�Ð SX����K� �Ðl� 0A
K� N\� @/ô�Ç �©����s�&h� qc(N)�̀¦ 〈smax〉/N = 0.5��� �'a
>�d���̀¦:�xK�&ñ
_��#� qc(N)õ� N_��'a>�\�¦ ½̈Ùþ¡��. Fig.
2(a)ü< (c)\�Õª���~½ÓZO�Ü¼�Ð%3��Ér qc(N)õ� N_��'a>�\�¦��

��?/%3���.Õª���õ� qc(N)õ� N�Ér qc(N)∼Nβü<°ú �Ér"4�ZO�

gË:�̀¦ ú̧� ëß�7á¤�<Ê�̀¦ ·ú� Ãº e��%3���. Õªo��¦ d�� qc(N)∼Nβ�̀¦

s�6 x�#� ½̈ô�Ç β��H y��y�� β = 0.58 ± 0.01(γ = 2.3), β =
0.47 ± 0.01(γ = 2.7)s���. (Fig. 2(a)ü< (c)\�"f f����� �ÃÐ
�̧.)
:£¤y� d�� qc(N)∼Nβ�̀¦ s�6 x�#� %3��Ér β°ú̀�כ¦ s�6 x�

#� 〈smax〉/N\�¦ rescale ô�Ç �'a>�d�� 〈smax〉/N(q,N) =
g(qN−β)�̀¦ %3��̀¦ Ãº e����HX< Fig. 1(a)ü< (b)_� X<s���
[þts� N\� �'a>�\O�s� rescale ô�Ç �'a>�d��Ü¼�Ð ú̧� collapse�)a
����H ��z�́�̀¦ Fig. 2(b)ü< (d)\�"f ú̧� ·ú� Ãº �� e����. ¢̧

Fig. 2. (a) Plot of qc against N for γ = 2.3. The solid
line represents the relation qc(N) = CN0.58, where C is a
constant. (b) Scaling plot of order parameter in Fig.1(a)
using a scaling function 〈smax〉 /N(q, N) = g(qN−0.58)
when γ = 2.3. (c) Plot of qc vs. N for γ = 2.7. The solid
line stands for the relation qc(N) = CN0.47. (d) Scal-
ing plot of order parameter for γ = 2.7 using a scaling
function 〈smax〉 /N(q, N) = g(qN−0.58).

γ = 3�����Ä»»¡¤'��ÕªÓüt}©�0A\�"f�̧ β = 0.39±0.01���°úכ
�̀¦s�6 x���� 〈smax〉/N(q,N) = g(qN−β)���Ä»ô�Ç»¡¤'���<Ê
Ãº\�¦ Axelrod �̧+þAs� ú̧� ëß�7á¤r�v���H ��s	כ ·ú��94R e����.
[7] ����"f γ = 2.3, 2.7, 3.0\�"f_� ���õ�[þt�̀¦ 7áx½+ËK� �Ð���
γ ≤ 3��� ��Ä»»¡¤'�� ÕªÓüt}©�\�"f��H ÕªÓüt}©� ß¼l�\� ���Ér e��
>�°úכ�Ér qc(N)∼Nβ(β > 0)_� �'a>�\�¦ ëß�7á¤�<Ê�̀¦ ·ú� Ãº e��
Ü¼ 9 β °úכ�Ér γ�� 7£x��½+ÉÃº2�¤ y���è�<Ê�̀¦ ·ú� Ãº e����.
����"f γ ≤ 3��� ÕªÓüt}©� 0A\�"f_� %3��Ér Axelrod �̧+þA

_� Ä»ô�Ç »¡¤'�� :£¤$í
Ü¼�Ð Òqty��K� �Ð��� N → ∞��� \P�%i��<Æ
&h� �FGô�Ç\�"f��H �©����s� �&³�©�s� ����t��¦ >���H �½Ó�©� |9�"f

�©�I�\� e��6£§�̀¦ ·ú� Ãº e����. s��Qô�Ç ���õ���H γ ≤ 3��� ÕªÓüt
}©�_� q�ç�H|9�ô�Ç ½̈�̧&h� :£¤$í
\� l����½+É ����s	כ ��«Ñ�)a��.
2 < γ ≤ 3��� ��Ä» »¡¤'�� ÕªÓüt}©�\�"f��H î̈
ç�H ��o�Ãº�Ð��
�s̀��� �8 	�H ��o�Ãº\�¦ ��t���H )�ÚÔ �̧×¼_� �>rF��� ¿º×¼�Q

t�>� ����èß���. s��Qô�Ç )�ÚÔ��H >�\�"f ë�H�o_� ��/åL\� ×�æ
@/ô�Ç %i�½+É�̀¦ �>� �)a��. y�� �̧×¼[þt�Ér )�ÚÔ\�¦ :�xK� ú́§�Ér
Ãº_� ���Ér �̧×¼[þtõ� �©� ñ���6 x �Ù¼�Ð ���²DG ë�H�o>���H ~1�

>� |9�"f�©�I�\� [þt#Q��>� H�d�̀¦ s� ���õ��Ð ÂÒ'� ·ú� Ãº e��

��.
�t�ëß� ��Ä» »¡¤'�� ÕªÓüt}©�\�"f γ�� &h�&h� 7£x��½+ÉÃº2�¤

s���� )�ÚÔ_� %i�½+É�Ér &h�	� ×�¦#Q [þt>� �)a��. ����"f Äºo�
��H γ > 3��� ��Ä» »¡¤'�� ÕªÓüt}©�0A\�"f Axelrod �̧+þA_� :£¤
fç
�̀¦ ·ú����Ð�¦ ���Ér 4�¤ú̧�>� ÕªÓüt}©�õ� q��§K��Ðl� 0A�

#� γ = 5.0��� ��Ä» »¡¤'�� ÕªÓüt}©�õ� Erdös-Rényi (ER) Áº
���0A ÕªÓüt}©� [18]\�"f r�Ð3x?/l�K� �Ð��¤��. Äºo���H ·ú¡���
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Fig. 3. Plots of (a) 〈smax〉 /N against q and (b) qc(N) on
scale-free networks with γ = 5.0. Plots of (c) 〈smax〉 /N
vs. q and (d) qc(N) on ER random networks. The insets
in (c) and (d) show the relation between qc and 1/N .
The solid lines in the insets represent the expectation by
extrapolation.

γ < 3��� ��Ä» »¡¤'�� ÕªÓüt}©�\�"fü< 1lx{9��>� 〈k〉 = 4�� ÷&
>��FK ¿º �̧×¼\�¦ ������½+É SX�Ò�¦�̀¦ �̧&ñ
�%i���. Fig. 3(a)ü<
(c)��H y��y�� γ = 5.0 ü< ER Áº���0A ÕªÓüt}©�\�"f "f�Ð ��
�Ér ÕªÓüt}©� ß¼l� N\� @/ô�Ç |9�"f-Áº|9�"f �©����s�_� ÕªA�
áÔs���. Ns� 7£x���<Ê\� ���� ÕªA�áÔ_� l�Ö�¦l���H &h�&h� ��

����t� 9 �©����s� �&³�©�s� Ìº§Â	K�f���̀¦ �̂¦ Ãº e����. Fig.
3(b)ü< (d)��H N\� @/ô�Ç qc(N)�̀¦ Õª�2; �Ü¼�Ð	כ Ns� &�

|9�Ãº2�¤ qc(N)_� 7£x��|¾Ós� y���è�<Ê�̀¦ �̂¦ Ãº e����. Fig. 3
(b)ü< (d)_�?/ÂÒÕªaË>�Ér qc(N)õ� 1/N_��'a>�\�¦ �Ð#�ï�r

��. s� X<s���[þt�ÐÂÒ'� N → ∞ (¢̧��H 1/N → 0)��� �FG
ô�Ç\�"f, ü@¶ú�ZO��̀¦ s�6 x�#� ÆÒ&ñ
ô�Ç qc(N → ∞)��H γ =
5.0{9�M: qc(N → ∞) ≈ 191s� 9 ER Áº���0A ÕªÓüt}©�\�
"f��H qc(N → ∞) ≈ 158 s���. ����"f γ > 3��� �â
Äº
N → ∞��� �FGô�Ç\�"f qc(N)�Ér #Q�"� Ä»ô�Çô�Ç °úכ\� ����0>
f���̀¦ SX����½+É Ãº e����. s��Qô�Ç ���õ���H ���\� ���½̈÷&#Q���
1	�"é¶õ� 2	�"é¶ &ñ
½©�����\�"f_� ��1lxõ� 1lx{9����. [5,6]

IV. +sÇ Â]Ø

Äºo���H ë�H�o_� +þA$í
õ� ��/åL\� �'aô�Ç @/³ð&h���� �̧+þA���

Axelrod �̧+þAs� ��Ä» »¡¤'�� ÕªÓüt}©� ½̈�̧\� #Qb�G>� %ò
�¾Ó
�̀¦ ~ÃÎ��Ht�\� @/�#� ���½̈Ùþ¡��. Axelrod �̧+þA�Ér ë�H�o&h�
���ª�$í
 (q)\� ����"f q < qc��� ë�H�o>���H éß�{9�ë�H�o�©�I�

�Ð |9�"f�o (〈smax〉/N ∼ 1)÷&�¦ q > qc��� ��Ãºë�H�o�©�I�

�Ð Áº|9�"f�o (〈smax〉¿N)÷&��H |9�"f-Áº|9�"f �©����s� �&³�©�
�̀¦ �Ð�����. ��Ä» »¡¤'�� ÕªÓüt}©� ½̈�̧_� @/³ð&h� :£¤fç
�Ér ��

o�Ãº ì�r�í�� P (k)∼k−γü< °ú s� "4�ZO�gË:�̀¦ ��ØÔ 9 ������

��� t�Ãº (γ)\� ����"f ½̈�̧&h� :£¤$í
s� ���÷¶����H &h�s���.
Äºo���H ÕªÓüt}©�_� ½̈�̧&h� :£¤$í
\� ���� |9�"f-Áº|9�"f �©����
s� �&³�©�s� #Qb�G>� ��7��Ht� ·ú����Ðl� 0A�#� ��������� t�

Ãº (γ)\�¦#��Q��t��Ð �̧]X�K��� 9���½̈�%i���. Numerical
simulationÜ¼�ÐÂÒ'� γ = 3��� °ú̀�כ¦ �â
>��Ð �©����s� �&³�©�_�
¿º��t� �©�ìøÍ�)a ��1lx�̀¦ SX�����%i���. γ ≤ 3\�"f��H ÕªÓüt}©�
_� ß¼l� Nõ� qc(N)s� qc(N)∼Nβ_� �'a>�\�¦ ��f���̀¦ Ä»ô�Ç

ß¼l� »¡¤'�� s��:rÜ¼�Ð ·ú���?/%3���. N →∞\�"f �©����s���H
����t��¦>���H�½Ó�©�|9�"f�©�I����)a��.ìøÍ��� γ > 3\�"f��H
N →∞{9�M: qc��HÄ»ô�Çô�Ç°úכÜ¼�ÐÃº§4��>�÷& 9s���HÁº

���0A ÕªÓüt}©�õ� l��>r_� 1	�"é¶, 2	�"é¶ &ñ
½©�����\�"f_� ���
õ�ü< 1lx{9����. s��Qô�Ç �©����s� �&³�©�_� 	�s���H ��������� t�
Ãº (γ)\� ���� ��������H )�ÚÔ_� %i�½+É_� 	�s�\�"f µ1ÏÒqtô�Ç
��. 7£¤ γ ≤ 3��� ��Ä» »¡¤'�� ÕªÓüt}©�\�"f��H ��@/ô�Ç ß¼l�_�
)�ÚÔ�� �������¦ ë�H�o_� +þA$í
õ� ��/åLs� �8 ú̧� {9�#Q��>�

���H %i�½+É�̀¦ ô�Ç��.

Pcp��8ý òk>

s� �7Hë�H�Ér F�éß�ZO���� ô�Ç²DGs��:r-Óüto� x9� �o�<Æ���½̈�r_�
t�"é¶ x9� 2008�̧��̧ &ñ
ÂÒF�"é¶ (�§¹¢¤���&h���"é¶ÂÒ �<ÆÕüt���½̈
�̧$í
��\O�q�)Ü¼�Ðô�Ç²DG�<ÆÕüt���<ÉªF�éß�_�t�"é¶�̀¦~ÃÎ�����½̈
÷&%3�6£§ (KRF-2008-321-B00031).
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[11] A.-L. Barabaśi and R. Albert, Science 286, 509
(1999).

[12] R. Albert and A.-L. Barabaśi, Rev. Mod. Phys. 74,
47 (2002).

[13] R. Cohen, D. ben-Avraham and S. Havlin, Phys.
Rev. E 66, 036113 (2002).

[14] S. Lee, S. -H. Yook and Y. Kim, Phys. Rev. E 74,
046118 (2006).

[15] S. N. Dorogovtsev, A. V. Goltsev and J. F. F.

Mendes, Phys. Rev. E 66, 016104 (2002).

[16] R. Pastor-Satorras and A. Vespignani, Phys. Rev.

Lett. 86 3200 (2000).

[17] K.-I Goh, B. Kahng and D. Kim, Phys. Rev. Lett.

87, 278701 (2001).
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Axelrod Model on Scale-free Networks
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We study the Axelrod model, which describes the formation and spreading of cultural consensus

on scale-free networks. A scale-free network is a network whose degree distribution satisfies a power

law, P (k) ∼ k−γ . In the Axelrod model, the variable q, which represents the cultural diversity,

has a threshold qc. For q < qc, the system or the society is in an ordered state in which all agents

have the same culture. On the other hand, when q > qc, all agents have different culture, and the

systems is in a disordered state. In this paper, we study the effect of the underlying topology on

the properties of the order-disorder phase transition. Using a finite-sized scaling analysis, we find

that qc satisfies the power-law qc(N) ∼ Nβ (β > 0) when γ ≤ 3. Here N is the size of the network.

This result indicates that the system is always in an ordered state for any q in the limit N → ∞.

However, when γ > 3, the system undergoes a phase transition at finite qc as N →∞.
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