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Nõ#�uÐ. Sznajd 3����þ�©
Û�Ä
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K� [1]. 3dÄ:þ, k
ÆöòÙí2�E,�
ä¥, lØÓ�Ý©Û
�¬�ä3ú�zØ/¤
L§¥�K��^ [2−5]. ,
, zØ�/¤Ø=É

��¬�ä(��K�, 
��É��/n ��
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´�Ä
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¬Ñy²w�/«5�É, c#5�ÉÚ¬x5�
É? ù«�É3�½§Ýþ¬{N��5ú�zØ
�/¤. �e5�¯K´, q´�oÏ�3,«§
Ýþ�~
ù«�É�{N�^, ¦�k
<¬�
n5��É�
���gCÎØ�Z, $�±cÎ
Ø@Ó�*:, l
��+N5¯��/¤Q? ù

¯KQk­���¬¿Â, q�9éXÚüzÅ
n��\n), äk­��nØÚ¢�¿Â. éu
ù
¯K��\n), �9*:/¤L§¥@��
�X��Ó�^, Ù¥©z�µ!�¬�µ!¬x
�µ!���µ�Nõ�µÏ�åX­��^, 

ù
Ï�  �/n�mk'. Ïd, �©�ï

�Ä�m/nÏ���¬�ä�., ¿ïá
Ó�
�Ä©z!�N�m�p�^�Ï�� Ising �.,

ïÄ
zØ/¤�L§ÚÙ¥��C1�, ��

�
k¿Â�(Ø. ~X, ��X´K�Ï�, Ly
�,«�¬�í�, §Òk�Uü$ØÓ�N�m
�µ�¤��É, r?��5zØ�C1���).

2 �ä(��zØ/¤�.

ú�zØ�üzu)3�¬�ä�þ, ØÓ
��ä(�éüz�(JkX­�K�. Ïd, �
��\�C¢S��¬�ä´�[©Û�Ä:.

®k�ÃõïÄL², �¬�ääkü�­�A
� [8−10]. Ù�´�ä�Ý©ÙÑl�Æ©Ù, ´Ã
IÝ�ä (scale-free network), =z�º:�Ý k �
ÙÑy�VÇ÷v�§ P (k) ∝ k−γ . Ù�´�¬
�äÑäk�­.�A, =äk���²þ�á´
», ±9�p�8àXê (clustering coefficient). Ù
¥8àXê�A
�ä¤ì�§Ý, �p8àXê
¬¦� “*l�*l´*l” ��U5�p. Äu
d,·��)�mÏ���¬�ä)¤L§�zØ
/¤�.�äN��Xe.

Äk, �ï�[¤I���¬�ä. Ù¥ÃI
Ý�ä�A��±¦^ Barabasi-Albert �ä�)
¤�{�� [11]. kNõÄuÃIÝ�ä�ïÄþ
|^T�{)¤�ä [12,13]. ù�ë��{ÏL 
Ðë� (preferential attachment) òº:\\�ä, )
¤�ä�Ý©Ù÷v�Æ©Ù, � BA �{)¤�
�ä�÷v�¬�ä�A���, 
�¬�ä�p
8àXêA�Ã{÷v, Ïd, 3�©¥·�¦^

n�|�{Jp�ä�8àXê, �Ò´±V

Ç pt O� Ðë��n�| (triad formation, TF)

ë� [14]. ²Ln�|Ú½U?±�, �VÇ pt Ø
�"�, �X�NêþN�ØäO\Ò�±���
��"�8àXê, Ó�éu�ä�Ý©ÙØ¬�
)��K�.

3±þ�äÄ:þ·�2?�ÚÚ\�mÏ
�. ò^þã�{)¤��¬�ä¥� N = L × L

��N�Å��3��äk/n ������
��þ, ÏL i Ú j ü�eI½ �ä¥�z�
��N, 
T�I�L«
T�N�ý¢/n 
�. @o, ��N ij ¡é��äN¯K�, ¦kü
«�Ý�±ÀJ, ^g^ Sij L«¦éT¯K�
äN�Ý, �og^�þ (Sij = +1), �og^�
e (Sij = −1).

�N*:�/¤ØÉÙg��µ�¤�Ï�
�K�	, �ÏL�äÉ�Ù¦�N�*:�K�.

�âK��N5
�ØÓ, �òÙ¦�N�K�©
�ü�Ü©. 1�´*lK� F (�¬�äþ�Ù
�ë���N), 1�´±��ØK� D(�m/n
 �þ3¦NC��N). Ïd, ò�N ij 3 t ��
É��üÜ©K��½Xe:

Fij(t) = k−1
ij

kij∑
n=1

Ai(n)j(n)∆BnSi(n)j(n)(t), (1)

Dij(t) = N−1
d

Nd∑
n=1

Ai(n)j(n)∆BnSi(n)j(n)(t), (2)

(1) Ú (2) ª¥� Aij ∈ (0, 1) ´�NK�¦<�
Uå±9Ù�±gCw{�j½Uå, �ûu�
N���§Ý!c#�¹!�¬/ !�¬að
å!n5@��¯õÏ�. 3<+¥, Aij ´�Å
©Ù�. ��5`, AOUj±gC*:½AO
N´UCgC*:�<AT�Ó�ê, �õê<
�UÑ?uùüö¥m, ¤± Aij ����©Ù
´Ün�. 3�.�ê�O�¥, ·�é Aij �
��©ÙÚþ!©Ù��/©O?1
�[, Ä
�(Jvk½5�O. ¤±3�©�ê��[¥,

�
O��B, ·��Tëê���3¤k�N
¥÷vþ!©Ù. eI i(n) � j(n) ´¼��N n

� ij �I�IP. ±��Ø�N�ûu±�N ij

�¥%, þe�mål� d �Ý/S¤�)� Nd

��N. ëê ∆B ∈ [0, 1] £ã�pK���N ij

��N n �m��µ�¤�ÉézØ/¤�K
�, �É��, �N n é�N ij �K�Ò��. �
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�, �É��, �N n é�N ij �K�Ò��. ·
�� ∆Bn = 1 −

∣∣Bij − Bi(n)j(n)

∣∣, w,, �É� 0

� ∆Bn ��, �� 1, 
�É� 1 ��� 0. ò Fij

� Dij üÜ©K�Uì�½�­?1\o, Ò�
��û½�N ij 3 t + 1 �¤±k�*:�oK
� hij(t + 1), äN/ªXe:

hij(t + 1) = αFij(t) + (1 − α)Dij(t), (3)

Ù¥ α�üÜ©K��m��­ëê. �¤k�N
�âþãK�5K(½
gC3 t + 1 ���oK
� hij �, ¦3 t + 1 ��´ÄUCgC�c*:�
VÇ pij deªû½:

pij =



(1 − Aij) (1 − exp [hijSij/T ]) ,

hijSij 6 0,

(1 − Aij) exp [−hijSij/T ] ,

hijSij > 0,

(4)

(4) ª¥, T ´ Ising �.¥�§Ýëê, 3ùp�
ò T n)����¬ÚOþ, �A
�¬�N��

AÏá5, 'X#N©z��¬õ�5§Ý!�
N3*:ÀJþ�n5§Ý±9&E��§Ý�.

� T = 0 �, &E��, ¿��N3ÀJ*:ªÓ
5þ�n5§Ý�p. d� pij �û½�§�{z
�Xe/ª:

pij =

(1 − Aij) , hijSij < 0,

0, hijSij > 0.
(5)

3 (5) ª¥�±w�, � T = 0 �, XJK��
N ij � & E o Ú � Ù � c ¤ ± k � * : � �
� (hijSij > 0), ¦Ø¬UCgC�c�*:; Ø
��� (hijSij < 0), @o¦¬± (1 − Aij) �VÇ
UCgC�*:, �±��õê<�*:��.

3 �.�[(J

�¬ú�zØ��N�¹�ûuz���N
*:�\o. Ïd, �^ Ising �.¥�²þ^z
Ç 〈S〉 = N−1

∑L
i,j Sij ��SëþL«�¬zØ

�oN�¹. Ð©�� t = 0 �, z��N±Ó�
�VÇ p = 0.5 ±k Sij = +1 ½ Sij = −1 �*:,

d��¬ú�zØ��N�¹ 〈S〉 �Ð©�ªC
u", Ø�3��5�ú�zØ.

3.1 ÃÃÃ���µµµ���¤¤¤���ÉÉÉ���úúú���zzzØØØüüüzzz

�µ�¤��É3�½§Ýþ¬{Nú�z
Ø�DÂ, �ú�zØ�üzL§¥Ø�3�µ�
¤�É�, ½ö`¤k�N��µ�¤�Ü��
� (∆Bn ≡ 1), ú�zØ²L�ã�m�üz, �
ä¥�¤k�NÏ~¬�¯��¤��5*:, /
¤Ú��ú�zØ. ¿�3dL§¥, �¬§Ý T

éú�zØ�üzL§�(JåX­�K�, �X
�¬§Ý�ü$, �3XzØõ��É��)��
zØ��C1�. äNXã 1 ¤«.

0              100             200             300
0

0

(a)

(b)

0.2

0.4

0.6

0.8

1.0

 T/

 T/.

 T/.

 T/.
<S

 >
<S

 >

t

0      0.04     0.08    0.12    0.16    0.20

0.2

0.4

0.6

0.8

1.0

T

ã 1 (a)Ã�µ�¤�É�, ØÓ T �eú�zØüz
L§9­�(J (Ù¥ L = 50, LC = 10, m0 = 5, m = 3,
pt = 0.4, d = 5, α = 0.5, 〈S〉 � 20 �Õá��üze
�ýé��²þ, z���þ?1 2000 güzL§, 1 g
üz��ä¥�¤k�N�Ü�¤�g*:ÀJ, ã�
c 300 g�üz(J, t > 300 � 〈S〉 Ä���­�); (b)
XÚ�§ÝCz���C1�

l ã 1(a) ¥ � ± w �, � � ¬§Ý T = 0
�, ú�zØ²LØ� 50 g�üz, Ò¬k�
L 90%��N�¤��5�*:. �X�¬§
Ý T �ØäJp, �N�ªÓn5A�C��5
�f. � T = 0.18 �, ��5�ú�zØÒéJ
/¤. Ïd, ¬�3§Ý T ����.� TC, ¦�
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� T ,p�T�.��, ��5�ú�zØòJ
±/¤. ã 1(b) �Ñ
ØÓ T �e, �¬ú�z
Ø��5¤U����ª­�(J. lã¥�±w
�, T 3 0.13 NCu)
²w��C, ÏdÙ�.
� T ≈ 0.13 (XÚ�k�ºÝ�A¬K�äN��
C1�). � T < TC �, ­�(Jþ��±/¤�
�5�ú�zØ. � T > TC �,­�(Jþ�ØU
/¤��5�ú�zØ.

ù«Ã�µ�¤��., Ù�[Ð«�(J�
±�Ð�£ãú�zØ�¯�/¤, ��±�Ð�
)ºdu�¬õ�5�¦�Jp, ½ö`´�N*
:õ�5�Jp
����5ú�zØÃ{/¤.

�´, ù¿ØU)º��ok�ÿ�N3ªÓn5
ép� (T = 0), �U3�
«�S/¤���*
:, 
Ã{/¤��¬e���5ú�zØ. éu
ù�¯K, �±l�µ�¤��ÉÏ�5�Ä.

3.2 ���µµµ���¤¤¤���ÉÉÉéééúúú���zzzØØØüüüzzz���KKK���

�,·�)¹3Ó���¬, �z���N�
)¹�¸ÑØ¦�Ó, ¦�ÑkXgCAk�©z
�µ!�¬�µ!¬x�µ, ±9���µ��.

ù
Ï���3¬¦��µ�¤��C��Nm
�3�õ��Ó�ó. ¦��m��Ï��UÏ�
�ó�ª��C!n)Uå��qC���N´.

Ïd, ¦���U¬±k�Ó�*:. �´, ��µ
�¤�É���, �NmÒ�UÑyn)(J!�
ÏØ´��«{N*:DÂ��¹. Ïd¦��m
��U¬±kØ�Ó�*:. Ïd, �µ�¤��
Éz3�N*:�/¤¥k­��^, ´K��¬
ú�zØ/¤�­�Ï�.

3�.¥,·�ÏL�m/nÏ��x�µ�
É. �µ�¤´���N¤äk����µÏ��
oÚ. �)©z�µ!�¬�µ!¬x�µ, ±9
���µ��. ØJuy, ù
�µÏ�Ñäk�
½�/n«�ªÓ�A�. 'X, �Ï)¹3��
«�S�ØÓ�N, �,�U�p¿Ø@£, �¿
Ø�©
), ��ÏÈ\e5�¤�¤ª´���.

2'X, Ó��¬xÏ~¬�k�Ù¦¬xØÓ�
)¹S., ØÓ�n)�ª, g�¯K�ØÓ�Ý
��. ù
Ñ��µ�¤�/n«�A�k'.

Äu�µ�¤3/n �þ�«�SªÓ
A�, ò�.¥ L × L �����y©� NC =
LC × LC � � « �. « � S z � � N � � µ �

¤ Bij ∈ [0, 1] þ�Ó. 3d�.¥, «�m�µ
�¤�É��3ò�f,
�N�m�K�åÝ,

Ïdl�¬����Ýw, ��5�ú�zØò�
J/¤. ã 2� α = 0.2 �, o«AÏ�µ�¤�É
e�ú�zØüzL§.

<S
 >
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ã 2 ØÓ�µ�¤e, ú�zØ�üzL§. A ´��
«���µ�¤�� 1; B ´��«���µ�¤�� 0.8;
C ´��«���µ�¤�� 0.6; D ´��«���µ
�¤�� 0.2. Ù¥ L = 50, LC = 10, m0 = 5, m = 3,
pt = 0.4, T = 0, d = 5, α = 0.2. 〈S〉� 20 �Õá��ü
ze�ýé��²þ, z���þ?1 2000 güzL§,
1 güz��ä¥�¤k�N�Ü�¤�g*:ÀJ©ã
�c 400 g�üz(J, t > 400 � 〈S〉 Ä���­�

l�Nú�zØ�¹�üzã¥�±w�, �
X��«���µ�¤�ÉØä*�, �	�¬ú
�zØ��5��¹ 〈S〉, Ù­��3Øäü$. �
��«���µ�¤���k 0.2 �,­��� 〈S〉
�Cu 1, =Ä�´/¤
��5�ú�zØ. �
��«���µ�¤��Øä*�� 1 �,­��
� 〈S〉 Ò�U�� 0.2 �Y², Ä�ØU/¤��
5�ú�zØ.

�.¥, �µ�¤3ú�zØ/¤L§¥�^
���Ì��ûuü�Ï�. Ø
�µ�¤�É�
�	, �k�­ëê α ���. � α ���, û½�
N*:�K�Ï�Ì�5gu/n �þ��C
�N. � α ���, û½�N*:�K�Ï�KÌ
�5gu�¬�äþ�*l. �ù¿Ø¿�X�µ
�¤ÒØ­�
, ¢Sþ, �µ�¤��ÉØ=�
3u/nþ��Ø�m, Ó��3u�¬�äþ�
*l�m. Ïd, Ø= α ����µ�É��^²
w, � α ����µ�ÉE,¬kér��^.

lã 3(a) �±w�, 3�½ëê α ��¹e,

�X�µ�¤�Éëê�Cz, XÚ�3Xaq�
C�1�. � α = 0.2 ½ö α = 0.8 �, ����«
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���µ�¤�É�u 0.6, ��¬���5ú�
zØÒØ¬/¤. ·�uy, � α = 0.5 �, =¦�
�«���µ�¤�É�� 0.9, /¤��5�ú
�zØ�VÇ�ép. aq�(J��±lã 3(b)

¥wÑ, ���3�½§Ý��µ�¤�É, ØØ α

���´��Ñ¬{���5ú�zØ�/¤. �
� α �C 0.5 ��ÿ, �µ�¤�É�{N�^Ò
²w�~, XÚ�ª¬­½u 〈S〉 �Cu 1 �zØ
��G�. Ïd, �µ�¤�É¤�)��^��
Ø=�ûu�É�����, ��ûu�§*lK
��/n�ØK���­ α. ±þ(ØL², ��
3�µ�É�, �k�m;���^½��Ä�¬
�ä��^Ñ¬�f��5zØ�/¤, 
��m
C�Ú�¬�ääkÓ��K�å�, XÚ¬N´
����zØ. ù�(ØkÏu·�n)ÚK�y
¢�¬¥�zØ/¤1�.

3���ªþ, �µ�¤�ÉÚå�ú�z
Ø���5�Ð©� ú�zØ��ÅG�, ±
9 T > TC ��·ÏG���ØÓ. ù«ú�z
Ø���5¿Ø´�N*:,ÏÃÙ�©Ù, 

´/¤�««�S*:�Ó, «�m*:�É�
�m(�. XJ^çÚL«�N¤±k�*:
� Sij = +1, ^xÚÚL«�N¤±k�*:
� Sij = −1, @o�òú�zØ�üzL§^ã 4

L«. ã¥��)üzL§�8���, l��m
lþ�e�g´�m� 0, 10, 20, 30, 40, 50 e�ú
�zØ�¹. z��ã¥�ù�IÑ
�m«�
�>.. �±w�, � t = 0 �, ú�zØ�o�
¹ 〈S〉 ≈ 0, ?u�«�~·Ï�G�. � t = 20
�, m©¥yÑ�½�«�5A�. �Xú�zØ
üz�Øä?1, � t = 50 ��ÿ, ú�zØG�
Ä�?u­½, �«�5A��©²w.
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 >

<S
 >
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ã 3 �µ�¤�ÉÚK��­ α �ú�zØ­�(J�'X (Ù¥ L = 50, LC = 10, m0 = 5, m = 3, pt = 0.4, T = 0,
d = 5©〈S〉� 20 �Õá��üze�ýé��²þ, z���þ?1 2000 güzL§, 1 güz��ä¥�¤k�N�Ü
�¤�g*:ÀJ) (a) �µ�¤�É�ú�zØ­�(J�'X; (b) �­ëê α �ú�zØ­�(J�'X (A �/��
�«���µ�¤�� 0.8, B �/��«���µ�¤Ñl 0 � 1 þ�þ!©Ù)

3.3 ���NNN���¬¬¬���XXXéééúúú���zzzØØØüüüzzz���KKK���

�µ�¤Ï�du�N*:����É, �U
{�½~���ú�zØ�/¤. 
zØ/¤L
§¥, AO´3�ä­.���µe, �N�¬�
X�K��¬¦�N�)�½��n5Ï�, ù

�n5Ï��U¬r¦�NÔ�gC�A½á|
Ú*:, �)l¯1�l
r¤��5ú�zØ�
/¤.

+N5¯�´ú�zØ�¤����«AÏ
�¹. 3Nõ+N5¯�¥, k¯õë\+N5¯
��<¿�´�T¯�k��|³'X��N. ù

�N\\Ù¥¿Ø´¦��n5ûü, 
´du
,
�í¦��X�u����n5ûü, §¦�

*:/¤��n5Ï�ÓâÌ�/ . ù«�X�
È\���3ü��¡u�Ù�n5�^. �´�
¬�X��~�Nm��µ�¤�É. 'X�Nk
�U�
º��í, Ø+�µ�¤��É
�ÉÓ
¿Ù¦<�*:. �´�¬�í��
¤k<�K
�åÝ Aij , =�
�í�º�, �Nk�UØ�é
��IåP�, �°/ ���ÉÙ*:. �
?
nþ�{ü, b�¤k�N��íþd�¬�N�
XY² G û½, @o�?UK��N*:/¤�Ï
� Fij � Dij Xe:

Fij(t) = k−1
ij

kij∑
n=1

A · B · Si(n)j(n) (t) , (6)
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ã 4 �µ�¤�3ã��É�ú�zØ�üzL§ (Ù¥ L = 50, LC = 10, m0 = 5, m = 3, pt = 0.4, T = 0, d = 5,
α = 0.5, ��«���µ�¤�� 1. ã¥lþ�el��m, �g� t = 0, t = 10, t = 20, t = 30, t = 40 Ú t = 50)

Dij(t) = N−1
d

Nd∑
n=1

A · B · Si(n)j(n) (t) , (7)

3 (6) Ú (7) ª¥, A = Ai(n)j(n)+
(
1 − Ai(n)j(n)

)
·G

´�¬�íé�NK�åÝ�K��ª, B =
∆Bn + (1 − ∆Bn) · G ´�¬�íé�µ�¤�
É�K��ª. Ù¥ G ∈ [0, 1] L«�¬�í�
��, ��L«�¬�í�p. � G = 0 �, Ø�
3�¬�í, éú�zØ�/¤�Ø�3K�. d
�, �¬ú�zØ�üz(J��µ�¤�Ék'.

� G = 1 �, �¬�í4p, d�Ø=�µ�¤�
Ééú�zØ�üzØ�3K�, 
�¤k�N�
K�åÝÑ���� (Aij = 1). � G 0u 0 � 1

�m�, XJ«�m�3����µ�É, @o�
�5ú�zØ/¤�VÇ¬�X�¬�í G �Ø
äO\
Jp. äNXã 5 ¤«.

lã 5(a) ¥�±w�, ��¬�í�$�, �
µ�É�±k��{���5ú�zØ�/¤. �
�X�¬�í�ØäJp, /¤��5ú�zØ
��U5Ò�p. lã 5(b) ¥��±��Ó��
(Ø. � G 6 0.2 �, ú�zØJkÚ��*:.

� G > 0.3 �, äk�Ó*:��NÒ²wOõ, �
3Xaq�C�1�. ù�y�� Aij ���©Ù

�C�ëYCz (ë�ã 5(c)). � G ≈ 1 �, �µ
�ÉÃ{k��{N��5ú�zØ�/¤, XÚ
�±­½3������¹e.

4 ( Ø

3�©¥, nÜ�Äd�m/nÏ�¤û½�
©z!@���¡�K�±9d�¬�ä£ã�
�N�m��p�^,·�ïá
�3�mÏ��
�¬�ä(�, ¿ÏL�äþ� Ising �.?Ø

zØ/¤1�, ïÄ
�ëêézØ/¤�K�,

¿Ð«
Ù¥��C1�. ÏLO�Åê��[©
Û·���
±e(Ø:

1. 3�¬XÚ¥,§ÝVgéAX�Nõ�5
Ú�Å5�§Ý. 3*:/¤�n5L§¥, �Ø
�3«��µ�É�, �X�¬õ�5Ú�Å5�
ü$, XÚ�3X�Cy�, lØ�3��¿��
·ÏG�âC��¤��zØ�kSG�.

2. «�m��µ�¤�É�U/¤ú�zØ
�«�5A�. �«�mØ�3�µ�¤�É�,

��5�ú�zØÏ~�±¯�/¤. ��X�µ
�¤�É�ØäJp, �Û��zØÒéJ�¤,

¿/¤«�5ú�zØ(�. d�, /n�mÏ�
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Ú�¬�äé�NûüäkÓ���^rÝ�, k
|uXÚ�¤�Û��zØ.

3. 3�8�ä�¬���µe, �¬�í�È
\¬¦*:/¤�L§�n5z, ��íÈ\��
½§Ý, ���¯��U-Nõ�|Ã�'�N¯

����¯<�*:, �ªüC¤��K�ã��
+N5¯�. ±þ(Øk|u\�·�éu�¬+
N1��n), Ó�, 3�Y�ó�¥,·�òé�
.��C1�!�.y�Ðm�\ïÄ, ±�«X
Ú�ÚO5�.

<S
 >

0        50       100      150      200      250
0.0

0.2

0.4

0.6
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 G/.
 G/.
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(b)

0.4

0.6

0.8
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ã 5 (a) �3�µ�¤�É�, ØÓ�¬�íe�ú�zØüz�¹9Ù­�(J (Ù¥ L = 50, LC = 10, m0 = 5,
m = 3, pt = 0.4, T = 0, d = 5, α = 0.2©��«���µ�� 0.9, 〈S〉� 20 �Õá��üzeÙýé��²þ, z���
þ?1 2000 güzL§, ?1 1 güzL§´��ä¥�¤k�N�Ü�¤�g$Ä. ã�c 250 güz(J, t > 250 �
Ä� 〈S〉 ��­�); (b) �¬�í�ú�zØ­�(J�'X; (c) � Aij � (0,1) «mþ���©Ù�, �¬�í�ú�zØ
­�(J�'X
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Abstract

Opinion formation is the result of co-evolution of individual behavior and environment. Individual behavior is determined by

its rational cognition and irrational emotion. Environment includes culture, cognitive and behavioral patterns and social interactions.

Culture and cognitive patterns are usually related to the spatial factors. In this paper, a social network with geographical factors is con-

structed. Together with the Ising model in networks, the effects of both spatial and social factors on opinion formation are investigated.

The phase transition in the process of opinion formation is studied. The results indicate that both spatial cultural background and global

preference for public opinion are crucial to opinion formation.

Keywords: opinion formation, social network, Ising model, phase transition
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