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4. Scale-free networks in complex systems
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4. Scale-free networks in complex systems
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4.3 Spin-glass behaviour of the antiferromagnetic Ising model on a scale-free
network
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4.3.1 Model and algorithm: the replica exchange method
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4.3 Spin-glass behaviour of the antiferromagnetic Ising model on a scale-free
network
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4. Scale-free networks in complex systems
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4.3 Spin-glass behaviour of the antiferromagnetic Ising model on a scale-free
network

� �

>D9<218:0D=-9CSF,/.10]=gI�=X,R07U�AC*1K�k�AC=�G:9<*1b¤AC=�,R.10V.18:b<.10D4�,R07Ue2p0D4/AH,R;54/0�8W=-8W*cA¤.59C,L25.BAC=/0
¦[E�.1074/0Ck',/.10Z=XI�=X,/0DUÊ>DAC*�0YAC=X8WG:I�0QfT21G:9<4/0¬ACGWG�,R.10Z>79<*5\Bb<;54RAH,/8W9<*�=X2BAC>D0Y©Qk',R.50D*�EF0rAC4X0¬8W*
214/8:*1>D8:21GW0�ACv1G:0-,/9d0QfT21G:9<4/0LACGWG�,R.50L>D9C*5\Bb<;14/AH,R8:9<*j=X2BAC>70LS[9<4�,/.10LG:9tEF074�,R07Ue2p0D4/AH,R;54/0D=
AC=ZEF07GWG�h¡¨�*19C,/.10D4rACK56HAC*',RACb<0�9CSP,R.18:=ZUe0Q,R.19�K�8W=¬,R.1AH,�,R.10�4/0721GW8:>YA�0}f5>@.1AC*1b<0�4/0DK5;1>D07=
K14RAC=g,R8:>YACG:G:I�,R.50e,R07Ue2p9<4/ACG3>79<4/4X0DGWAH,R8:9<*c8:*c,/.10d=XI�=g,R0DU´K5I�*BACUV8W>7=�AH,L0YAC>@.a,R07Ue2p0D4/Awm
,R;14X0Chq Z.18W=L0D*BACv5GW0D=L9<*10],/9`>D9<G:GW07>7,�UV9<4X0]8W*5K10D2p0D*1K50D*',�Ue0DAC=/;54/0D=�S[9C4�,R.50],R.1074/UeACG
At6C0D4/ACb<0D=r9CSP,R.10�21.'I�=/8:>YACG?°l;BAC*',/8:,R8:0D=�AC*5K�k1,R.1074/0QS[9<4/0HkB4/0DK5;1>D07=r,/.10�;1*1>D074X,RAC8W*',+I<h
)o,L8W=�8WUV2p9<4X,RAC*',�,R9j=g,R4X0D=/=�,R.BAH,Dk�vp07S[9C4/0]=g,@AC4g,R8:*1b¤,/.10eAC>7,/;BACG�=/8:U�;1GnAw,R8W9C*1=Dk?=/9CUe0

>YAC4X0]8W=�4X0D°l;18W4X0DK¢8:*c=X0DG:0D>7,/8W*1b¤,R.10V=/0Q,�9CSF8W*'6<074/=X0],R07Ue2p0D4/AH,R;14X0D=7k 
�0�lhd)+*_S�AC>Q,Yk?,R.10
Ue0Q,R.19�Ki8:=Z0��V>D8:0D*',�9<*1G:I]E�.10D*�A�S�AC8:4/GNIdGnAH4/b<0�,/4RAC*1=X8:,/8W9<*�214X9<vBACv18:GW8N,+I]8:=ZU]AC8:*',@AC8:*10DK
8W*],/.10�4RAH*1b<0�9CS?8:*',R0D4X0D=g,Yh�µB4/9<U�Ë¡°h?¦E�5h ¹'©}kTE30�>YAH*�=/0D0�,/.BAH,Dk58W*e,R.10�.59C,¬21.1AC=/0Hk1,R0DU�m
2s074RAH,/;14/07=F>YAH*dvs0�Ue9C4/0r>D9'AC4X=/07G:I�=/21AC>D07KdE�.18WG:0�8:*V,/.10u>79<GWKe21.BAC=X0�,R.50�,R07Ue2p0D4/AH,R;54/0D=
*10D07Ke,R9-vp0�>7GW9<=X0D4¡,R9-0YAC>@.e9C,R.50D4Dh�¨u*]9C25,R8:U]ACGT=/0Q,F9CSs,R07Ue2p0D4/AH,R;14X0D=�>YAH*]vp0r9Cv5,@AC8:*10DK
vlI�8N,R074RAH,/8W*1b1k�8W*�214X0DG:8WUV8W*BAC4gIV4/;1*1=7k1,R.10�S[9<G:GW9tE�8W*5b�U]AH2_·�q �/V<ºH»�«

�0 � Ã/0 � ��0 � Ã �0 ��� � Ä ¦ 0 � Ç 0 � � � ©�� � � ��� � ¦E�1h[V'©
E�.10D4X0 � � 8W=?,R.10FAC>D>70D25,RAC*1>70¬4RAH,/8W9ZS[9<4?,R.103=XE�8N,R>@.�vp07,+E30D07*�,+E39�>79<*5\Bb<;54RAH,/8W9<*1=�AH,P,R.10�	� �ª,R07Ue2p0D4/AH,R;14X0ªAC*1K���Ã � �

� ��� � � �1¦ �$Ç�Æ�©�8:=?Ar*19C4/UeACGW8:JYAH,/8W9<*rS�AC>7,/9<4DhP Z.10ª8W*18N,R8nAHG6CAHGW;10rS[9<43,/.10u=X07, 
�0��8W=ª;1*18NS[9<4/U$8:*e,R.50�8W*',R074X6HACGp9CS?8W*',/0D4/07=X,�AH*1K]E30�0D*1=X;14/0�,/.BAH, 0 �vs07GW9<*1bC=®,R9�,R.10�.19C,ª21.1AC=/0Hh¡µB9<4¡0YAC>@.e8:,/0D4RAw,R8W9C*�9CSs,/.10�U]AH2�klA-4X;1*V9CS�A�S[07E¥,R.19C;1=RAC*5K
�`§�=g,R0721=�8W=�>DAC4/4X8W0DKq9<;T,�,R9�>DACGW>7;1GnAH,/0L,R.50�AC>D>70D25,RAC*1>D0�4/AH,R8:9<=Dk � � ksE�.18W>@.£AC4X0�,R.107*21GW;1bCb<0DK�8W*',R9uË�°h1¦E�1h[V'©�8W*L9C4/K1074�,R9�9<v5,RAC8W*LA�*10QE¥=X07,�9CSB8W*'6C0D4/=X0F,R07Ue2p0D4/AH,R;54/0D=7h®¨�S�,/0D4
A¤S[07E�8:,R074RAH,/8W9<*5=Dk�,R.10eU]AH2c9CS¬Ë¡°phF¦E�5hgV'©�>D9C*l6C0D4Xb<0D=L,/9jA�\5fT0DK¢2p9<8:*l,Dk 
�0 � �lk?E�.18:>@.
=/07,/=r,/.10�6HACGW;107=Z9CSP,R.10�,R07Ue2p0D4/AH,R;54/0D=Z,/9evp0�;1=/07Kj8:*¤9C;14Z=/8:U�;1GnAw,R8W9C*1=Dh
)+*�;1=X8W*1b�,/.18W=�Ue0Q,R.19�K�kCE30�K107\1*10�A �XGW9�>YAHG �G�`§ ¦E^$�`§Z©�;12pKBAH,R0¬AC=�A8�`§a;12pKBAH,R0

S[9<4�0YAH>@.¥=X218W*�9CSr0YAH>@.¥4X0D21G:8W>YATk¡0D8:,/.10D4L>D9<*1=X0D>7;5,R8N6<0DGNI¢,R.54/9<;1bC.¥AHGWGF07GW07Ue07*l,/=�9CS�,R.10
*107,+E39<4/^¥9<4]4/AC*1K19CUeGNI<h y�8N6<0D*¥,R.BAH,eEF0j>YAC*(b<4X9<;12±,/.10j8:*'6<0D4X=/0`,/0DUV2s074RAH,/;14/07=]8W*
076<07*£AC*1K`9�K1K`2BAH8W4/=7k¡¦70 � � 0 � � � ©}k�AHS�,/0D4r0YAC>@. ^$�`§Å;12pKBAH,R0-EF0�ACG:,/0D4/*1AH,R0LAH,/,/0DUV25,R=,R9¤=XE�8:,/>@.¢>D9C*5\Bb<;14/AH,R8:9<*1=�S[4/9CU�9<*10�,R0DUV2p0D4RAw,R;14X0V,/9¤,/.10e*50Qf�,Yh�¨�>D>D9C4/K18:*1bi,/9¤,/.18W=
214/9�>D07K1;14/0HkOE30�K107\B*50�A;�i9<*',R0�§¬AC4/G:9d=X,/0D2 ¦k�j§Z¼1©�AC=�A;^$�`§Å21G:;1=�Ad.1ACG:Sr¦ � 9TK1K
9<4Z076C0D*©Z0QfT>@.BAC*5b<0�,/4/8nAHG�h
µB9<4�0DAC>@. 4/0YAHGW8WJDAH,R8:9<*¢9CSr,R.50�*107,+E39<4/^¢E30¤=X,@AH4X,�S[4/9CU A�4RAC*5K19<U >79<*5\BbC;14RAH,/8W9<*

9CSL,/.10_=X218W*1=iAC*1K¯,R.107*!2p0D4gS[9<4/U ÆtÉ���^$�`§ ;12pKBAH,/0D=¤8W*¯9<4/K50D4�,R9 4/0YAH>@.!,R.1074/UeACG
0D°l;18WG:8Wv14X8W;1U¤h?¨�S�,/0D4¡,R.18:=®,R4/AC*1=/8:0D*',ª2s074/8:9TK�k<E30r4/;1*�,R.10�=X8WU�;1GWAH,R8:9<*LS[9<4�½��]ÆYÉ����`§Z¼�=
E�.18WG:0�,RAC^l8W*1biA�,R9C,RACG¡9CS�º�� ÆtÉ�	�UV0YAH=/;14X0D=�S[9<4-,/.10�,R.1074/UeACG�AY6<0D4/ACb<07=Dk�,/.BAH,-8W=�9<*10
076<074XI 
D�`§Z¼T=e¦[,/0DUV2s9<4/ACG?>D9<4X4/07GnAH,/8W9<*1=uAC4/0LGW9<=g,u6<074XIj°�;58W>@^lG:Iiv'I`;1=X8W*1bd,/.10�4/0721GW8:>YA
0QfT>@.BAC*1bC0]UV07,R.59TK©}h��_0V>D9<*5=/8WK50D4�GW9tEÈ,R0DUV2p0D4RAw,R;14X0D=-8W*£A¤=X0YAC4X>@.cS[9<4�,/.10�2s9<=X=/8:v1GW0
0QfT8W=g,R0D*5>D0u9HS�A�21.BAC=X0�,R4/AC*1=X8:,R8:9<*�hP Z.10�,/.10D4XU]AHGAt6C0D4/ACb<0D=39<v5,RAC8W*107KVS[9C4ª0DAC>@.]*507,+E39<4/^
AC4/0-,R.107*�AY6<0D4/ACb<07K�9�6C0D4u,/.10�07*1=/07U�v1GW0�9CS¡*10Q,+EF9C4/^l=Dh�)+*j,/.10�S[9CGWGW9tE�8:*1b1k1E30�8W*1K58W>YAw,R0



� �
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4.3 Spin-glass behaviour of the antiferromagnetic Ising model on a scale-free
network
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4. Scale-free networks in complex systems
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4.4 Stochastic model of opinion formation on a scale-free network
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4. Scale-free networks in complex systems
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4. Scale-free networks in complex systems
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4.4.5 Possible application: opinion formation and the
stock market
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4. Scale-free networks in complex systems
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4.4.6 Multifractal analysis
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4.5 Discussion and conclusion
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4. Scale-free networks in complex systems
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5. Symbiosis in the Bak-Sneppen model for biological evolution
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5.2 Species living in symbiosis: the LIBS model
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5. Symbiosis in the Bak-Sneppen model for biological evolution
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5.5 LIBS model on complex topologies: beyond “democracy”
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5.7 Discussion and conclusion
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5. Symbiosis in the Bak-Sneppen model for biological evolution
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