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� 1. g^ÀæVã
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SÜ5ÆÚA�'X§l
éE,XÚ¼���Ú�½þ�n)[95, 10]"

g^ÀæNXk4�E,�Uþãµ§LyÑ´L�ÄåÆ1�§§�´E

,XÚïÄ�­��~"

�Ù0��
~��g^Àæ�.§V)g^ÀæXÚ��
Ì�5�§

¿�Þg^ÀænØ3&E�Æ+�Ü©¯Kþ�A^"�Ù�ò¦)ü�

{ü�.§=�ÅUþ�.Ú�Åf8�.§±BÖöU�*/N�g^À

æ²þ|nØ¤éA�Ônã�"

1.1 g^Àæ�.Þ~

±ÿÀa.
ó§g^Àæ�.�±©�k��XÚ§�Åk�ëÏX

Ú§Ú��ëÏXÚ£�ã1.1)¶l�p�^�a.
ó§�±©�üN�p

�^XÚÚõN�p�^XÚ"

ã 1.1: üN�p�^g^Àæ�.�n«a.µ��ëÏ�ä£�¤§�Å

k�ëÏ�ä£¥¤§5K¬�£m¤"

±°�µg^Àæ��ED4 2



1.1. g^Àæ�.Þ~

1.1.1 ¬�NX

Edwards-Anderson£EA¤�.[30]´½Âuk��¬�þ�üN�p�

^g^Àæ�."T¬�NX�âf£~X�f½©f¤±Ï5/üÙuD�

�m¥£D = 2, 3§�3nØïÄ¥��ÄD > 3��/¤¶z��âf£i =

1, 2, . . . , N§N��:oê8¤Ñk��g^G�σi§σi = +1L«g^�

þ§σi = −1L«g^�e"¬�¥?¿ü����âfiÚj�m�3g^�

p�^§ÙUþ�E(i,j)(σi, σj) = −Jijσiσj§Jij´ÍÜ~ê"XÚ��*�
.oê�2N§z���*g^�.(σ1, σ2, . . . , σN )�oUþ�

E(σ1, σ2, . . . , σN ) = −
∑

(i,j)∈DL

Jijσiσj , (1.1)

Ù¥¦ÚÛ�uD�¬�£D-dimensional lattice, DL¤¥�¤k�C�âf

é(i, j)"ù«�C�'X�±^¬�¥�>5L«§�ã1.1(m)"

XJ¤k�ÍÜ~êJijÑ´c^�£Jij > 0§��g^����Uþ�

�¤§@£1.1¤Ò´Í¶�c^�"�."XJ¤k�ÍÜ~êJijÑ´�c^

�£Jij < 0§��g^����Uþ��¤§@£1.1¤Ò´�c^�"�."

3D�¬�NX¥§�c^�.¢Sþ�duc^�"�.1"c^�"�.

�ÚOÔn5�®�ïÄ�éß�"�±^²þ^Ým��Sëþ5£ãX

Ú�÷*5�§

m ≡ 1

N

N∑
i=1

mi, (1.2)

Ù¥mi´�:i�g^G�σi�ÚO²þ�"3p§e§XÚ�²þ^Ým =

0§��§Ý$u,��.�£=Øp§ÝTc¤�¬Ñygu�÷*^Ý[1, 2]§

�«¿ã1.2£�¤§ù`²3$§�XÚgu/¤
kS�G�"XÚ�²

þ�:^zÇχ´¤k�:^zÇχi�²þ�[34]§=

χ ≡ 1

N

N∑
i=1

χi =
1

N

N∑
i=1

1−m2
i

kBT
, (1.3)

§3Øp§ÝTc?��4��§̀ ²XÚé	.^|��A3Tc?´�r�"

3Edwards-Andersong^Àæ�.¥§£1.1¤¥��Ü©C�é(i, j)�

m�ÍÜ~êJij´c^�§
,�Ü©C�é�m�ÍÜ~ê´�c^�§

1ù´Ï���¬��±w¤´ü�f¬��pi@
¤�§z��âf�¤k�C�âfÑ?u,	

��f¬�¥"·��±ò��f¬�p¤kâf�g^��Ñ½Â��,��¬��g^����§l


ò�c^�"�.=z¤c^�"�."

±°�µg^Àæ��ED4 3



� 1. g^ÀæVã
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ã 1.2: c^�"�.£�¤ÚEdwards-Andersong^Àæ�.£m¤�²þ

^Ý|m|9²þ�:^zÇχ�§ÝT�Czª³«¿ã"

�c^Ú�c^�ÍÜ~ê,ÏÃÙ/©Ùu¬�¥§vk?Û5Æ"3�

�D�¬�¥�)��EA�.���£sample, instance¤é{ü§·�k�

½ÍÜ~êJij�©Ù¼ê§Ï~´��©Ù§

P (Jij) =
1

2
δJJij +

1

2
δ−JJij ,

½pd©Ù§

P (Jij) =
1√
2πJ

exp
[
−
J2
ij

2J2

]
,

,�é¬�¥�z�^>(i, j)Uìù�©Ù¼êÕá/D���g^ÍÜë

êJij§ù�Ò)¤
�.£1.1¤�����"XÚ¥¤k�g^ÍÜëê3

D��ÒØ2UC��§�C��´XÚ�g^�*G�"

¿�5£~Xc^Ú�c^¤�p�^,ÏÃÙ/©ÙuXÚ¥§ù´N

õg^Àæ�.����ÓA�"ù«ÃS5¬�)Nõ{�£frustration¤§

¦XÚ�¤k�p�^UþØ�UÓ�?uÄ�[102]"�Äã1.3¤«�£

´§i− j − k − l − i§ÙUþ�

−Jijσiσj − Jjkσjσk − Jklσkσl − Jliσlσi.

T£´¥kn�c^�p�^Ú���c^�p�^§£´�©|i− l−k−
jF"g^σiÚg^σj����§
£´�,�©|i − j%F"σiÚσj��"
duù��Àâ§T£´¥��k���p�^7,Ø´?uUþ�$�"
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1.1. g^Àæ�.Þ~

k

i j

l

ã 1.3: 3£´þ�¿�5�p�^��{�"ã¥¢�L«c^g^ÍÜ

£Jjk > 0¤§J�L«�c^g^ÍÜ£Jij < 0¤"XJ���¹4^>�£´

þkÛê£1½3¤̂ >�ÍÜëê�K§@T£´�4��p�^UþØ�U

Ó�?u�g����"

3���²Tg^Àæ�.XÚ¥�3XNõ�p�^£´"XJ��

£´þ��p�^Uþ�Ú�����uT£´þz���p�^Uþ��

���Ú§@o·�Ò¡T£´?u{�G�¥[102]"du�3XNõ{�§

Uþ¼ê£1.1¤��N�G��m{−1,+1}N¥���­¡´éÞªØ²�"
ù��XÚ�²ïÚOÔn5�Ú�²ïÄåÆ5�J±3nØþ?1°(

£ã"XÚ�Ä�Uþ�.�Uäké��{¿Ý§�duUþ­¡þ�3

NõÛÜ4�§��éJÏLÛÜ`z��{¼��.£1.1¤�����U

þ£Ä�¤�.2"

�c^�"�.ØÓ§Edwards-Andersong^Àæ�.3?Û�"§Ý

Ñvkgu�÷*²þ^Ý§m ≈ 0§̀ ²XÚ3÷*þo´?uÃS�G

�",
XJÿþ�:�²þ^zÇχ§<�%uyχ3,��.§ÝTsg?

Ñy��¸�§�«¿ã1.2£m¤"�T > Tsg�§²þ�:^zÇχ��§Ý

�¼ê�χ = 1/(kBT )¶�£1.3¤�'�§�±wÑd�¤k�:i��*^

Ými = 0"�§Ýü$�Tsg�§²þ�:^zÇχ�������§,�§

�X§Ý�?�Úü$
~�"EdwardsÚAnderson [30]@�3T < Tsg�

XÚz��:iÑäk�"^Ý§mi 6= 0§T^Ý�§Ýü$
O�§ùÒU

)º��o²þ�:^zÇχØ´T�üN¼ê¶�ØÓ�:��*^Ýk

�kK§3÷*þ*d-�§ùÒ)º
XÚØLyÑ÷*^Ý��Ï"§

ÝTsg¡�g^Àæ�C§Ý§3T§Ý?XÚl÷*ÃS��*�ÃS�

G�UC�÷*ÃS��*kS�G�"

2¦)Uþ¼ê£1.1¤�Ä�UþÏ~´�~(J�?Ö§�éu��£D = 1¤T¯K´�~{ü�¶

éu��£D = 2¤�¹§XJ¬��>.´m�>.§�±òÄ�¯K=z����ä�é¯K¦)§�

�æ^�DÂ£bond-propagation¤�{£�ë�[58, 108, 101]9Ù¥�Ú©¤"
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� 1. g^ÀæVã

k��g^Àæ�.éu½þ£ãÃS^5á��$§5�é­�"�

du¬�¥kéõá§£´§��nØO�éØN´"éùaXÚ���?

ÐÌ�5gO�Å�[ó�§��c©zéXÚ�$§��A5Úg^Àæ

�Ckéõ�Æ[76, 77, 12, 4, 112, 13]"�Æ��:´XÚ?u$§g^À

æ��9åÆ÷*��ê8"�«*:@��kü�9åÆ÷*�§§��

m�3g^�üé¡5£aquc^�"�.�ü�$§÷*�§�´g^

Àæ�$§÷*�3÷*þÃS
®¤¶,�«*:´@�39åÆ4�e§

÷*��ê8ª�uÃ¡"

1.1.2 ��ëÏNX

Sherrington-Kirkpatrick£SK¤�.[92]´��ëÏg^Àæ�.��Í

¶~f"T�.�Uþ¼ê�

E(σ1, σ2, . . . , σN ) = −
∑

1≤i<j≤N

Jijσiσj . (1.4)

?¿ü�âf�mÑk�p�^§��.éA����ëÏ�ä§�ã1.1(�)"

ØÓâfé(i, j)�m�ÍÜ~êJij´�pÕá��Åëê§Ù©Ù�

P (Jij) =

√
N

2πJ2
exp
(
−
NJ2

ij

2J2

)
. (1.5)

Uì©Ù£1.5¤±�pÕá��ª�)N(N − 1)/2�ÍÜ~êJij§Ò�)


SK�.�����"XÚ�N�g^G�σ1, σ2, . . . , σN´�±��mUC

�§�g^�m�ÍÜ~ê3DÐ��Ò���½ØC"d£1.5¤��§Í

Ü~êJij�þ?�
J√
N
§=?¿�éâf�m��p�^Ñéf3§�z�g

^ÑÚ¤kÙ§g^kù«fÍÜ�^"3SK�.¥vk�m(��Vg§

?¿ü�g^Ñ*d��C�"

p-g^�p�^�.[45, 42]´SK�.���g,í2§T�.�¹õN

�p�^§ÙUþ¼ê�

E(σ1, σ2, . . . , σN ) = −
∑

1≤i1<i2<...<ip≤N

Ji1i2...ipσi1σi2 . . . σip . (1.6)

�.¥k N !
p!(N−p)!�ÍÜ~êJi1i2...ip§§�´*dÕá��Åëê§ÑlÓ�

3�¤±�¦ÍÜ~êJij�N
−1/2�þ?§́ �
�y�.£1.4¤¤éA�gdU´2òþ§ë�11.3

!"3©Ù£1.7¤¥�¦Ji1i2...ip�N
−(p−1)/2�þ?�´ÄuÓ���Ä"
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1.1. g^Àæ�.Þ~

ã 1.4: ��ëÏg^Àæ¥§z�!:Ñ�¤kÙ§!:�p�^§�ã¥

¤«¥%!:é±�?¿��!:G��UCØ¯a§�aÉ�¤kù
!

:�²þ|�J§T²þ|Ä�Ø��mUC¶k��g^Àæ�.¥§¥

%!:�±�!:G�'éér§�á§£´��J²w¶k�ëÏ�Åg

^Àæ�.¥§��!:Ì�É�á§'é�K�§XÚ¥£´��Ý�'

ulnN£N´!:oê8¤§�3nØ?nþ~~�Ñ�§'é�K�"

�©Ù

P (Ji1i2...ip) =

√
Np−1

πp!J2
exp
(
−N

p−1

p!J2
J2
i1i2...ip

)
. (1.7)

ÍÜ~êJi1i2...ip�þ?�
J

N(p−1)/2"duõN�p�^�Ú\§¦p-g^�p

�^�.�SK�.�'§ÙÚOÔn5�k�
½5�ØÓ[45, 42, 119]"ù

��.éun)(�Àæ�ÚOÔn5�k­��¿Â[53, 21]"

SK�.Úp-g^�p�^�.3g^Àæ²þ|nØïÄ¥u�
­

���^[92, 15, 64, 34, 20]"ù�a��ëÏ�.duØ�3�m(�§�

g^�m��p�^ÍÜrÝ�âfêN�O\
¥y�g~��ª³§3

nØ?nþ�éu¬��.
ó�{ü�õ"

3SK�.¥§z��âfiÉ�¤kÙ§âf�K�§ù
âf�o�

JéAu��^|hi§=

hi =
∑
j 6=i

Jijσj .

ØÓâfaÉ��^|hi�,�Ø�Ó§
��Û�|hi�ò��mUC"�

duhi´N−1��ÅG��¦Ú§�âfi±��âfUCg^G��§k�
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� 1. g^ÀæVã

g^UCò¦hi,p§�k�UCò¦hi~�"�â¥%4�½n�±Ï"

�N →∞�§¦hi,p�oÏ�ò�¦Ù~��oÏ�-�§l
¦hi�3
��;.�NC��/Þá§?Û���C�âfj�g^G�UCéuâ

fi�|hiÑ�k��Ù��K�"3nØþ§Ò�±^|hi���m²þ�

�O§�]��§��nØO��4�{z"ù«�¹´�k��g^Àæ

XÚ�~Ø���§ë�«¿ã1.4"3k��EA�.¥§z�âfi�|hiÑ

´di��C�âf�z�£´�êA�G��¦Ú¤§?¿���C�âf

g^G��UCéuhi�K�Ñ´é��§��hi��mÞáé�§J±^

§��m²þ��O§�]��"

��ëÏg^Àæ�.���aE,��ÅXÚ§�´êÆÔnÆ±9

A^êÆ�#,ïÄ�K"ù�¡®k�~­��ïÄ?Ð§�±ë�[46,

48, 47, 99, 81]",	§|^|Ø��{ïÄSK�.9Ù§��ëÏg^Àæ

XÚ�kNõ­��?Ð§�ë�;Í[25]£ù�¡ISÆöl1980c�ÐÏ

Òm©[109, 97, 96, 56, 22]¤"

1.1.3 �Å�äNX

3Ú\�Åk�ëÏg^Àæ�.c§·�k0��Å�ä��
5

�"3g^ÀæïÄ¥¤�Ä��Å�äÏ~´Erdös-Rényi£ER¤�Å�

ä[93, 84, 33]½5K�Å�ä£regular random graph¤"

ER�Å�äÙ¢�@dSolomonoffÚRapoportu1951cJÑ[93, 84]§A

c��ErdösÚRényilüzù��ÝéÙ5�Õá/?1
&?[33]"3�

��¹N�!:��ä¥§ÿÀ>�ê8�N(N − 1)/2"XJò¤kù
ÿ

À>Ñ�)u�ä¥§Ò¬/¤����ëÏ�ä"�±éz^ÿÀ>ÑÕ

á�)��þ!©Ùu«m[0, 1)��Å¢êr§er ≤ c/(N − 1)ÒòTÿÀ

>�¹u�ä¥§��Ò�ïT>"Uù��ªòÿÀ>H{�Ò)¤
�

�ER�Å�ä§T�ä¥kN�!:Ú��(c/2)N^>"T�Å�ä���

ëêc ´���!:ê8NÃ'�~ê"3�Å�ä¥§?¿ü��BÀ�

�!:Ñ�U´�C�!:§��Å�ävk�m�Ý�Vg"

ER�Å�ä�5�3êÆþ®²kß��ïÄ[16, 3]"~X��w
´

��5�´�ä�²þëÏÝ�c"3��d!:Ú>�¤��ä¥§!:i�

ëÏÝki´�!:i¤ë�>�ê8"�ä�²þëÏÝÒ�u!:ëÏÝ�

²þ�"?À�ä¥��!:i§U�§�ë�ÿÀ>�ê8�(N − 1)§�d

uz^ÿÀ>�kc/(N −1)�VÇ��¹u�ä¥§�ki�²þ�´c",�
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1.1. g^Àæ�.Þ~

�­��{ü5�´ER �Å�ä¥!:ëÏÝ�©Ù3!:êNv
��

ª�uÑt©Ù"?À�ä¥���!:i§uyT!:�ëÏÝki = k�V

Ç�

Prob
[
ki = k

]
=

(N − 1)!

k!(N − 1− k)!

( c

N − 1

)k(
1− c

N − 1

)N−1−k
. (1.8)

ù´����©Ù"�Nv
��§þã��©Ùª�u²þ��c�Ñt©

Ùµ

Prob
[
ki = k

]
' cke−c

k!
. (1.9)

duù�5�§ER�Å�äq¡�Ñt�Å�ä"3ER�Å�ä¥§ý�

õê!:�ëÏÝÑ3²þ�cNC¶3�ä¥�3��!:ÙëÏÝk��

�u²þëÏÝc�VÇ�k�O\
�êª:ìP~"

SK 1.1 |^Sterlingúªn! '
√

2πnnne−n�y£1.9¤��(5"

þ¡0��ER�Å�ä�ëê´�½�²þëÏÝc§Ù¥�¹�>�

²þê�(c/2)N",�«3VÇØ�¿Âþ���d�ER�Å�ä�ëê

´�½�>êM = c
2
N"§éAul¤kN(N −1)/2^ÿÀ>¥ÀJM^>


/¤��Å�ä£©z[68]&?
)¤ù«�Å�ä�äN�{¤"�!:

êNv
��§ùüa�Å�ä�ÚO5�����[16]"

,	�«A^éõ��Å�ä´5K�Å�ä§q¡�Bethe¬� (Bethe

lattice)"3��5K�Å�ä¥§z��!:�ëÏÝÑ��£ki ≡ K¤§�
>�ë�K´���Å�§vk?Û(�§ë�ã1.1(¥)"

�½��d!:Ú>�¤��ä§§��^´»£path¤´��ä¥�

��ëÏf�ä§3Tf�ä¥kü�!:�ëÏÝ�1§Ù§¤k!:�ë

ÏÝ�2"
�^£´£loop¤́ ��ä¥��ëÏf�ä§Tf�ä¥¤k

!:�ëÏÝÑ�u2"�Å�ääk��é­��5�§=�ä¥�k4�

�á£´§ù´�Å�ä�k��¬�XÚ���­��«O"�
n)ù

�5�§4·�5O��Å�ä¥�¹n^>�£´�²þê8"À��ä¥

�n�!:§��kN !/[n!(N − n)!]«�ª¶òùn�ØÓ!:^�Ý�n�

£´ëå5§�õk(n− 1)!/2«�U��ª§z«�ªéAu�ä¥ý¢�

3��^£´�VÇ´[c/(N − 1)]n¶��ä¥�Ý�n�£´�²þê8�

(n− 1)!

2

N !

n!(N − n)!

(
c

N − 1

)n
.
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� 1. g^ÀæVã

�n� N�§ù�ê8Cq�cn/(2n)"ù��O�(JL²§éu²þëÏ

Ýc�~ê�!:êNv
���Å�ä§�ä¥á£ £́=n ∼ O(1)¤�ê

8�!:êNØ¤'~"Ò�Nª�uÃ¡�§�Å�ä¥��kk�^á

£´"

�Å�ä¥é�ká£´"@oé�ä¥ý�õê!:i
ó§XJ�Ä

±i�¥%���¹�i��á´»�Ý�u½�u~ên£� lnN¤�¤k!

:�¤�f�ä§Tf�äòØ�¹?Û£´§¥äG(�"�^Xe��

{oÑ�O²L!:i��á£´��Ý"b�±!:i�¥%��»�L�

f�äØ�¹£´"²þ
óikc^>§=kc��C�!:¶§�z���

C�!:²þ
ókc+ 1��C�!:§�i�gC�!:²þê8�c2; �

daí§��!:i�1L�C�!:�²þê8�cL"@o3�»�L�f

�ä¥§!:�oê8��cL+1"�ù�ê8��ä¥!:oê8N���§

f�ä¥ØÓ�äG©|XJ�UUY)�§7½¬­Uå5§dd·��

ÑL ∼ lnN§=²L!:i��á£´��Ý�lnN �þ?"

�Å�ä�k�ëÏÝ£c�~ê§Ø��ä!:êN�O\
O\¤±

9ÛÜ�äG(��5�§¦Ù3g^Àæ²þ|nØ¥k2��A^"�

�½Âuk�ëÏ�Å�äþ�g^ÀæXÚ�~f§·�Äk�ÄViana-

Bray�.[103]§ÙUþ¼ê�

E(σ1, σ2, . . . , σN ) = −
∑

(i,j)∈RG

Jijσiσj . (1.10)

ù�L�ª�£1.1¤kÓ��/ª§'��ØÓ´Ù¥�¦ÚÛ�u���

Å�ä£random graph, RG¤þ¤k�>"�Edwards-Anderson�.��§

3Viana-Bray�.¥§z�^>(i, j)þ�ÍÜ~êJijÑ´�pÕá��ÅC

þ§Ñl��©Ù½pd©Ù"

�Å�ä�Vg��í2Ò´�Å��ä£random hyper-graph, RHG¤"

3���Å��ä¥§�^>ë�n�$��õ!:§¡��>£hyper-

edge¤§�«¿ã1.5§�ä¥�>�ê8M�!:ê8N�Ó�þ?§M =

αN£α�~ê¤"���¹M^�>�z^�>ë�n�!:��Å��ä

�±ÏLXe�{)¤µXÚ¥ÿÀ�>�ê8o�kC3
N^§l¥±���

Å��ªÀÑM ^����ä�>
�ïÙ{¤k�>§Ò/¤
���

�ä[68]"�Å��ä��Å�ä��§�äkk�²þëÏÝ§¿��ä�

±°�µg^Àæ��ED4 10



1.2. &EXÚ¥�g^Àæ¯KÞ~

ã 1.5: ���¹8�!:Ú3^�>��Å��ä"T�ä¥z^�>ë�

n�!:"

(�3ÛÜ�äG(�"½Âuù���äþ�g^Àæ�.�~f´µ

E(σ1, σ2, . . . , σN ) = −
∑

(i,j,k)∈RHG

Jijkσiσjσk, (1.11)

Ù¥�>(i, j, k)þ�ÍÜ~êJijk´��Ñl,«©Ù��Åëê"

�Å�äg^Àæ�.0���ëÏg^Àæ�.�k��¬�g^À

æ�.�m§§�äk���.��
A�£z�âf�ë���êA��

p�^¤§�vk;.�mºÝ£?¿ü�Cþ�mÑ�U�3�p�^¤"

�éu��ëÏ�.§<�Ï"3�Å�äg^Àæ�.þ���(Ø�U

�Uí2�k��¬�XÚ"

�Å�äÛÜ�äG(��ù�5���5nØ?n�{z§ë�«¿

ã1.4"�Ä�.£1.10¤¥?¿�^>(i, j)¤ë�ü�!:iÚj"dug^�

p�^−Jijσiσj§!:iÚj�G��,ér/'é3�å"�XJò>(i, j)l

�ä¥�Ø§@o!:iÚj�m��á´»��ÝÒC�lnNþ?"du!

:�m�'éÏ~�´»�Ý�O�
�êP~§�±Ï"�XÚØ´?u

,
�.G��§ù
�´»é!:iÚj�m�G�'é�k����z§

3N →∞�9åÆ4�eé�U�±���Ñ"3ù�Ônã���Úe§
�±�EÄuÛÜ'é
�Ñ£´����§'é�²þ|nØ§·�ò3

±��Ù!�[0�ùa²þ|nØ�nØ�:"

1.2 &EXÚ¥�g^Àæ¯KÞ~

duXÚ¥�3X¿�5��p�^Ú{�§g^ÀæXÚ�Uþ¼ê

Ï~Ø´1w¼ê§
´�~ÞªØ²"PkE,�Uþãµ£±9gdU

±°�µg^Àæ��ED4 11



� 1. g^ÀæVã

ãµ¤´g^ÀæXÚ����A�"3O�Å�Æ!&EnØ! ²�ä

�ïÄ+�¥§kNõ¯KÓ�äkE,�Uþãµ§§���±��g^

ÀæXÚ?1ïÄ"·�3d�Ñ�êA�~f"

1.2.1 �å÷vÚ|Ü`z

�å÷v¯K´F"é�N�Cþ���½õ��*�.§¦M��å

U
Ó��÷v"ù�a¯K�Í¶~f´K-÷v¯K£K-satisfiability, K-

SAT¤§�«¿ã1.6(�)"��K-÷v¯K�Uþ¼ê�±½Â�µ

E(σ1, σ2, . . . , σN ) =

M∑
a=1

∏
i∈∂a

(1− J iaσi)
2

. (1.12)

þª¥��kM�Uþ§z�Uþ5gu���åa§ÙUþ½ö�0£éA

u�åa�÷v¤½ö�1£éAu�åav�÷v¤"∂aL«�åa¤���9

��Cþ�8Ü§éuK-SAT¯K
ó§T8Ü����K§=|∂a| = K"3

�åa�Uþ�¥kK�ëê§{J ia : i ∈ ∂a}§z�ëêJ iaÑ�u1 ½ö−1"

XJJ ia = 1§Ò¿�X�åaF"Cþi���ý£^g^σi = +1L«¤¶X

JJ ia = −1§K¿�XT�åF"Cþi���b£^g^σi = −1L«¤"3

ã1.6¥§·�3CþiÚ�åa�më�^¢>£J>¤§̂ ±L«Cþi�a¤

��§�aF"Ùg^�σi = +1 (= −1)"��ë���åa�K�Cþ��

k���g^���T�åF"����Ó§@T�å�UþÒ�0¶XJ¤

kùK�Cþ�g^��Ñ��åaF"����§@oT�åÒvk�÷

v§ÙUþ�u1"�½��g^�.σ = (σ1, σ2, . . . , σN )§Uþ£1.12¤�u

T�.�÷v��åê8"XJ¤k��åÑ�T�.¤÷v§@oT�.

�Uþ�u0§ù���.¡�TK-SAT¯K�)"

�½��K-SAT¯K9ÙUþ¼ê£1.12¤§�Kþo´�±ÏLqÞ¤

k2N �g^�.5�äT¯K´Äk)",
�Né��§¡Þ�ªò�

~Ñ�§¢SþC�Ø�14"́ Ä�3�Çép��{§¦�äk)Ã)¤

I�O��m�N�´�gO�
��êªO�ºéu2-SAT¯K§�(�

3�~p���{"����K-SAT¯K£K ≥ 3¤́ NP��.�å÷v¯

K5§4k�UØ�3ù��p��{U?n¤kd£1.12¤¤L«�¯K¢

4�½��g^�.σ§�ÏLO�Å�ä§´Ä¦Uþ¼ê£1.12¤���"´éN´�§b��I10B

�§=10−8¦"@o���ä2N��.�oÑ�Ò´2N × 10−8¦"�N = 50�§ù��m�130U¶

�N = 60�§�13�U�
5NP -́non-determinstic polynomal.� �§§�¹��aO�¯K"NP��¯K´NP¯K8

±°�µg^Àæ��ED4 12



1.2. &EXÚ¥�g^Àæ¯KÞ~

ba

4321

ã 1.6: �å÷v¯KÚ|Ü`z¯KÞ~"£�¤�L���¹4�CþÚ2�

�å�4-SATúª¶z�Cþk±1ü«G�§��.(−1, 1, 1,−1)´Ø��

åa¤#N�§
�.(1,−1,−1, 1)KØ��åb¤#N"£m¤w«
�¹6�

!:����ä���CX�."�ä¥z�^>�5���å§§�¦¤

ë�ü�!:¥����!:��CX"

~[24] "

Uþ¼ê£1.12¤¢SþÒ´��õN�p�^g^Àæ�."éT¯

K�ÚOÔnÆïÄCc5��
�~­��?Ð[70, 71, 65, 67]"·�ò

31ÊÙïÄ�ÅK-SAT¯K�ÚOÔn5�§¿0�±ÚOÔn²þ|n

Ø�Ä:�p��ED4�{"���K-SAT¯KØ�3Uþ�"��.

�§��­��¯K´(½Uþ¼ê£1.12¤��Û4��§=��K-÷v

£MAX-K-SAT¤̄ K"ù�¯K´��|Ü`z¯K§¿�´NP(J¯K§

4k�UvkÏ^�p��{"

�ä�XÚ¯K£graph coloring¤́ ,��ék�L5��å÷v¯K"

T¯K�Ñ\´���¹N�!:ÚM^>��ä§P�G"�äG¥z�^

>ë�ü�ØÓ!:§��ä¥?¿ü�!:�m�õk�^>�ë§Ø�

3õ­>"z�!:i�G�^��ôÚci5L�§§�±lQ«ØÓôÚ¥

��§=ci ∈ {1, 2, . . . , Q}"I�é��äG��«æÚ�Y(c1, c2, . . . , cN )§

¦�ä¥z�^>¤ë�ü�!:ôÚØ��"ù�¯KéAuXe�Uþ

¼êµ

E(c1, c2, . . . , cN ) =
∑

(i,j)∈G

δ(ci, cj). (1.13)

þª¥δ(ci, cj)´Kronecker δ-ÎÒµ�ci = cj�§δ(ci, cj) = 1¶
�ci 6=
cj�§δ(ci, cj) = 0"é���½ôÚ�.(c1, c2, . . . , cN )§UþE(c1, . . . , cN )�

Ü���f8"NP��¯K´Ä�3õ�ª�{´êÆ.�Í¶��)JK��"��¯KáuNP��

¯K§oÑ/`§Ò´��ET¯K���)�U�~(J§���y��ÿÀ)´Ä´ý��)%éN

´"
XJ��¯KáuNP(J¯K�{§@oØ
�E��ý��)�~(J	§ë�y��ÿÀ)´

Ä�ý��)�´�~(J�"'uNP��ÚNP(J¯K�°(�½Â§�±ë�[24, 43, 49]"

±°�µg^Àæ��ED4 13



� 1. g^ÀæVã

u�äG¥Ø÷v�å�>£Ù¤ë�ü�!:ôÚ�Ó¤�oê8"XJU

þL�ª£1.13¤�Ä�Uþ��"§Ò¿�X�äG�±^Q«ØÓôÚX

Ú"

éu²¡�ä
ó§êÆ[�/ÏO�Å®²y²§�Q ≥ 4�?¿��

²¡�äÑ�±XÚ§ùÒ´Í¶�oÚ½n[5, 7, 6]"���
ó§�ä��

?¿�½��ä´ÄU^Q«ôÚXÚ´��NP-��¯K"ÚOÔnÆnØ

Cc5®²�¤õA^u�Åk�ëÏ�ä�XÚ¯K§�©z[74, 55, 113]"

|Ü`z¯K��å÷v¯Kéaq§§�8I´À�N�Cþ��|

D��Y§¦M��åk¦�Uõ��å�÷v"c¡J����K-÷v

¯KÒ´��|Ü`z¯K",���~Ä��|Ü`z¯K´º:CX

¯K£vertex cover¤§§�8I´ò��d!:Ú>�¤��äG±��ê

8�IP5CX§¦z�^>�ü�à:��k��à:®�CX§�«¿

ã1.6£m¤"z�!:i�G��ci ∈ {0, 1}µci = 0¿�X!:i��§ci =

1L«i®�CX"z�^>(i, j)¿�X�åci + cj ≥ 1"��÷v¤k�

å�CX�.(c1, c2, . . . , cN )�UþÒ´!:CXG��Ú§=?u�CX

G��!:�oê8"��º:CX¯KÒ´�ÏéUþ�$�CX�.§

ù´��4�(J�`z¯K"º:CX�ÚOÔnïÄkNõ©z§~

X[105, 106, 116, 49, 117, 115, 124, 118]"1oÙò�[0�g^ÀænØ3

�Åº:CX¯Kþ�A^"

º:��£vertex matching¤¯K�½Â�º:CX¯Kk
aq§§

�8I´ò�äG�!:¦�Uõ/üü�é§�?�!:Ø#Në�ü�

½õ��é"º:��¯K�º:CX¯K�,wþ�éaq§�3O�E

,5þ%k���«Oµ�E��º:���.´�{ü`z¯K§�3é

õp��{"�±|^g^ÀænØO��Åº:��¯K�Ä�Uþ�

Ý[120]9��º:��¯K���Ý[114]"�ä����5¯K£network

controllability¤�8I´Ïé�|ê8���8I!:§ÏLN�ù
8I

!:�ÄåÆG�5��é���äÄåÆG����[57]"ù�¯K�±

=z�k��äþ�º:��¯K?1ïÄ§�g^Àæ�nØ�{C5�

�^u?Ø�Å�ä����¯K[57]"º:��¯K�±w¤´��]


�Z���¯K§§3²LÆ+��k­��A^"

�ä�y©£graph partitioning¤´ò���äG�N�!:©¤ü�

f8§z�f8¹kN/2�!:£b�N�óê¤§¦üÜ©�m�ë>�ê

8���",��k­�A^¿Â�¯K´E,�ä�«(�£community

±°�µg^Àæ��ED4 14



1.2. &EXÚ¥�g^Àæ¯KÞ~

structure¤̄ K§§�8I´ò�½�äG�!:©��ØÓ��¬�§¦Ó

���¬SÜ>��Ý��uØÓ�¬�m�>�Ý[44, 78]"�ä�y©¯

KÚ�ä�«(�¯KÑ�±w¤g^Àæ¯K?1ïÄ[38, 98, 27, 26]",

��Í¶�|Ü`z¯K´À1í�
¯K£Traveling salesman problem¤§

§�8I´é��äG��^�á´»§¦T´»²L�ä¥�z�!:�

g§�==�g"�c^ÚOÔnÆ��{?nÀ1í�
¯K�Ø´é¤

õ"

1.2.2 $�ÝÛó��è

3&E�Æ¥êâÏ~L«��?�/ª§Ä��iÎ�P�0Ú1§?

ÛêâÑ�±=z�d0Ú1|¤�iÎS�"&E�;�ÚDÑÑØ�;�

¬É��«D(�K�§��êâ��ý§�{ü��/´iÎS�k
 

��iÎd0C�1§
,	�
 ��iÎKd1C�0"�
U
�ØD(

éêâ�K�§7LéiÎS�V\�
P{§±B�iÎS�Ñy�Ø�§

�U
|^P{��Ù¥%¹��Ü&E"

V\P{��{ü��ª´òiÎS��z��iÎÑ­Eõg"~X

3êâDÑL§¥§�
ò��iÎ£0½1¤luxàD4��Âà§�±

òTiÎ­Euxkg£k�Ûê¤¶,�3�ÂàéÂ��ùk�iÎ?1?

n§XJÙ¥k�L���1§K@�uxà�&Ò�1§��K@�uxà

�&Ò�0"ù«?è�ª¡�E�è£repetition code¤"b�DÑ�´zD

x��&ÒÑkp�VÇÑ�§@où«?è�ª�Ñ�Ç£error rate¤�

PE =

bk/2c∑
r=0

(
k

r

)
(1− p)rpk−r.

�½DÑ�´�D(ëêp > 0§Ñ�ÇPB3kk��o´�u"�"�
Ã

�DÑ§I�ò&ÒE�k →∞g§�ù�DÑ�ÇòC��~$"
kvk�U3Øã+&ÒDÑ�Ç��¹e§ÏL�OÙ§��°©

�V\P{��{§����Ã��êâDÑºClaude Shannon31948c

uL�²;ó�[90, 91]éù�¯K3nØþ�Ñ
�½�£�"�Êc�

�§Robert Gallager3ÙÆ¬Æ Ø©¥JÑ
äN�?è�Y§=$�Ý

Ûó��è£low-density parity-check code§{¡LDPC¤[40, 39]"Cc5ù

�Å�?è�ª3&EXÚ¥®�2�A^"

�Ý�n��?�iÎS�§(s1, s2, . . . , sn)§�k2n�"éz�ù��
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� 1. g^ÀæVã

1

1

0

0

0

1

1

0

0

0

1

1

1

0

0

1

1

0

0

0

0

1

0

0

0

0

1

0

0

0

0

1 0

1

1

0

1

0

0

1

1 6 10

a

2 3 4 5 7 8

cb d

9

ã 1.7: LDPCè«~"�ÝN = 10�iÎS�^IÒ�0�10���L«§

Ù¥c6����L�fS�´&E §
�4���¤�L�fS��Ûó

�� "o�Ûó���å^4��µL«§z���åéAuÛó��Ý


��1"

iÎS�·�ÑV\M P{iÎ§ù�Ò/¤
���Ý�N = n+M�

#iÎS�§=

(s1, . . . , sn)→ (s1, . . . , sn, sn+1, . . . , sN ).

P{iÎS�(sn+1, sn+2, . . . , sN )¿Ø´?¿�§§ÏL��?è�{5(

½"T�{�Ø%´�¦V\
P{�iÎS�(s1, . . . , sN )÷vXe/ª

�M��5�åµ

N∑
i=1

J iasi = 0 (mod 2), ∀a = 1, 2, . . . ,M. (1.14)

þª¥§XêJ ia´�åa�ëê§§´~ê���áu8Ü{0, 1}"¤kù
ë
ê�¤��M ×N��Ý
J§TÝ
Ò½Â
�«LDPCè§�«~ã1.7"

duÝ
J¥¤k�Ý
��U���0½1§z���å£1.14¤¢Sþ´�

¦S�(s1, . . . , sN )��Ü©iÎ�Ú�óê"

LDPCÝ
J�cn�¤�¤�fÝ
�¤��M × n��Ý
S§

�M�K�¤,��M × M���
P"~Xã1.7��
P´��é�Ý

"���¹e§du?è�I�§7L�yÝ
P´÷��§=¤k���
�Ñ�""ù�§?¿�½&EiÎS�(s1, s2, . . . , sn)§P{Ûó��fS

±°�µg^Àæ��ED4 16



1.2. &EXÚ¥�g^Àæ¯KÞ~

�(sn+1, sn+2, . . . , sn+M )�±dXe�5�§|��/½Ñ5[86] µ

P


sn+1

...

sn+M

 = S



s1

s2

...

sn−1

sn


(mod 2) (1.15)

LDPCè�Ø%¢Sþ´���¹N�CþÚM��å��ÅÉ½÷v

£random exclusive-OR satisfiability¤̄ K�Uþ¼ê§=

E(s1, s2, . . . , sN ) =

M∑
i=1

1−
∏
j∈∂a

(1− 2sj)

2
. (1.16)

þª¥§∂aL«�åa¤�9��¤kiÎ� �§=∂a ≡ {j : J ja = 1}"�
ÅÉ½¯K�Uþ¼êéAu��õN�p�^g^Àæ�.§T�.�g

^σ = +1éAus = 0§
g^σ = −1KéAus = 1"�ÅÉ½¯K�ÚO

Ôn5�®��~ß��ïÄ[85, 36, 37, 66, 23, 63]"

XJiÎS�(s1, . . . , sN )luxàDÑ��Âà�L§¥vkÑy?Û

�Ø§@oÙUþE(s1, . . . , sN )7½�u"§·�Ö�TiÎS��cn §

Ò¼�
TS�¤%¹�&E"XJE(s1, . . . , sN ) > 0§@oiÎS�3DÑ

L§¥7½Ñy
�Ø"3ù«�¹e¡��?Ö´�â�Â��S�5�

E������q�#S�(s′1, s
′
2, . . . , s

′
N )§¦ÙUþE(s′1, s

′
2, . . . , s

′
N ) = 0"

ù�)è¯K�±ÏL�Öò�0���ED4�{p�/)û"

,	����ÅÉ½÷v¯K���'�?è�ª´SourlasÅ�è[94,

50]"3ÃÅ�Ã�ÏÕ¥§�²~^�,	�«Å�?è�ª§=CDMAè

£code-division multiple-access¤[104]"CDMA)è¯K�g^ÀæÚOÔn

�k�~���'X[100]"

1.2.3 _�"¯K

 ²�[�£neuron¤́  ²XÚ?1&E?n�Ä�ü�[75]"ÐÑ�

`§ü� ²�ÏLäâ£dendrite¤Â8lÙ§ ²�[�D45�>&Ò

¿éù
>&Ò?1�Ü§��Ü��>&Ò��,�K��§T ²�ò

�)��½õ�>óÀ§=Ä�> £action potential¤¿ÏL¶â£axon¤

òTóÀ&ÒD4�Ù§ ²�"õ� ²�[��äâÚ¶â�p�>§
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� 1. g^ÀæVã

Ò/¤�� ²�ä§ù´��k��ä§� ²�Aé,�� ²�B�K

�küa§½ö´e-5�§½ö´³�5�§ù�ûu¶â�äâ�mD

4>zÆ&Ò� ²4��«a"

XJò ²�i�G�oâz£ã§3���½��mI�τS£~X20Î

¦¤§�±òÙ©�·E�£vk-uÄ�> §̂ g^σi = −1�L¤Ú-

¹G�£-u
��½õ�Ä�> §^σi = +1�L¤"ÏLP¹�ã�

mS ²�i�>¹Ä�¹¿òÙoâz?n§Ò¬��T ²����G

�S�µ(σi(0), σi(1), σi(2), . . .)§Ù¥σi(m)L« ²�i3�m«m[nτ, (n+

1)τ)�oâzG�§�«¿ã1.8"

3¢�þ�±��Ó�ÿþþz� ²��>¹Ä�¹[88, 41]"<�F

"�âù
ÿþêâíÿ ²�ä�SÜë��ª§�ù38c�´�~(

J�?Ö"��1�Ú§<�F"�ï{ü����.5£ã ²�G��

m�'é"b½N� ²��>¹Ä�±^��üN�p�^�.5£ã§

=

Prob[σ1, σ2, . . . , σN ] ∝ exp
[ ∑

1≤i<j≤N

Jijσiσj +

N∑
i=1

hiσi

]
, (1.17)

XÛlaqã1.8�*ÿêâÑu5(½�.�ÍÜëêJij9|hiºù�¯

K¡�_�"£inverse Ising¤̄ K§=lXÚ��*G�Ñu�ÑXÚ��

p�^ëê"¦)_�"¯K��{3CAc�©z¥kéõ?Ø§ù
�

Y�õ�g^Àæ²þ|nØk'§�©z[88, 89, 61, 8, 79]"

3���p�^XÚ¥§ØÓCþ�m�3'é"ù«'ék�U´��

�'é§~X!:iÚ!:jkg^ÍÜ�p�^§�§��g^σiÚσj´'é

3�å�¶'é��Udu�����p�^���§~Xü�g^σiÚσkX

JÑÚg^σju)�p�^§@o3g^σj�x0e§Ò�σiÚσk�mvk

���p�^§��G��¬Ñy'é"3Ø��XÚ��*�p�^Ån

��¹e§ÏL*	XÚLy�G�§òCþ�m���'éÚ���'é

«©m5§ù´��ék]Ô5�?Ö§Ó��k�~­��A^d�"4

·�±�x�S�Ú�x�(�ýÿ�~"

�x�´d20«RÄ��¤��^�5�ó§Ù¥�¹�RÄ�ü��

ê8lA���AZ�"3[�NS§�x�óS�RÄ�ü�¬u)�p

�^§¦ó^òU¤A½�n��.§l
¢yÙ)ÔÆõU"�x��R

Ä�S�´¬u)CÉ�§3?z�?§¥§ØÓÔ«S�Ó�«�x�§

�,¢yÓ�«)ÔÆõU§�ÙRÄ�S�%¿�����"XJòØ
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1.2. &EXÚ¥�g^Àæ¯KÞ~

0

1

2

3

4

5

6

7

8

9

ã 1.8:  ²�G���müz«¿ã"ã¥z�1´�� ²�G���

mS�£��k10�ØÓ ²�¤"z�^ç�J��L��°Ý�τ��m

I�§e3���mI�S ²�?u-¹G�§Ò^���ç�IP"�

ÞL«�mO����"

ÓÔ«�Ó���x�S���eS���§@o3RÄ�S��z�� 

�iþÒ¬��20«RÄ�3T :���©Ù§ØÓ :�RÄ�©Ù�,

¿Ø�Ó"�x�S��üzäk�Ó5§XJ3T�x��n�(�¥ 

:iÚ �j�ü�RÄ�´k�>�£á§�p�^¤§@oXJ :i?�

RÄ�u)
CÉ§k����U¬��!:j?�RÄ�Ó�u)CÉ§ù

�âU¦�x��n�(�EÎ�±ØC§l
Ó�U¢yÙ)ÔÆõU"

XJ®²�x��n�(�§<��,U
ýÿÑØÓ :?�'é�¹"

�,�«�¹´§XJ���S�§UÄlS�¥ýÿ=
 :´3n�(

�¥åléC�ºù�«©���'é�����'éÒC��~­�"Ï

�ü� :iÚj�RÄ�'é�r¿Ø�½¿�X§�Ò´åléC�§Ï

�§��m�'é��U´du����p�^���"Cc5<�|^

�g^Àæk��éX��{^u�x�(�ýÿ§��
�½�?Ð§ë

�[107, 73, 31]"

1.2.4 Ý
O��Ø Da

Ø Da£compressive sensing¤´DÕ&Ò?nïÄ+���#,�

{[32]"�Ä�&Ò�DÕ5§§�Ä�g�´ò&Ò�¼��?nÓ�?

1"·�3dØ�[0�Ø Da�nØ§=ÏL��{ü�~f5Ú\ù
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� 1. g^ÀæVã

�¯K�'�O�¯K"

pé��¹éõ!:§z�!:Ñk��IP/�"?¿ü�!:�mX

J�±��?1êâ��§§��m�½kêâ�£>¤���ë§=§

�´�C�!:"Ï���!:Ï~�Ú�ê�
Ù§!:k>�ë§�

�êâ�lpé����!:aD4���8I!:b~~�²L�
¥m

!:c, d, . . ."êâ�l!:aD4���!:b¬kò�"Ppé���^>

�e£e = 1, 2, . . . ,M§M´��é��ê¤§3T^>þêâ��ò��xe§

@o¤k>�ò�ÒéAu��¥þ~x = (x1, x2, . . . , xM )"

·�F"U
ÿþÑ¤k>�ò�xe"�«�{´éz�^>©O?1

ÿþ§ùÒI��MgÕá�ÛÜ�ÿþ§�ù«�{3�äé��ØN´

¢y§Ï�§I��ä�z�!:Ñ�Ó��ö�",�«�ª´ýk�Om

^´»§z^´»À½��å©!:aÚ��ª�!:z§±9�^la�z�

´»§ÿþêâ�laD4�z¤^��mym"ym´T´»þ¤kò��Ú"

@oÒkXe�'Xµ
y1

y2

. . .

ym

 =


a11 a12 · · · a1M

a21 a22 · · · a2M

...
...

. . .
...

am1 am2 · · · amM





x1

x2

x3

...

xM


(1.18)

þª¥§aijL«1i^&ÿ´»´Ä²L�ä�1j^>§XJ²L§@oaij =

1§��Kkaij = 0"��
ó§�
lÿþ¥þ~y = (y1, y2, . . . , ym)¼�ò

�¥þ~x§I�¥þ~y ��ê��´M§=��I��Mgÿþ"�´§XJ

¥þ~x�Nõ��xeÑ�~�§�±�ÑØO§�k��Ü©>þ�ò´éî

­"ù�~xÒ´��DÕ¥þ"3ù«�¹e§UÄ�?1m � MgÿþÒ

U­�ÑDÕ¥þ~xºùÒ´��;.�Ø Da¯K"

��
ó§Ø Da¯K�Ø%´§�½�5�§

~y = A~x (1.19)

Ù¥~x´��M��¥þ§~y´��m��¥þ§
A´��m×M �ÿþÝ

"�¥þ~x ´DÕ�§§�kρM���Ø�"§
Ù§��Ñ�u""·

�I�dÿþ(J~y (½¥þ~x�¤k�"��9Ù��"

XJÝ
A�¤km1´�5Ø�'�§Ï
A´��÷�Ý
§¿�

1êm > ρM§@od�§£1.19¤�½�±���(½~x"ù�¯K��u

±°�µg^Àæ��ED4 20



1.3. E�é¡»"²þ|nØ§g^Àæ�C

Ïé��÷v^�£1.19¤�M�¥þx§Ó��¦~x¥��"�����"ù

�`z¯KáuNP-(Ja."~^�,�«å»´Ïé÷v^�£1.19¤�

¥þ~x§¦
M∑
i=1

|xi|

����"©z[29]éù�`z¯K^�ED4��{?1
ïÄ"

�OÿþÝ
�´Ø DaïÄ¥�~­��¯K"éÓ��DÕ&Ò

¥þ§ØÓ�ÿþÝ
¤I�ÿþê´Ø�Ó�"©z[54]éd¯K?1
�


&¢"

1.3 E�é¡»"²þ|nØ§g^Àæ�C

3g^Àæ�.¥kNõ(�ëêÚ�p�^ëê§~Xn�EA�.¥

�g^ÍÜ~ê§XÚ¯K¥�ä�ë��ª§��"�,�g^Àæ�.�

¤këê�Ñ���½�§T�.�����Ò(½
"Ó��.XÚ�Ø

Ó��§du�.ëê���ØÓ§¤LyÑ5�÷*Ú�*ÚOÔn5�

¬k�½§Ý��É"g^ÀænØïÄ�?Ö§Ò´�uÐnØµeÚO

��Y§¦�U°(/£ã,�g^Àæ�.XÚ��5§±9���k'

�A5"ù�¡�Ì��?Ð´E�é¡»"²þ|nØ£replica-symmetry

breaking§{¡RSB¤[64]"ù�!½50�RSBnØ�Ônã�"

1.3.1 ��Xn�²þ5�

g^ÀæXÚ�÷*5�Ï~�I�ê�
rÝþÒ�±L�§~XX

Ú�²þUþ�Ý§gdU�Ý§âf�²þ^Ý��"ù
rÝþ�Kþ

���¥¤këê�[!k'§�éu�¹âfêéõ�XÚ
ó§���

ëêUC�§ù
rÝþ���k�Øv��Þá§�±@��A½��Ã

'
���.ëê�ÚO5�k'"ïÄ,�g^Àæ�.��5§�9�

�â�.ëê�ÚO5�5½5Ú½þ/ýóù
÷*ÔnÆþ�A�±9

§�é§Ý½Ù§�¸ëê��A'X"

±EA�.£1.1¤�gdU�~"XÚ�²ïgdU��*�.�m�'

X�[1, 2]

FJ = −kBT ln

[ ∑
σ1,σ2,...,σN

exp
(
−βEJ(σ1, . . . , σN )

)]
, (1.20)
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� 1. g^ÀæVã

Ù¥kB´À�[ù~ê§T´�¸§Ý"3þª¥§·�^eIJ5V«�*

�.�oUþEJ±9XÚ�ogdUFJÑ¹k���¤kÍÜ~ê{Jij}�
�ëê"�Äd�.£1.1¤�¤k���¤���Xn§Ù¥���ÍÜ

~ê{Jij}´�â,�A½VÇ©Ù¼êP
[
{Jij}

]
5)¤�§@o��gd

UFJÒ´TVÇ©Ùe����ÅCþ"ù��ÅCþ�Xn²þ��

F =
∑
{Jij}

P
[
{Jij}

]
FJ (1.21a)

= Nf + o(N). (1.21b)

²þgdU�XÚâfêN�IÝ'X´�5�§T�5Xêf=�Xn¥

���²þgdU�Ý",��¡§FJ�Þá���l��wÑ§=

Var(FJ) =
∑
{Jij}

P
[
{Jij}

](
FJ − F

)2
(1.22a)

= cNα + o(Nα), (1.22b)

Ù¥c�~ê§α���IÝ�ê"XÚ¥�¹�âfêN�õ§gdUFJ�

Þá���¶�Nv
��§�ö�m�3IÝ'XVar(FJ) ∼ Nα§=g

dUFJ3ØÓ���m�CzÌÝ�O(N
α
2 )�þ?"é�õêXÚ
ó§I

Ý�êα < 2"ù�gdU�Þá�'u²þgdU
óþ?�O(N−1+α
2 )§

�=XÚ��§gdU�Þá�éu²þ�
óÒ�Ø­�"l��Xn¥

���Å/ÀJ����§T��3VÇÆ�¿ÂeÑ¬´��;.��§

ÙgdU�ÝÚÙ§÷*ÔnÆþ�rÝ��Xn²þ��k�Øv���

O§�NÑXn¥����5"duù���Ï§<�~~�'%gdU�

2òÔnÆþ��Ý�Xn²þ�"

,
�O�gdU�Xn²þ�I�é���Å¼ê�éê?1²þ§

��O�~~éØN´"ÚOÔnÆ¥�E��{£replica method¤Jø
�

«)û�Y"T�{�Ñu:´òé�Å¼ê�éê¦²þ=C�¦�Å¼

ê²þ��éê"b�x´���ÅCþ§Ñl,�VÇ©Ùp(x)§
Z(x)´

�ÅCþx�����¼ê"éN´y²XeL�ª´¤á�µ∑
x

p(x) lnZ(x) = lim
n→0

1

n
ln

[∑
x

p(x)Zn(x)

]
, (1.23)

Ù¥n¡�E�ê§§´�K¢ê"
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1.3. E�é¡»"²þ|nØ§g^Àæ�C

�â£1.23¤�òXn²þF�L�ª£1.21a¤U��

f = − lim
n→0

kBT

nN
ln

{ ∑
σ1,...,σn

∑
{Jij}

P
[
{Jij}

]
exp
(
−β

n∑
s=1

EJ(σs)
)}

(1.24a)

= − lim
n→0

kBT

nN
ln

{ ∑
σ1,...,σn

exp
(
−βE(n)(σ1, . . . , σn;β)

)}
. (1.24b)

þª¥·�b�E�ên��ê§¿^σs ≡ (σs1, σ
s
2, . . . , σ

s
N )L«SÒ�s�

E���*�.§Ù¥σsi ∈ ±1"ùn�E���*�.´*d��Õá�§

�du§�ÑÉ�Ó�|�ÅÍÜ~ê{Jij}�K�§�ÍÜ~ê�Xn²
þ�¤�§ù
�*�.òC�*d'éå5"ù
'éÏLk�Uþ¼

êE(n)(σ1, σ2, . . . , σn;β)5Ny"k�UþE(n)��
ó�§Ýk'§
�§

��E��*�.σ1, . . . , σn �¼ê�UäkéE,�/ª§�§k��Ä

�A:µ§´ùn�E��.�é¡¼ê"

�§£1.24b¤mý�)ÒSÜ�L�ª¢Sþ´��ÚOXÚ��©¼

ê§TXÚ�¹N�âf§z�âfik��¥þG�σi ≡ (σ1
i , σ

2
i , . . . , σ

n
i )"d

uk�UþE(n)´E��.�é¡¼ê§·�g,Ï"âfi�¥þG�σi�

²ïVÇ©Ù�AT´g^σ1
i , σ

2
i , . . . , σ

n
i�é¡¼ê",
¢S�¹%~~

¿�ù�"ù«�¹¡�E�é¡5»"§§¤éA�Ônã�ò3e��

!¥0�"

é���½g^Àæ�.§E��{Äk�O�²þgdU£1.24b¤3

ØÓ�E�ên?��§l
¼�²þgdU���ên�¼ê¶3dÄ:þ

òT¼ê)Ûòÿ���ên�§�)0 < n < 1�«�¶��¦òÿ��¼

ê3n→ 0�4�§l
¼�XÚ�²þgdU�Ýf"3ù�O�L§¥I

�Ú?�
Sëþ±£ãE��m�é¡5§Ù¥�­��Sëþ´ü�E

��m��qÝ"

E��{�O�L§´���,�§�3�ê�
Ã��g^Àæ�.

þU
)Û/?1§�Í¶�´Giorgio Parisi¤¼��SK�.£1.4¤�Ã¡

E�é¡»")[64]"T�{�êÆÄ:�c�Ø´AOO�§~XE�ê

8nl�ê)Ûòÿ�0 < n < 1«m��ªé�UØ´���§3êÆþ�

����\/ïÄ"�ÖòØ?ØE��{�[!§k,��Öö�ë�n

ã©z[64, 34, 20, 99]"
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� 1. g^ÀæVã

1.3.2 ü����ÚO5�

g^ÀæXÚ�Xn²þ5�ØU�NXn¥ü����AÉ5§�ù

«AÉ53éõ�/e´�~­��"±K-SAT¯K�~§<�F"U
�

äÑ���½�K-SATUþ¼ê£1.12¤´Ä�3Uþ�"��*�.§�

F"U
¼�z��g^Cþ�>�VÇ©Ù¿|^ù
&E5�EÑ÷v

¤k�å��*�."Äuð�ª£1.23¤�E��{du�é��?1Xn

²þ§Ø�·ÜuïÄü����ÛÜÚOÔn5�£~X�þ�½âf�

�*G��>�VÇ©Ù§½ö´âfG��m�ÛÜ'é��¤"

ÚOÔnÆïÄ+�Ú&E�ÆïÄ+�ÑÕá/uÐÑ½þïÄü

�XÚÚO5��Cq�{"3&E�Æ+�¥§�L5�?Ð´&gDÂ

£belief-propagation¤�{9Ùí2[40, 83, 111]§3ÚOÔnÆ¥K´g^

ÀæE�é¡»"�n�{£cavity method¤±9���éA���E�é

¡»"£1RSB¤�ED4�{[64, 62, 65]"·�ò3�Ö�1�Ù91nÙ

l�©¼ê�ãÐm��Ý5ïáE�é¡»"�nnØ§í�Ñ&gDÂ

�§91RSB�EDÂ�§§¿ò318Ù&?ù�nØ3k��g^Àæ

XÚ�?�Úí2"

1.3.3 g^Àæ�C

E�é¡»"²þ|nØ���Sëþ´XÚ?¿ü�²ï�*�.�

m��q§Ý"�Äg^ÀæXÚ�����"3§ÝTe§�ÅÀ�T��

�ü�²ï�*�.σaÚσb§ùü��.��U£overlap¤½Â�

qab ≡
1

N

N∑
i=1

σai σ
b
i , (1.25)

§½þL�ü��.��q§Ý"~X§XJ�.σaÚσb���Ó§@oqab =

1¶Xe����§Kqab = −1¶XJùü��.k�C��âf�g^�Ó


Ù{âf�g^��§Kqab ≈ 0"

XÚ�²þUþ�Ýu´�¸§ÝT�4~¼ê§§ÝTü$§²þUþ�

Ýu(T )�ò4~"3�½§ÝT?§û½XÚ²ïÚOÔn5���*�.�

Uþ�éuUþ¡E = Nu(T )�k�f�Þá§39åÆ4�N → ∞e�
±�ÑØO"TUþ¡þ?¿ü��*�.�m��UqabÑ�±�â£1.25¤

5O�"4·�PN
(
q;u(T )

)
�T²ïUþ¡þ�Uqab�uA½�q��*
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1.3. E�é¡»"²þ|nØ§g^Àæ�C

�.é�oê8§=

N
(
q;u(T )

)
≡ 1

2

∑
σa

′
∑
σb

′δ
(
q − 1

N

N∑
i=1

σai σ
b
i

)
. (1.26)

ª¥�δ(x)´Dirac-δ¼ê§
¦ÚÎÒþ�′¿�X¦ÚÛ�uUþ�Ý�

uu(T )�@
�*�."d�.éê8�±�A½Â�.é���Ý�

s
(
q;u(T )

)
≡ 1

N
ln
[
N
(
q;u(T )

)]
, (1.27)

§½þL��U�uq��.é�´L§Ý"

Uþ�Ý�u(T )�¤k�*�.�m��Uqab�©ÙP�P
(
q;u(t)

)
§

§���Ý�'X�

P
(
q;u(t)

)
=

eNs(q;u(t))∑
q′ e

Ns(q′;u(t))
. (1.28)

�þ!�C�q8�C

�?Ø�Bå�§ò§ÝT�½�s
(
q;u(T )

)
��q�¼êP�sT (q)"�

��A§ò©Ù¼êP
(
q;u(T )

)
P�PT (q)"�X§ÝT�UC§XÚ²ï�

.�m�5�òu)UC§���¼êsT (q)�/G�U¬u)½5�Cz§

�Ì��´]à5�UC§±9¼ê4�:ê8�UC"

3§ÝTv
p�§û½XÚ²ï5��¤k�*�.¤?�Uþ¡�

Uþ�Ýu(T )�ép§TUþ¡þ��*�.�~�õ§A�´��þ!/

©Ùu��Uþ¡þ"ù���ÝsT (q)´�Uq�]£concave¤¼ê§�k�

�4��£éAuq = q0§�«¿ã1.9¤"3ù«p§�¹e§XÚ�k��

9åÆ÷*�§§�¹Uþ�Ý�u(T )�A��Ü�*�."�âfêNv


õ�§dL�ª£1.28¤�±wÑ§�U©Ù¼êPT (q)ª�uδ-¼ê§=

PT (q) = δ(q − q0). (1.29)

?ÀT9åÆ÷*��ü��*�.§§��m��Uk�C100%�VÇ

�uq0"ù«�¹3²þ|nØ¥¡�E�é¡£replica symmetric¤"é

uEA�.£1.1¤ÚSK�.£1.4¤�§E�é¡�/Ò´XÚ?u^^�§z

��âf�g^²þ�Ñ�u"§
²ï�.�m�²þ�Uq0 = 0"

�X§ÝT�ü$§û½XÚ²ï5���*�.¤?�Uþ¡�Uþ

�Ýu(T )�ü$§�ù
�*�.�oê8���~�"�Tü$�,��
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� 1. g^ÀæVã

T TcmTd

q

s  (q)
T

q

q

qq
0 1

0

0

u(T)

ã 1.9: ²ï�*�.¤?Uþ¡�(��þ!�C�q8�C"²ïUþ

¡�Uþ�Ýu(T )�X§ÝT �ü$£lm��¤
4~£lþ�e¤"3�

.§ÝTcm?§²ï�*�.Ø2þ!©Ùu��Uþ¡§
´/¤NõÛ

Ü�8�«�§ù���.é��ÝsT (q)�]à5u)UC"3�$��.

§ÝTd?§²ïUþ¡�ª©��Nõìq£z�ìqéAu��9åÆ÷

*�¤§q1´ìqSÜ�*�.�m�²þ�U§
q0´ØÓìq�*�.�

m�²þ�U"

.�T = Tcm�§��ÝsT (q)�,E�k��4�:§�§�]à5%u)

UC§Ø23��−1 ≤ q ≤ 1«mÑ´]¼ê£�ã1.9¤"E¤�¼ê]à5

UC��Ï´²ï�*�.Ø2´þ!©ÙuUþ�Ý�u(T )�Uþ¡§


´3���8�©ÙuéõÛÜ«�"�*þ�±ò²ïUþ¡y©�éõ

�«£community¤§z���«éAuUþ¡þ�*�.'��8���«

�§§�¹éõ�*�.§ù
�.*d�m'��q§k����U¶
Ø

Ó�«��*�.�m��UK��"ØÓ��«3>�¬k�õ­U§Ï


XÚE,�k��9åÆ÷*�"

3§ÝTcm?XÚ�²ïUþ¡�*�.�ÛÜ�Ýu)
dþ!�Ø

þ!�=C§§ÝTcm�¡�XÚ��þ!�C§Ý[121]"Uþ¡ÚO5�

�ù�½5UC´XÚÑyõ�9åÆ÷*��cs"du��ÝsT (q)E,

�k��4��§��U©Ù¼êPT (q)E,´�§£1.29¤�/ª"
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1.3. E�é¡»"²þ|nØ§g^Àæ�C

�X§ÝT±9²ïUþ¡Uþ�Ýu(T )�?�Úü$§Uþ¡�*�

.ÛÜ�Ý��þ!5?�Ú²w§±�u�§Ýü�,���.�T =

Td�§��ÝsT (q)�4�:Ø2´���§Ø
q = q0´��4�:±	§

����3,	��A½�U�q = q1 > q0§3T?sT (q)���4�£�

ã1.9¤"�¼êÑyõ�4����Ï´²ïUþ¡þ�ØÓ�*�.�«

�m�­U«���*��Ý�5��§±�ù
�*G��ÚO�­�

±�ÑØO§Ï
²ïUþ¡�±@�´©�¤Nõ�p�mvk�8�

ìq£cluster¤§z�ìqÑ�¹Nõ�*�.§éAuXÚ���9åÆ

÷*�"3T = Td?XÚ²ïUþ¡(��=C¡�q8�C£clustering

transition¤§ù��C3(�ÀæïÄ¥q¡�ÄåÆ�C£dynamical tran-

sition¤"3ù�§Ý?�±@�XÚ��m�ëÏ5u)
»""

�XÚÑyNõ9åÆ÷*�±�§���{ü��/Ò´z��ì

qSÜ��*��m�²þ�U�q ≈ q1§
ØÓìq�m�²þ�UK

�q ≈ q0"ù�{ü�/3²þ|nØ¥¡���E�é¡»"£first-level

replica-symmetry-breaking§1RSB¤6"ù��U©Ù¼êPT (q)ò´ü�½

õ�δ-¼ê�U\§Ù¥3q = q0?�k¸éAuìq�m�²þ�U§


3q = q1?�k¸KéAuìqSÜ�²þ�U",
§duØÓìq�m�

�*�.é�ê8���LìqSÜ��*�.é�ê8§��3q = q0?

�δ-¹�ÚO�­4�Cu1§
q = q1?�δ-¸�ÚO�­K4�Cu0"

và�C

�§ÝT$uq8�C§ÝTd�§duXÚÑy
NõØÓ�9åÆ÷

*�§ù���9åÆ÷*�αéXÚ²ï5��ÚO�­Ò�6uT÷*

��gdU�Ýfα ≡ uα(T ) − Tφα(T )§Ù¥uα´T÷*�3§ÝT?�U

þ�Ý§
φα(T )K´§���Ý"��
ó§�k�êØõ�9åÆ÷*�

äk�$�gdU�Ýf0(T )§
gdU�Ýpuf0(T )�9åÆ÷*�3ê

8þK�U���Ñ"du9åÆ÷*��g��ÚgdU�m�¿�§�

�3§ÝTpu�.�Tc�§ê8þÓ`³�9åÆ÷*�û½XÚ�²ï

gdU�Ýf(T )§§���'��gdU�Ýf0(T )�¶��T < Tc�§gd

U�Ý����f0(T )�@
�ê9åÆ÷*��Ñ§l
XÚ�²ïgd

6��E,��/´ØÓìq�m�²þ�UkØÓ��"ù«�¹3²þ|nØ¥¡�p�E�é¡»

""�
Ø¦�!�½5?ØC�L©E,§·�b�1RSB´��éÐ�Cq"��5¿��:´§XJg

^ÀæXÚ�Uþ¼êäk�N��üé¡5§=�*�.(σ1, σ2, . . . , σN )�(−σ1,−σ2, . . . ,−σN )k

���Ó�Uþ§@oÒ�31RSBCq¥�¬kn�²þ�U�§©O´±q1Úq0§
��½kq0 = 0"
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� 1. g^ÀæVã

U�Ýf = f0(T )"

3Tc?XÚ�G��mu)
��và�C£condensation transition¤§

=XÚ�²ïÚOÔn5�m©d�ê�
gdU�Ý�$�9åÆ÷*�

¤û½"ù«�¹3ÔnþaquÀÚíN�ÀÚ-OÏd"và�C[1, 2]"

3T < Tc�XÚ�²ï9åÆ�Ï~¡�n�Àæ�£ideal glass¤"¢Sþ

XÚ�~J±3T < Tc���9åÆ²ï"

k�
g^ÀæXÚ£~XEA�.ÚSK�.¤�và�C§ÝTc�u

q8�C§ÝTd"

·�òÏLü�î��)�.5?�Úü«g^ÀæG��m�üz"

ùü��.´�ÅUþ�.9�Åf8�."

1.4 �ÅUþ�.

�ÅUþ�.£random-energy model§{¡REM¤´Benard Derri-

da31980cÚ\�[28]§T�.�~{ü§U
ÏL)Û�{î�¦)§�

§NyÑg^ÀæXÚ�éõA�§¿�éu½5n)ÀæÄåÆ1��u

�
�^[17]"

�Ä�¹N��"g^���XÚ§§��*�.ê8oê�2N"X

Ú�z���*�.σ = (σ1, σ2, . . . , σN )k��UþE§�TUþ��*�

.σ¢Sþvk?Û'X§
´���Å¢ê§Ñlpd©Ù

P (E) =
1√
πN

exp
(
−E

2

N

)
. (1.30)

�ÅUþ�.�����ÒéAu2N�*dÕá�Ñl�Ó©Ù��ÅU

þ{E1, E2, . . . , E2N}§z��Uþ��²�½ÒØ#N2UC"
�½��3§ÝT?�²þUþ�

〈E〉T =

∑2N

α=1Eαe
−βEα∑2N

α=1 e
−βEα

. (1.31)


���gdUK�

F = − 1

β
ln

[ 2N∑
α=1

e−βEα
]
. (1.32)

5¿�²þUþÚgdUÑ´2N��ÅUþ�¼ê§�§����´�Å

ê"
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1.4. �ÅUþ�.

du����.Uþ´Ñl©Ù£1.30¤�Õá�Åê§@o���2N�

�*�.¥§Uþ�Ý�uε��*�.�ê8�ÚOÏ"�Ò�'u

2NP (Nε) ∝ eN [ln 2−ε2]. (1.33)

XJ|ε| <
√

ln 2§@o��¥Uþ�Ý�ε��*�.�ê8Ò´eNs(ε)�þ

?£ù´�����u1�ê¤§Ù¥s(ε)´Uþ�Ý�ε��*�.���Ýµ

s(ε) = ln 2− ε2. (1.34)

dVÇØ¥��ê½Æ��s(ε)�´ü���¥Uþ�Ýε?���Ý"�

�|ε| >
√

ln 2�§d£1.33¤��XÚ¥Uþ�Ý|ε| >
√

ln 2��*�.�ê

8�ÚOÏ"��u""@o3��;.��¥§ÒØ�3?Û�*�.ä

kUþ�Ýε >
√

ln 2½ε < −
√

ln 2"����*�.Uþ�Ý?u−
√

ln 2 <

ε <
√

ln 2�«m"

3§ÝT?§Uþ�Ý�ε�¤k�*�.�o�­�

eNs(ε)e−βNε = eN [ln 2−ε2−βε], |ε| <
√

ln 2. (1.35)

XJ§ÝT > Tc = 1

2
√

ln 2
§@oþã�­����éAuUþ�Ýε = −β/2§

ù�´ü����²þUþ�Ý"�X§Ý�ü$§ÚO�­£1.35¤��

��éA�²þUþ�ÝÅìü$"�Tü�Tc�§ÚO�­����éA

uε = −
√

ln 2§3TUþ�Ý?�����Ýü$�""�§Ý?�Úü$

�T < Tc�§du��¥Ø�3Uþ�Ý�$��*�§����²þUþ

�Ý�±3ε = −
√

ln 2 ?§�XÚ²ï5�¤éA��*�.�Ø2UC"

dþã©Û§�ò�ÅUþ�.�gdU�Ý!²þUþ�Ý9��Ý

��§Ý�¼ê©O��

f(T ) =

− 1
4T
− T ln 2,

−
√

ln 2,

ε(T ) =

− 1
2T
,

−
√

ln 2,

s(T ) =

ln 2− 1
4T 2 , T ≥ Tc,

0, T < Tc.

(1.36)

ù
¼ê3�.§ÝTc?����êÑØëY"

�ÅUþ�.�ü���3�.§ÝTc?u)��và�C§=û½X

Ú²ïÚO5���*G��ê8d�'uâfêN��êC��kk�

�"3§ÝT < Tc�§XÚ�5�Òd�$Uþ�Ý¡þ�@
�ê�.û

½
§ù
�ê�.z��Ñ´���Å�."
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� 1. g^ÀæVã

1.5 �Åf8�.

�Åf8�.£random-subcube model¤´Dimitrio Achlioptas�n)

�Å�å÷v¯K�)�m(�üz
�E���
ä�.[72, 60, 9]"ù�

î��)�.éun)g^Àæ�.�m��C�ékéu¿Â"·�3d

{�£�T�.��:"

�Ä�¹N�!:�XÚ§Ù¥z�!:ik�"g^G�σi ∈ ±1"X

Ú��k2N��*�.§�b�XÚÉ�,
�å§±�u�k?u�
f

8S��*�.â´�NN�"ù
�*�.f8�ê8�

M = 2N(1−α),

Ù¥0 < α < 1´��ëê"z��f8r ∈ {1, 2, . . . ,M}Ñ�¹éõ�*�
.§ù
�*�.σ ≡ (σ1, σ2, . . . , σN )�A5´µ£1¤ØÓ!:iÚj�g^´

��ÕáØ�'�¶£2¤?¿!:i�g^σik(1−p)�VÇ3f8r¥´v�
�£§3r�¤k�*�.¥Ñ�Ó���¤§�σiv��+1��VÇ�u§

v��−1��VÇ¶£3¤?¿!:i�g^σikp�VÇ3f8r¥´��gd

�§=XJσáuf8r§@oòT�.¥!:i�g^UCÎÒ���*�.

�áur"VÇp´�Åf8�.�,	����ëþ"g^��gd���

!:¡�f8r�gd!:"

b�kNρ0�!:�g^�3f8r¥gd�§@oTf8�¹��*�

.oêÒ´2Nρ0§Ï
f8r���Ý�ρ0 ln 2§=gd!:�Ýρ0��û½

f8���"3�!±��?Ø¥§·�ògd!:�Ý�ρ0��Åf8¡

�ρ0-f8"lM�f8¥���Å]À��§Tf8�gd!:�Ý�ρ0�

VÇ�â��©Ù�(
N

Nρ0

)
pNρ0(1− p)N(1−ρ0) ≈

( p
ρ0

)Nρ0
( 1− p

1− ρ0

)N(1−ρ0)

.

XÚ¥ρ0-f8�²þê8Mρ0
�

Mρ0
≈ 2N(1−α)

( p
ρ0

)Nρ0
( 1− p

1− ρ0

)N(1−ρ0)

= eNΣ(ρ0), (1.37)

Ù¥Σ(ρ0)´f8�g���Ý§§½þL�XÚ¥ρ0-f8�´L§Ý§L

�ª�

Σ(ρ0) = (1− α) ln 2 + ρ0 ln(p/ρ0) + (1− ρ0) ln[(1− p)/(1− ρ0)]. (1.38)
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1.5. �Åf8�.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ρ

0

0.1

0.2

0.3

0.4

0.5

Σ(
ρ 

 )

α = 0.4
α = 0.7
α = 0.95

ρ

0

0

00
(min)ρ (max)

ã 1.10: E,ÝΣ(ρ0)��gd!:�Ýρ0�¼ê£ëêp = 0.4§éA

kαd = 0.4854279αc = 0.913998¤"Σ(ρ0)�4��3ρ0 = p?§
�ρ0 <

ρ
(min)
0 ½ρ0 > ρ

(max)
0 �Ù��K§¿�Xý�Ü©�Åf8�gd!:�

Ýρ0 = p§�XÚ¥Ø�3ρ0 < ρ
(min)
0 ½ρ0 > ρ

(max)
0 ��Åf8"�ëêαO

\�§¼êΣ(ρ0)�N�e£Ä�/G�±ØC§��ρ
(max)
0 − ρ(min)

0 C�"

¼êΣ(φ)3g^Àæ©z¥Ï~¡�XÚ�E,Ý£complexity¤[69, 62]§3

(�ÀæïÄ+�q¡�(��£structural entropy¤"

ã1.10w«
Σ(ρ0)¼ê�/G"E,ÝΣ(ρ0)3ρ0 = p?k���4�

�"�§Σ(ρ0) = 0kü��§©O�ρ0 = ρ
(min)
0 Úρ0 = ρ

(max)
0 "E,ÝΣ(ρ0)

3ρ
(min)
0 < ρ0 < ρ

(max)
0 «m��§��ρ0 > ρ

(max)
0 ½�ρ0 < ρ

(min)
0 ��

K§`²3N → ∞�4��¹e§¤k��Åf8�gd!:�Ýρ0 ∈
[ρ

(min)
0 , ρ

(max)
0 ]"

�Åf8�oê8M�ëêα�O\
~�§E,Ý¼êΣ(ρ0)��A/

�e²£§l
«m[ρ
(min)
0 , ρ

(max)
0 ]C�§±�u�α = 1�T«mÂ ��

�:§=ρ
(min)
0 = ρ

(max)
0 = p"

1.5.1 ��{²»"§;.�Åf8

´Ä?¿���*�.Ñáu����f8º�Ä���Å�)���
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� 1. g^ÀæVã

�.σ = (σ1, σ2, . . . , σN )§§áu,�f8r�VÇ�

(
p+

1− p
2

)N
=
(1 + p

2

)N
. (1.39)

Ï
¹k�.σ�f8�²þê8�

2N(1−α)
(1 + p

2

)N
= eN [(1−α) ln 2+ln 1+p

2 ]. (1.40)

�α < αd = ln(1+p)
ln 2
�§ù´��ã��ê8§=?¿���*�.ÑÓ�

áu�êõ�f8§¤kf8|¤�¿8�¹XÚ�¤k�*�.",
§

�α > αd±�§�Å�)����*�.σkª�u1�VÇØáu?Ûf

8§ù�d¤kf8�¤�¿8¥�¹��*�.ê8�oê8Ò���

u2N"

�ëêα > αd�§4·�?�Ú�Ä��áu,�f8r��*�.σ"

ù��.�áu,	��f8r′�VÇ��uL�ª£1.39¤§Ï
�¹T�

.�Ù§f8�²þê8Ó�d£1.40¤�Ñ"ù�²þê8���u1§¿

�Xf8r¥ý�õê�*�.�áur§�k'~��2−N(α−αd)��*�.

�Ó�áu��£$�õ�¤Ù§f8"du'~2−N(α−αd)�~�Cu"§

�ü��Åf8rÚr′Ò�k�8§�8¥�¹��*�.ê8����uf

8¥�*�.�oê8§���±�ÑØO"Ï
�α > αd�§z��f

8�A�¤k�*�.Ñ?uf8SÜ£Ø2áuÙ§f8¤§�k'~4

���*�.?uf8�>.£>.��.Ó�áu,	��½õ�f8¤"

duf8�>.�¹��*�.ê8���uf8SÜ�*�.�ê8§l

���Ý�±@�z��f8rÑ�L��9åÆ÷*�§äkA½���

Ýφr = ρ0 ln 2"d¤kf8�¿8�¤��*�.�ml���Ý
ó�±

@�Ø2´��{²�"�α = αd?éAuXÚ�.�mu)��{²»"

£ergodicity breaking¤"

�½α > αd§XÚ�.�m���¹õ��*�.º3�Ñf8�m�

�8�§�*�.�oê8N�L�ª�

N =

∫ ρ
(max)
0

ρ
(min)
0

dρ0Mρ0
2Nρ0 =

∫ ρ
(max)
0

ρ
(min)
0

dρ0e
N [Σ(ρ0)+ρ0 ln 2]. (1.41)

3N → ∞�9åÆ4�§�*�.oê8NA��Üdgd!:�Ýρ0 ≈
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1.5. �Åf8�.

ρ∗0�@
�Åf8¤�z§Ù¥ρ
∗
0éAuþª¥�êXê����§=

ρ∗0 = argmax
ρ

(min)
0 ≤ρ0≤ρ(max)

0

[
Σ(ρ0) + ρ0 ln 2

]
(1.42a)

= min
( 2p

1 + p
, ρ

(max)
0

)
. (1.42b)

XÚ�.�m���Ýs�

s ≡ 1

N
lnN (1.43a)

= max
ρ

(min)
0 ≤ρ0≤ρ(max)

0

[
Σ(ρ0) + ρ0 ln 2

]
(1.43b)

=

{
Σ(ρ∗0) + ρ∗0 ln 2 ρ∗0 < ρ

(max)
0 ,

ρ
(max)
0 ln 2 ρ∗0 = ρ

(max)
0 .

(1.43c)

gd!:�Ý�ρ∗0��Åf8¡�XÚ�;.�Åf8§Ï�XÚ���Ý

��dù
�Åf8�¤�¿8û½"

�α < αc = 1−p
1+p

+ ln(1+p)
ln 2
�§ρ∗0 < ρ

(max)
0 "ù�XÚ�ý�õê

�*�.Ñ�¹ugd!:�Ý�ρ∗0��Åf8S§ù
�Åf8�ê8

´N��ê¼ê£≈ eNΣ(ρ∗0)¤"�Xα�O\ρ
(max)
0 C��5��§±�u

3α = αc?ρ
∗
0Úρ

(max)
0 �p­Ü"3α ≥ αc�«m§éXÚ��Ýk�z

��Åf8´@
gd!:�Ý���f8§
ù
�Åf8�ê8¿Øõ

£Σ(ρ
(max)
0 ) = 0¤"3�.ëêαc?XÚ��*�.�mu)
��và�

C§�.�m�ÚO�­m©8¥u�ê�
���Åf8"

1.5.2 �.�m�ëÏ5

�Ä��gd!:�Ý�ρ0�f8r"�ÅÀ�,��gd!:�Ý�ρ
′
0�

f8r′§§�r��8Ø´�8�VÇ�

P∩(ρ0, ρ
′
0) =

m2∑
m=m1

CmNρ0
C
Nρ′0−m
N(1−ρ0)

(
1
2

)N(1−ρ0−ρ′0)+m

m2∑
m=m1

CmNρ0
C
Nρ′0−m
N(1−ρ0)

. (1.44)

þª¥§m´Ó�áuf8rÚf8r′�gd!:�ê8§m1 = max[0, N(ρ0+

ρ′0 − 1)]Úm2 = min(Nρ0, Nρ
′
0)©O´Tê8�e�9þ�"�Nv
��§

þª�±Cq��

P∩(ρ0, ρ
′
0) ≈ exp

[
N(φ1 − φ2)

]
, (1.45)
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� 1. g^ÀæVã

Xêφ1Úφ2´Xe�ª�{Pµ

φ1 = ρ0 ln ρ0 + (1− ρ0) ln(1− ρ0)− (1− ρ0 − ρ′0) ln 2

− min
x1≤x≤x2

[
x ln 2 + x lnx+ (1− ρ0 − ρ′0 + x) ln(1− ρ0 − ρ′0 + x)

+(ρ0 − x) ln(ρ0 − x) + (ρ′0 − x) ln(ρ′0 − x)
]

= ρ0 ln ρ0 + (1− ρ0) ln(1− ρ0)− 2− ρ0 − ρ′0
2

ln 2

− ln
[ 2ρ0ρ

′
0

Q− 2 + ρ0 + ρ′0
− 1
]
− ρ0 + ρ′0

2
ln
[Q+ ρ0 + ρ′0 − 2

Q− ρ0 − ρ′0

]
−ρ0 − ρ′0

2
ln
[2−Q+ ρ0 − ρ′0

2−Q− ρ0 + ρ′0

]
, (1.46)

φ2 = ρ0 ln ρ0 + (1− ρ0) ln(1− ρ0)

− min
x1≤x≤x2

[
x lnx+ (1− ρ0 − ρ′0 + x) ln(1− ρ0 − ρ′0 + x)

+(ρ0 − x) ln(ρ0 − x) + (ρ′0 − x) ln(ρ′0 − x)
]

= −ρ′0 ln ρ′0 − (1− ρ′0) ln(1− ρ′0), (1.47)

Ù¥x1 = m1/N = max(0, ρ0 + ρ′0 − 1)§x2 = m2/N = min(ρ0, ρ
′
0)§
Q =√

(2− ρ0 − ρ′0)2 + 4ρ0ρ′0"

gd!:�Ý�ρ′0��Åf8ê8Mρ′0
≈ eNΣ(ρ′0)§�gd!:�Ý

�ρ′0��f8r��8���8Ü�f8�²þê8�

Mρ′0
P∩(ρ0, ρ

′
0) ≈ eNΣρ0 (ρ′0), (1.48)

Ù¥

Σρ0
(ρ′0) = φ1 − φ2 + Σ(ρ′0). (1.49)

��ÝΣρ0
(ρ′0)½þL�gd!:�Ý�ρ′0����ρ0-f8��8����

Åf8�´L§Ý"XJΣρ0
(ρ′0) > 0§`²A�z��ρ0-f8ÑÚ�~õ

�ρ′0-f8��¶�eΣρ0
(ρ′0) < 0§K¿�XA�¤kρ0-f8ÑØÚgd!

:�Ý�ρ′0��Åf8��§�k�~�~�'~�ρ0-f8�ρ′0-f8k�

��8"

��«~§ã1.11w«
3ëêp = 0.4§α = 0.7����Ý¼êΣρ0
(ρ′0)"

éuρ0 = ρ
(max)
0 = 0.719�����f8
ó§Ú§��8���Ù§�Å

f8�gd!:�Ýρ′0áu«m[0.228, 0.676]¶éuρ0 = ρ∗0 = 0.571���
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i, E., Martin-Mayor, V., Muñoz Sudupe, A., Navarro, D., Parisi,

G., Perez-Gaviro, S., Ruiz-Lorenzo, J.J., Schifano, S.F., Sciretti, D.,

Tarancon, A., Tripiccione, R., Velasco, J.L., Yllanes, D.: Nonequi-

librium spin-glass dynamics from picoseconds to a tenth of a second.

Phys. Rev. Lett. 101, 157,201 (2008)

[12] Belletti, F., Cruz, A., Fernandez, L.A., Gordillo-Guerrero, A., Guidet-

ti, M., Maiorano, A., Mantovani, F., Marinari, E., Martin-Mayor,
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[61] Mézard, M., Mora, T.: Constraint satisfaction problems and neural

networks: A statistical physics perspective. J. Physiol. Paris 103,

107–113 (2009)

[62] Mézard, M., Parisi, G.: The bethe lattice spin glass revisited. Eur.

Phys. J. B 20, 217–233 (2001)
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