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� �1�����!���
��� l�u8���tq�s<���t���<�Ou?����u�orq����to�qts ��� ��uO�pqwv1�t�m���tu8or ml8vy�~¡�q��£¢¤o���¥���uK¦�o�¥��hl�s � u8o�¥��ts<uO§¨o�¥��hlp���t���<�Ou?����umvt�~o�u¤�no�¥���©Eu8�t��¥��ªorq« o�¥��<lp�tqts�i � uOo�¥��tsmu8§¨o�¥��hl[¬Mu8§:u8smuOq�v~�OuOo�smu8q­�tqhl�uO�¨¬�u8�nl�o�¢¤¢!lpuOqd®¯u8�~o�qtsm��qtsmu8q�u8�nl��£�tq � o�¥��tu-°G±�u8²hl�um{³ o�u8��u � �����m��¬�uOorl���qtsd¬Mu?��¥�� �L´ l�o�s£lµ�no�¥��Cor¢¶uO���nl�uOq¸·&uOo � ¢¤orlK�~u8q � q ´¹� qtsmu8q¸�~uO�Kº�qhl�u8�p����¥����tqts	�~o�u8��uO�»°G±�u8²hl�u¢¤o¼l�l�u � ��½:�<¢µ���~l�u8�p��or¢K� � �Ll�o��mq�uOqwv�²m�<qt²���uOl¯¢¤orl¾�Ou8o¼l � o�¥���¬Mu8sm�puOqt�Ol�uOq�°_qhlE§¨o�¥�² � �tqts<uOq�or¢À¿�uO� ´ � ��� uOo�qtu8��Á	�£s<qtu(lpo¼Â�no�uO�p�tqtsMv~�~oru�u8orq�uO¢Ãi � uOo�¥��ts<uO§¨o�¥��<l��n�����<�Ou8�p�f��uO��� � �tq � o�¥��­��uO��uOqw{³ u8�­�O§¯uOorl�u�·�u8o � s<uO�hl­�m� ´ �~o�u�orqÄ�~u8�K©EÅ�qtsmu8��u8qTÆt�<�p�p¥����tqts�¬MuOl����m¥��hl�uOl�uOqT°G±1uO²hl�uC�~u8� « uE©E�tÇ<uOq��£l�o��mq~Â��tq��ÁduO¢¤�<��¡hÂÈ°G±�u8²hl�u�uOo�qwvt§¯u � ¥��tu!�~o�u!� � j£lp� � o�¥���uK¿�uO���Elpjm�p�tqtsµuOo�qtuO�k�~�t��¥�� ��� l�uO�p�tqts�s<uO§[�m¥�����uOq�uOq���l��p�t²hl��t�k�~�t��¥��·�u8¢¤�Mu8�p�£l��t� � q��tuO�p�tqts»��q��­�~uO�puOq­ÉVo��~uO�p�tuO���nl�u ��� �tqtsµ¬Mu?��¥��t�puOo�¬�uOqw{

Ê Ë¤Ì�ÍO��ÎyÏÀ�(Ð!Ñ�Ò[Ó
°_o�qK���to�qts � �m�&o��ElXuOo�qK��¡~�ElpuO¢Ô�£�M�X����orq��

σi

v?§:u � ¥��tu:uOo�qtuf¬�u8�nl�o�¢¤¢!lpu � �M�n�po�¥��hlp�tqts�¬�u8��o¼lp�Ou8q»�tq��!Åt¬Mu8�X®¯o�q��~�tq�smuOq
Jij

orq � ¬t� � qtsmo�sm²<uOorl»Çm�<qCor�t�puO� � �M�n�po�¥��hlp�tqts	§¯u8¥�����u � §¨o���²<uOqw{ �¾�r� smu8¢¤uOo�q¸§¨or���C�t�<�»ÕGu8����� � lpuOqCu8orqtu?�K��� � ¥��tu8q��¡~�ElpuO¢��[¬�u8�p¥��t��o�uO¬�uOq­�~�t��¥��­�nu8orqtu!Ö��£¢¤o � lp�mq ´ �tq�²<lpor�<q
H =

∑

i,j

Jijσiσj +
∑

i

Hiσi, × x?Ø
§:�<¬Mu8o_�t�porq��Oo��toru �r� ©Eu8�~u8�K���to�qC¢¤o¼l�©Eu?�~uO¢¶§¯u8¥�����u � §¨or�p²mu8qS²L�£q�qwvw�t���£²hl�o��p¥����m¬Mu8��¢¤uOo��ElK�toruÙ�hl � �p²mu��~u8�!É]u8¥��~Â�nu � §¨o��p²h��qtsÙ¢¤orl»�~uO��� � �t¢ � o�¥���uOqS°fq<l ´ uO�pq��tqtsd�~uO�!����orq��»�£¬tqto�¢¤¢!l?{ ³ u8���O§¯uOorl�u�·�u8��¢
�tuO�!Ö¾�m¢¤o � l��<q ´ �tqt²hl�o��mq¬Mu8��ÅM¥�²���o�¥��<lporsml�u8orq]uOÇhl � {yÇm�<���M�£q��~u8qtu8� � �� muO�pu8�kÆtu � �

H Ú o�¢�Æt� � s<uOq��tuOqª��uOoG�nl�uOlp�
H = 0

{ ³ oru¤ÕGu8�nlpuOo � �tq�s­�tuO�®¯orq��t�tqtsmu8q
Jij

o��nl�¬�u � oru8¬torsM{
Ö¾�£l¾uOo�q	�n� � ¥���u8����¡~�nl�uO¢ÃuOo�qtu!u8q�� � o�¥���u»·�u8¢¤�Mu8�p�£l��t�?v�����¬Mu?�ElpuO�hl ´ Åt�k�~oru»uOo�qt�Ou � qtu8qS���to�q���u8orq�u!smu8§¨o��p�nu�É��£���nÂ��¥���uOo�q � o�¥��t²<uOorl�or�t�pu � ������o�¥��hl��tqts��8� � qM�~uO�pqw{ ³ o�u8��u»É��£�t����¥���uOo�q � o�¥��t²<uOorl�� � qtsml¾q��£l�Åt� � o�¥��dÇm�<q	�~uO��°_qtu8��s<oru � q~Â�~uO�p�tqtsª�~u8�¤��¡~�ElpuO¢��»�m¬wvX¬Mu?��¥��t�po�uO¬�uOq��~���p¥��¸�~o�u ³ or±�u8��u8qt�Ù�8§¨o��p¥��tuOq¸Ö��£¢¤o � lp�mq ´ �tq�²<lpor�<q�Ç<�m�!�tqM�Cq��m¥����~uO�¦�u8���£�����po�¥��hl���qts�v~�£¬�uO���m��¥���Çm�mq­�~u8¢Ûl���uO�p¢µo��p¥��tuOq « �£�M��¥��tu8qwv~�m{ ®k{~orqd�~u8��Æt�<��¢Ûu8orq�u8�¨®¯� � l��8¢¤�mqtq~ÂÜÆ��m²<lp�m���O{

Ý�Þ&ß�à8á�â ã q���¬�u8���mq��~u8��u � �m�p�nu8q���o�¥���orq � ¬�� � qts<ors<²mu8o¼l[Çm�<q��~u8�[·&uO¢¤��uO���Llp�t�¨ä_���<�nu8q��tqhlpuO����¥��tu8o��tuOqwv�o�q��~u8qtuOq�no�¥��­�t�m����¡~�nl�u8¢�¬�u(å�q��tuOq­²L�£qtqwæã �El-�~o�uK·&uO¢¤�Mu8�p�£l��t��uOo�qtu8�-���to�q���¡~�ElpuO¢��������t�~¥��wv1�t�<�����~oruKÉªu?¥�����u � §¨or�p²��tqtsÙ�~u8�-�~�torqM�¾s<uOsmu8q�Åt¬Mu8�¾�~u8¢çl��tu8�nÂ¢¤o��p¥��tuOq « �m���p¥��tuOq��~�~uO� � �t mu8��u8q�Æ�u � �~uO�pq­Çmu8��q��<¥�� ��� �p�no�s£l[§:u8�p�tuOq�²,�mqtqwvM¬MuOå�q��~uOl¾u8����o�¥���o�q	�~u8�����£���£¢��msmqtuOÂl�o���¥���uOq�ä_���m��umv��m�tqtu-u8orq � �� muO�pu8�¯Ætu � ��o��El�²<uOo�qtu»è��p�tqh��qts¤uO�p²muOq�qh¬M�£�?{
ÉVor�����t�m�!�~¡��nl�u8¢¶�m¬tsmu8²�Åt� � l8vyÇmu8� � o�uO��l��toru¤lp�tuO�p¢¤o��p¥��tu�Æ � ��²<lp���Llpor�<qC�£q¸�hl � ��²<umvw�~o�u�Çm�<q]�tuO�»Á	�£l�u8��o�� � �Elp����²<Âl��t�K�£¬t� � qtsmu8q��~u8q�®¯o�q��~�tq�smuOqC�8§¨o��p¥��tu8q��tuOq����to�q��»smuO§¨o�qtqtu8qC�£q¸®¯u8�~u8�~l���qts�{w°:�»¬to � �~u(lK��o�¥��]¬�uO�8Åts � o�¥��¸�~uO����to�q��£�M�n�po�¥��hlp�tqtsµ¢µorl¾�~u8��¿�uOorl�uOo�qtu�o�¢ ����� smuO¢¤u8orqtu8q���u(l�u8���<smu8qtu�è����~q��tqtsM{ ³ o�u8��o��nl��~oru»�~�torq�s � �m���t���m��um{
³ o�u_°_q�uO�psmo�u � �£q��t�p¥���� ´ l&�~u8�X��¡~�ElpuO¢��w²L�mqtq!�nu8�t���8uO�p² � Å ´ lpu(l&��uOo�qwv,�~o�u ´ ��u8oruf°_qtuO�psmo�u_§¯uOo��El&§:u8smuOq��~u8�&é��m¢¤� � u(ê~orl � l�~uO�¾�O� ´¹�m�r� ors<uOqd®¯orqM�~�tqtsh�nÇ<uO��l�uOo � �tqts

Jij

� ´ l¾Ç�oru � u � �m²L� � u!Ádo�qto�¢¤���m� ´ vto�q	�~uOq�uOq	�t�<����¡~�ElpuO¢Ãsmu ´ �mqtsmu8q�§¯uO���~u8q²L�£qtq ×→ ¢¤u(l��m�nlp�m¬to � u�¿��M�El � q��~u,Øëv&orq���¬�u8���mq��~u8��uÙ¬Mu8o:qto�u8�t��o�smu8q¸·�u8¢µ��uO���Llp�t�puOqw{w°:�»�pu8�~���Oo�uO��lK�no�¥��¸�£� ´ �~oru?�nuÉªu8o���u-�~oru � qt�8�m� � �~uO�[¢¤jms � o�¥��tu8q��£� ´ �~o�u��~uO�[uOq�uO�psmu(lpo��p¥��Ùs<Åtq��nl�o�smu8q­¿����nl � q��~u<v����¤�t�m�p�[�no�¥��Ùq � �tuO�p�tqtsh�n§¯uOo���u�~o��n²��pu(l�u�¿����nl � q��~u»¬�uO�<¬��m¥��hlpuOq � �m�p��uOqwv1�n�L§¨o�u ³ �m¢ � qtuOqwv1�~o�uµ��o�¥��So�qS�tqhl�u8�p�p¥��to�u8� � o�¥��tuOq]¿1���El � q��tuOqS¬�u(åMq��~uOq�tq��­�£q�uOo�q��£q��tuO�[sm�puOqt�8uOqw{�iku8q��£��uO�pu8�[�t�£�8����� � l�uO�?{
°_o�q��~�Mu8�Oo�� �r´ � ��� �~u8�_����orqts � �<�nu?�*o��nl_�~uO�_Æ�uO�p���<¢��£smq�u(l8v,¬�uOo��tuO¢�� � ¢»l � o�¥���u¯®¯o�q��~�tqts<uOqµs � uOo�¥��tuO�G¦��Ll����f�no�q�� × �<{ ®k{
Jij = 1

Øëvt�tqM�d�~oruKè����~q��tqts�§¯uOorlp�m���[�t�<¢µ�<smu8qtuO�¨o��El?æ ³ uO��ik�p�tq��t�O���nlp�mq��­�~u8��ÆtuO�p�p�m¢��£s<qtu(lpuOqÙ¬�u8�nl�u8�hl¾orq	�tuO�i � u8o�¥��M�£������o�¥��hl��tq�sK� ��� uO�¾���to�q��8v��~o�u ³ �<¢ � qtu8q�u8q<l��n����u?¥��tuOq­�~uOq�É]uOo� <�p¥��tuOq­®¯uO�Oo��p²muOq�{
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³ o�u8��uO� � ¬M��¥��tq�o¼l�l¯¬��<�no�uO��l¯�m� ´�= x!>Èvh�m���:�tuO� � q ´ �mqts<���Ou8o¼l[�~uO�¯°_� ´ �m����¥����tqts»Çm�mq ��� l�uO�p�tqtsh�n�����<�Ou8�p��uOq¤orq­���to�qts ��� Â�nu8��q�{

?�@(A B�CEDGF�H(I'J
C(K�L2CED MON�PQI�RSN&TVUWL�N�X,RSYZK�L\[]Y^C(L�_`B�abC(L�_�H�IcYedfK&N�X�H(H

gGh,iXá^jkj ÉVor�[¬�u(l����m¥��hlpuOqÙu8orq��~�puOo��~or¢¤u8q��no��mqM� � u8�:�~�torq�s � �m�8vho�q��tuO¢
L×L×L = N

ã ��orq�s£ÂE���to�q�� × � � �n�����to�q��8v�~o�uÙ�~o�u�Éªu8�nlpu
σi = ±1

�£q�qtuO�t¢¤u8qMØ-o�q]u8orq�uO¢�u8orq ´ �m¥��tu8q]²��t¬�o��p¥��tuOq¸ikorlnlpuO�»�mqtsmu8�m���~qtu(l!��orqM�y{ ³ oru�É]u8¥��M�nu � Â§¨or�p²��tqtsÙ�tuO�����to�q��¾§¨o����d¬Mu?�Elpor¢¤¢»l-�~���p¥��	�~o�uK®¯o�q��~�tq�smuOq
Jij

�O§¨o���¥��tu8q	�~uOq����to�q��
σi

�tq��
σj

v��toruKuOqhlE§:u?�~uO�´ uO�p���<¢��£smq�u(l�o��p¥��tuOq × Jij = +1
Ø¾�~�~uO�!�mq<lpo ´ u8���p�m¢��msmqtuOl�o���¥��tu8q × Jij = −1

Øk½:�M�£���£²hl�u8�k�M�£¬�uOqw{ ³ uO�K½:���m�p�m²hl�uO��~uO�[u8orqt�8u � qtuOq�®¯orq��t�tqtsmu8qÙ§¨o��p�Ù�O��®:u8smo�qtq�u8orqtu?�¨��or¢K� � �Ll�o��mqM���~���p¥�� � �£� ´ �f�8� ´¹�£��� o�sµuO�p¢µorlnlpu � l8v�¬�uOo��~u-Éªu8�nlpuk��orqM�s � uOo�¥���§[�£���p�p¥��tuOo�q � o�¥���{Xº¾¢ �O� ´¹�m�r� o�s��m� ´ l��pu(lpuOq��tu���q<lE¡��to��p¥��tu�°_±�u8²<lpud�O�aÇmu8��¢¤uOo��~u8q�§¨o��p��Åt¬�uO���~o�udº�qt�<�p��Âq��tqts»s<uO¢¤orlnl�u � l?vh�w{ �w{�u?�f§¨o��p�¤Å�¬Mu8�:¢¤uO����u8��u��~or¢K� � �£l�o��mq��p�~�t��¥�� ��� � ´ u¾¢µorl[�tqhl�uO���p¥��toru?� � o�¥��tu8�_ÕGuO��l�u8o � �tqtsµ�~uO�
Jijsmu8¢µorlnlpu � l8{Sl<u8�tuO�¾���to�q­§:u?¥�����u � §¨or�p²hl¯q��t�¨¢¤orl��nu8orq�uOq�q � ¥����nl�u8q�¦��m¥���¬��m��qw{

³ o�u»�hl��Ll�o�²��tu8����¡~�nl�uO¢��¨§¨o����Ù¬�u8�p¥��t�poru8¬Mu8q��~���p¥��d�~o�u�Ö¾�£¢¤o � lp�mq ´ ��qt²hl�o��mq
H = −

∑

〈i,j〉

Jijσiσj × �mØ

³ o�u»ik�pjm mu��~u?����¡~�ElpuO¢��[§¨o��p��¢¤o¼l
L = 32

�£������u8o�¥���uOq��Ùsm�p�m µsmuO§ � � � l?v����m�p�¨�no�¥���o�qtqtu8���M� � ¬��~u8��¬�uO�m¬M�m¥��hl�uOl�uOq¿�uOorlp���£�tu8��²mu8orqtu � ¬t� � qtsmo�sm²<uOorl�Çm�<q­�tuO�kik�pjm <u-¢µu8�t�¾�8uOo�s£l?{ × ³ o�uµ���t¢¤¢¤u ��� � ´ lkq��t��Åt¬�uO��q � ¥����nl�u!¦��m¥���¬��m��qwv�t�£��uO���~o�u
〈·〉
é � �m¢¤¢µu8��q�{ Ø

m,nporq j¹ßts n h�â ��o�¢»� � oru8�nlk§¨or���d�~o�u8��u8��Ád�~�~u ��� ¢¤orl�uOo�qtu8¢ç��o�qts � u»���torqtÂpu�o��	ÁduOl��p�m��� � o���Ád�mqhl�uOÂE½¯�m� � � ��� sm�<��orl��~Â¢»���8æ
x<{¯É � � � u × �O� ´¹�m�r� o�s����tuO�¨q��<¥�� « u8or��uOq ´ � � s<u?Ø:uOo�qtuOq	����orqd�£�M�O{
�t{ ã q�Ç<uO��l�o�uO�pu-����orq­¢¤o¼l�É��£���p�p¥��tuOo�q � o�¥���²muOorl

W = min
{

1, e−β∆H
}

, β =
1

T
×kv Ø

∆H
o��Eld�t�m¬Mu8o-�toru ³ o¼±1uO�puOqt�8uOqtu8��s<oruª�O§¨o���¥���uOq � ���nsh�£qtsh�n�8���nlp�£qM�

X
�tq��Ô¿����nlp�mq��

Y
v[§:u � ¥��tu8���t�t�p¥�� �t�m�º�¢ � uOsmu8q»�~u?���£�M�ns<u8����¥��hl�uOq!����orq��&uO�p�puOo�¥��<lw§¨Å��p�~u<æ

∆H = H(X)−H(Y )
{,®¯uOs<or¬~l*�no�¥��!�t�<�&��¡~�nl�uO¢Ô� � ���¨orq»uOo�qtuOquOqtu8��s<u(lpo��p¥��dsmÅtqM�Elpors<uO�puOqS¿����nlp�mq�� × ∆H < 0

Ø(v�o��El
W = 1

vM¬Mu8smo�¬~l�u?����o�¥��dorq	u8orq�uOq]¿��M�El��£q��­�tj<�tuO�puO�¾°_qtuO�psmo�u
× ∆H > 0

Ø»o��nl¤�~o�u­É]�m�t����¥��tu8orq � o�¥��t²mu8o¼lµqto�¥��<l�q�� ��� v ´¹�m�r� l��£¬�uO���£¬t� � qts<orsªÇm�mqa�~uO��·&uO¢¤��uO���Ll����µuOê~�M�<qtuOqhl�o�u ���¢¤o¼l-�~uO��°fqtuO�psmo�u8�~or±1uO�puOqt�»�m¬w{�®¯uOo&�tjm��uO�puOqd·�u8¢¤�Mu8�p�£l��t�puOq­qtu8orsml��t�m�k��¡~�ElpuO¢ uO�tu8�¾�O��¢xw¾¬Mu8��sh�£qts�o�qd�tjm��uO�pu°_qtu8��s<oru8q ×→ l���uO�p¢µo��p¥��tu8� « �m����¥���uOqMØ({
ã ¢ Æt� � s<uOq��~u8qV§¨or��� � � �­¿�uOorl�u8orqt��uOorl�u8orq Á]½Ã�n§¯uOu8�VÇmuO�p§¯uOq��~uOl Ú uOo�qtuO¢ Áª½Ã��§¯uOuO�Vu8qhlp���t��u?¥��tuOq

N = L3�~¥��t�po¼l�l�u<v��y{ �w{to�¢ Ádorlnlpu � §¨o��p�»©Eu8�tuO������orq­uOo�qt¢�� � Ç<uO���n�M¥��<l[�t¢¤�O�M�~��u8�tuOq�{

y â'zÈßtâ
{�à}| q à~s?ßtâ
i ã ¢ � q ´ �£qtsh�n�8���nlp�£qM����orqM��� �r� u!���to�q��¨s � u8o�¥����£����smu8��o�¥��hl�u(l
t = 0 : σi = σ1 ; ∀i. ×�� Ø

®¯uOotu8orqtu8¢ �pu8� � u8qµ���to�qts � �<�*²,�mqtq��~o�u8�*�O��¢�®¯uOo��n��oru � uO�p��u8o�¥��hlG§:u8�p�tuOqwvLo�q��~u8¢ uOo�qµ§¯�m��¢¤u8�_�~�torq�s � �m�Xorq��~u8�_���m�p�£Â¢��£smq�u(l�o��p¥��tuOqµä_���<�nu¨�tqhlpuO�G°_o�q
u����p�Gu8orqtu?�_�nlp�£�p²mu8q»�t�<¢¤�msmu8qtuOq¤Á	�msmqtuOl ´ u � �~u?�*�tqhl�uO�:�~oru¨²��po¼lpo��p¥��tu¨·&uO¢¤�Mu8�p�£l��t�smu8²hÅ�� � l�§¨o����y{
³ o�u�·&uO¢¤�Mu8�p�£l��t�-o��El ´ u?�El�Çm�<��s<uOs<uO¬�uOq	�tqM�ª§¨o����	§ � �puOq��ª�~uO�»��o�¢»� � �£l�o��mqS²<�mq��nlp�mqhlks<uO��� � lpuOqw{w��o�u � o�uOsml-��q<lpuO��~uO�¾²h�porl�o���¥��tu8q�·&uO¢¤��uO���Ll����8vt�t�<����¡~�ElpuO¢ ¬MuOå�q��~uOl��no�¥���or¢¤¢¤uO�¨o�qd�~uO�¾����orqts � �<�EÂÈä_���<�nu<{
³ ���tuO� ��� l�u8����qts<���t�p�m�Ou?���8v~�y{ �w{tuOo�qtu!�~¡�q��m¢¤o��p¥��tu-°_qhlE§¨o�¥�² � �tqts��~u?�¾��¡~�ElpuO¢����m� ´ �tuOqdi � u8o�¥��ts<uO§¨o�¥��hlp���O���nlp�mq���to�qwvM��q<lpuO���n�M¥��<l�§¯uO���~u8q­��� ��� v�smo�¬~l¾u?��²<uOo�qtu4�&�h�to � o�¬t��o�uO�p�tqtsh�n�����m��umv��toru!q�j£l�o�s�§ � �pumvt�t¢ÃuOo�qtu¤i � u8o�¥��ts<uO§¨o�¥��hlp�nÂ²m�<q~å�sm���p�£l�o��mqÙ�8��u8���M� � l�uOq�vt�tq��­�~o�u-¬Mu8o&���to�qts ��� ��uO�pq­�nu8�t� � �mqtsmu-�t�m�tuO�pq�²L�mqtqw{
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� ¬t¬�o � �~�tqts�xmæ�¿�u8� ´ � �r� �~u8�[��u8¢¤�mqtuOqhlpuOqÙÁ	�msmqtuOl�o��no�uO�p�tqts Ú �toru-é-�t�pÇmuOqÙ§¨�t�p�tuOqÙ¬�uOow·&uO¢¤��uO���Llp�t��u8qÙÇ<�mq T = 1.1¬to��
T = 0.4

o�qd|t{�xOu8�¨�t¥��t��orlnlpuOq­�£� ´ s<uOqt�<¢¤¢µu8qw{

?�@! " C�X RtX�D*IcL�X�L�J
X dfI�_�L�X,J
CEY^C�X,RSF�L�_

³ o�u��puO¢��£qtu8qhl�u�Á	�£s<qtu(lpo���o�uO�p�tqts­¬Mu?��¥�����u8or¬~l»�tuOq¸ik�p�<�ª�tuO�Ki � uOo�¥����£�M�n�po�¥��hlp�tqts­� ��� u8�»���to�q��!�tqM�ªo��nl»�~u(å�q�oru8�nl� � �

M #�$�% (t) =
1

N

∣

∣

∣

∣

∣

∑

i

〈σi(t)〉

∣

∣

∣

∣

∣

. × �mØ
º�¢ uOo�qtuOq­Ádu8�p��§:u8�nl¨�O�­u8����� � lpuOq�¢»���p�[Åt¬�uO�¨Ç<uO����¥��to�u8�tuOqtu « u8� � o���oru8���tq�smuOq��~u8����¡~�ElpuO¢��[smu8¢µorlnlpu � l�§:u8�p�tuOqwæ
〈X〉

Åt¬�uO���t�<��lp�tuO�p¢¤o��p¥��tu « �£���p¥��tu8qwæ ³ o�u¤��o�¢»� � �£l�o��mqS§¨o����d�tqhl�u8�ks � u8o�¥���uOqS®¯u8�torqts<�tqts<uOq	¢¤uO��� ´ �<¥��S�~�t��¥��~Âs<u ´ Åt�t��l8v � u?�~ors � o�¥��­�~oru�o�q­�~uOqdÁª½T�~¥��t�po¼l�l�u8q�Ç<uO�p§:u8q��~u(lpuOq	¿�� ´ � �r� �n�?�£� � uOq�§¯uO���~uOq�qtuO��uO�p¢¤o¼l�l�u � l?{
X
Åt¬�uO�­�~o�uªº¾qt�m���~q��tqts¸�~u?���~¡��nl�u8¢��Oæ ³ o�u]��o�¢»� � �£l�o��mqV§¨o��p�V¢¤u8�t� ´ �<¥��V§¨oru?�~uO�p�t� � l ´ Å��Ù�tqhl�u8�p�p¥��to�u8� � o�¥���m���ns<uO§¨Åt� ´ u � l�u�®¯�mqM��ÂÈé��mqtå�sm�t���Llpor�<qtuOq

Jij

{
ÆXÅt�¾�~o�u!o�¢ÃÆ�� � smuOqM�~uOq­�t� � ��uOqhl�o�uO��l�u8q�°f��s<uO¬tqto��p�nu�§¨�t���~u ´ Åt�f©Eu8�~u8q	Ádu8�p��§:u8�nl�Åt¬�uO�¾¢µo�q��~u?�ElpuOq��»x?�mz « u8� � o��no�u(Â����qtsmu8q��~u8��º�qt�<�p�tqh��qtsKs<uO¢¤orlnl�u � l?{
·[�tuO�<��uOl�o���¥���u � ��¬�uOorl�u8q � o�u ´ u8��qwvmorq � ¬t� � q�smo�sm²mu8o¼l_�~u?�GÇmu8��§¯uOqM�~u(lpuOq¤Ád�~�~u ��� �_�tq��¤smu8¢��m¥��hl�u8�XÕGu8��u8orq ´ �m¥����tqts<uOqwv¢¤uOo��El¾ÕG�<����uO�����msmuOq ´ Åt�¾u8orq�uOq	�~�t��¥��duOo�qdä*�£lpuOqt�8smu8��u(lp� = � > = v >&¬�u8�p¥��t�poru8¬Mu8qtuOq � ¬ ´ � ��� vM�£¬�uO�k�£��¥�� ´ Åt� � �<s<�m��orl��~Â¢¤o��p¥��tu = � >��~�~uO�¨uOê����mq�uOqhl�o�u ��� u = �V> � ¬ ´¹�£��� um{
&_á(' zÈßtjkj ³ uO�-¿�uO� ´ � ��� �~u8�¾Á	�£s<qtu(lpo���o�uO�p�tqts¤o��nl¾�~�<�t�Mu � l � �<s<�£�porl��t¢¤o���¥���orq � ¬t¬to � �t�tqts	x!�m� ´ smuOl����£smu8qw{~°f�¾�OuOo�s£l�no�¥�� ´ Åt�¨qto�¥��<l��8�­² � uOo�qtu

t
uOo�q�ä*�£lpuOqt�8smu?�nuOl��

M #�$�% (t) ∝ t−λ(T ) ×!) Ø§:�<¬Mu8ow�~uO��¿1uO� ´ � ��� ��u(ê~���mqtu8q<l[¢¤o¼l¾�tuO�¾·&uO¢¤��uO���Ll����¨§ � ¥����El?v�Çm�mq
λ(T = 0.4) ≈ 0.10

�m� ´
λ(T = 1.1) ≈ 0.35

{
ÆXÅt�¤² � uOo�qtu­·�u8¢¤�Mu8�p�£l��t�puOq¸�8uOo�smu8q���o�¥��S©Eu8�~�~¥�� � ¬�§:u8o�¥����tqts<uOq¸Ç<�mqa�~oru?�nu8¢ ÕGuO�p��� � l�u8qw{G®¯uOo

T ≤ 0.5
¬to � �~uOl�no�¥���u8orq�ä � �£l�u?�£�Ùo�q��tuO�¨é-�t�pÇmumv��~u8� � ¬ ´ � ��� ��¥���uOo�q<l¯orq�qtuO�8�t��� � l�u8qw{�°_o�q�°_�p² ��� ����qts<��Çmu8�p����¥����t� ´ Å��¯o��nl8v~�t�m�p�¯�t�m���¡~�ElpuO¢ Ç<�m�pÅt¬Mu8��s<uO�tu8q��Co�q�u8orqtu8¢ � �m²L� � uOq�°_qtuO�psmo�uO¢¤o�qto�¢»�t¢ s<u ´ �mqtsmu8q¸o��nl8{ ³ u8�µ§¯uOorl�u8��u8q�uO�p²mu8qtqhlµ¢��mq�¬�uOo

T = 0.4, t > 104 uOo�qtu � uOo�¥��hl�u¾���<��orl�o�Çmu�é-�pÅt¢¤¢»��qtsK�~u8�¯é-����Ç<umv<�toru-�£� ´ u8orq�uOq � �£q�s<�p�£¢¤uO�puOq�¿�u8� ´ � �r� �to�q��~uO�tl�u(l?vuOÇhl � { � �ms<�m��orl���¢µo��p¥��w{
°f�X�Ou8orsml*��o�¥��KuOo�qtu¯sm�~lpu�w¾¬Mu8��u8orq��nl�o�¢¤¢»�tq�sk�~u8� ³ �£l�uOqµ¢¤o¼l*u(ê~��uO�por¢¤u8q<lpu ��� u8q « u?�n� � l��Ll�u8qµ�mqKÁdu?�����tqts<uOq»�mqK�~u8¢²��t���8��u8o�¥���§¯uOorl�o�smu8¢ ã �no�qtsmÂÜ����orqts � �<��Ætu

0.5
Ádq

0.5
·[o è

3
�tq��C�mqC¬Mu?�Elpor¢¤¢»l�uOq�¢µuOlp� �r� o��p¥��~ÂÜ�£¢¤�m�p�t�tu8q��~�torq�s ��� ��uO�pq

= ) >N{
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� ¬t¬�o � �~�tqtsC�~æ&°_qhlE§¨o�¥�² � �tqts]�~uO�µé¾�<���pu � �Llpor�<q�� ´ ��qt²hl�o��mq�¬Mu8o ´ u?�ElpuO�¤·�u8¢¤�Mu8�p�£l��t�
T = 0.8

��q��CÇmu8�p�p¥��to�u8�~u8qtuOqÉ]�m�nlpuO�8uOorl�uOq
tw
{

?�@p? " C(X�� K�RtRSX�H�I'JtC�K�L�Y�� F�L���JtC�K�L

³ u8�¯®¯u8sm�po¼±­�~uO�:��u8¢¤�mqtuOqhlpuOq�Á	�£s<qtu(lpo���o�uO�p�tqts ��� �p�El:��o�¥���ÇmuO��� ��� smuO¢¤u8orqtu8��q��m� ´ uOo�qtu�é��m�p��u � �£l�o��mq�� ´ �tqt²hlpor�<qwvL§:u � Â¥��tu��~o�u�º�q�Çmu8� � q��~u8�nlp�tuOorl_�~uO�_u8orq��Ou � qtu8q��~�torqM�Gsmu8smuOq�Åt¬�uO�Gu8orq�uO¢ ¬�u � o�uO¬to�smu8q ´ �pÅt�tu8��u8qÙ¿����nlp�£qM�»�8�t¢ ¿�u8o¼lp�t�tqt²hl
tw
¬�u8�p¥��t�puOo�¬~l8æ

C(t, tw) =
1

N

∣

∣

∣

∣

∣

∑

i

〈σi(t + tw)σi(tw)〉

∣

∣

∣

∣

∣

× }£Ø

³ �<����¡~�nl�u8¢�u8q<lE§¨o�¥�²mu � l���o�¥�� �m¬V�~uO¢ Çm� �r� �El � q��tors�¢��£s<qtu(lpo���oru8�nlpuOq � q ´ �£qtsh�n�8���El��£q�� ´ Åt��uOo�qtuª¿�u8o¼l��t�£�tu8�
tw× §[�£orl�o�qts�l�o�¢¤u?Ø��L{ ³ o�u	q��tqV�tu8������¥���uOq��~udé��mq~åMsm�t���Llpor�<q σ(tw)

§¨o���� smu8����uOo�¥��tuO��l��tq��V��� � lpuO��¢¤orl��£²hl���u ��� u8qé¾�<q~å�s<�t�p�£l�o��mqtu8qÙÇ<uO�ps � o�¥��tu8qw{
ÆXÅt�¾�~u8q­ÆM� ��� �m�tq�ukÉ��£��l�u8�Ou8o¼l�u8q<l��n����o�¥��hl[�~o�u!é��m�p��u � �£l�o��mq�� ´ �tqt²hl�o��mq��~uO�¨�puO¢��£q�uOqhl�u8q�Á	�msmqtuOl�o��no�uO�p�tqtsMæ

M #�$�% (t) = C(t, 0) × z<Ø

&_á(' zÈßtjkj ÉVo�u��m� ´�� ¬�¬to � �~�tq�sµ�-s<�~lf�O�ÙuO�p²muOq�qtuOq�o��El?v � �m�p�nu8q��no�¥����~o�u�é��m�p��u � �£l�o��mq���²��t�pÇmuOq»orq�©Eu��O§¯uOo�®:u8��u8o�¥���u�tqhl�u8�nlpuOo � u8qwæ

t � tw
³ o�u8��uO�*®:u8��u8o�¥��»o��nl*�tuO¢�¿�u8� ´ � �r� �~uO�X�puO¢��£qtu8qhl�uOqKÁ	�£s<qtu(lpo���oru8����qts � �tq � o�¥��wv,�~o�u¯é-����Ç<uOq!§¯uO���~uOq»sm�~l*�~�t��¥��u8orq­ä*�£lpuOqt�8smu?�nuOl��k¬Mu?��¥��t�po�uO¬�uOqwæ

C(t, tw) ∝ t−y(T,tw) ×	� Ø
³ o�u

tw
Â � ¬�� � qts<ors<²mu8o¼l¨o��El�q��t�¨�pu � �LlporÇÙ�p¥���§¯�<¥����m���ns<uO�t� � sml8v~��oru8�<l�¢��mq���o�¥��d�~o�u � ¬�¬to � �~�tq�s��KsmuOqM�£�­�£qwvo��nl¯u8orq � u8o�¥��hl�u?� � ¬ ´ � ��� uOqÙÇ<�mq

y(T, tw)
´ Å��[�nl�u8ors<uOq��tu

tw
�O��uO�p²mu8qtqtuOq�{<ÆXÅt�[² � u8orqtu8��uk·�u8¢¤�Mu8�p�£l��t�puOq�§¨o�����toru � ¬t� � qtsmo�sm²<uOorl�qt�~¥��S�p¥���§ � ¥��tuO� × ��oru8�tu = x!>Èv�ÆXo�s�{y�mØ({ ³ uO�k°Gê~���mqtu8q<l � oru8s£l��8§¨o��p¥��tu8q y(T = 0.8, tw =

10) ≈ 0.19
�tq��

y(T = 0.8, tw = 103) ≈ 0.16
{ × ³ o�uµ°_ê����mq�uOqhl�u8q ´ Åt�-�tj<�tuO�pu»É��£��l�u8�OuOorl�u8q � �m�p�nu8qS��o�¥��q��t���p¥���§:u8�[¬Mu?�Elpor¢¤¢¤uOqwvM�t�¤q��t�¨qt�~¥���§¯uOq�ors<u-Á	u8�p�n�t��qt²hl�u-or¢ ��u � u8ÇL�£qhl�u8q�®¯uO�puOo�¥��ÙÇ<�m�p���£qM�~uOq��no�q��y{ Ø

t � tw
³ o�u8��uO�[®:u8��u8o�¥��Ùo��nl:u8¬Mu8q ´ � ��� �[�~���p¥���u8orq�uOqÙ���£lpuOqhl�o�u ��� uOq � ¬ ´ � ��� ¬Mu?�Elpor¢¤¢»l8v,©Eu8�t��¥��Ù¢µorl¨§:u?�nu8qhl � o�¥���² � uOo�qtu(Â�puO¢­v~Ç<�mq­�~uO�¨É��£��l�u8�OuOorl¨�tq��m¬t� � q�smo�smuO¢�°Gê~�M�<qtuOqhl�u8qwæ

C(t, tw) ∝ t−x(T ) × x8|<Ø



�

� ¬t¬�o � �~�tqts v æ ³ uO��°Gê~���mqtu8qhl¾�~u8�¨���£lpuOqhl�o�u ��� uOq � ¬�² � o�qtsmu8q��¨�~uO��é¾�<���pu � �Llpor�<q�� ´ ��qt²hl�o��mq�o�¢ s � u8o�¥���smuO§¨o�¥��hlp� � �tqtÂ� o�¥��tu8q�·&uOo �y´ Åt�¨�tqhlpuO����¥��to�u8� � o�¥��tu�·�u8¢¤�Mu8�p�£l��t�puOqw{

ÆXÅt���~u8q­�toru8���£� ´ s<u(lp�p�msmuOq�uOqÙÆM� ��� smo � l
x(T = 0.8) ≈ 0.023

{ ³ oru�·&uO¢¤��uO���Ll����p�m¬t� � q�smo�sm²mu8o¼l¯o��nl¨orq � ¬t¬to � Â�~��qts v �£� ´ s<u(l����£s<uOqw{LÆXorlnl�uOl_¢��£q��~o�u¯äf�tqt²hl�u T ≤ 0.8
�~�t��¥��µuOo�qtu�ikuO���m�~u[�tq��µÇmu8� ��� q�smuO��lX�toru?�nu<vm�n�-�8uOo�s£l��o�¥���vm�t�m�p�*¬�uOo

T = 0.3
�~u8�_°Gê~���mqtu8q<l:ÇmuO���p¥��h§¨o�q��~uOl

x(0.3) → 0
{ ³ o�u8�:�~uO�tl�u(l:§¨oru?�~uO�_�m� ´ uOo�q � ¬�§:u8o�¥��tu8q�~u?�[¿1uO� ´ � ��� ��Çmu8����� � lpuOq�¬�uOo�qto�u8�~�pors<uOqÙ·&uO¢¤��uO���Llp�t��u8q��to�qwv�¢¤jms � o�¥��tuO�p§:u8o���u � oru8s£l¯�t�m��l:uOo�q � �msh�£�po¼lp�t¢¤o��p¥��tu8�� ¬ ´ � ��� Çm�<�8{

ÕGu8��s � u8o�¥��hl!¢��£qC�~o�u�Çmu8�p�p¥��to�u8�~u8qtuOq�é-�t�pÇmu8q ´ Åt�
t � tw

vX�n� ´¹�m�r� lK�£� ´ v��t�m�p�!��oru���o�¥��]o�qCo��t��u8�K�hlpuOo�sm�tqts
× �tq��Ù�m��¥���o�¢ �m¬���� � �~l�u8q�ÕGuO� � �m� ´ ØGq�o�¥��hl:��q<lpuO����¥���uOo��~uOq Ú ´ Åt�:s<���< mu tw

§ � ¥����nl � u?�~o�s � o�¥����~u8�¯iku � lp�tqts<��¬�u(Â�puOo�¥����toru?�nu8�[®¯u?��¥��t�puOo�¬t�tq�s�v~�~uO��é-����Ç<uOq�Çmu8� � �£� ´w� q��~uO��l��no�¥���qto�¥��hl?{ ³ o�u8� ��� �p�El���o�¥���u(ê�lp�p�m�M� � o�uO�puOq��8�d�~uO�� �����p�£s<u
t � tw : C(t, tw) ≈ lim

tw→∞
C(t, tw) × xmx?Ø

³ uO�_¿����nlp�mq����~u8�*��¡~�nl�uO¢���q��m¥����tq�uOq�� � o�¥��tuO�XÉ]�m�nlpuO�8uOorl�o��nlX�tuO�Xi � uOo�¥��ts<uO§¨o�¥��<l��n�8���nlp�£qM�yvO�~u8�&�<¬tors<u��wo�¢¤u8�¬�u8�p¥��t�puOo�¬~l[� � ���¤�t�m�¯é-�t�pÇmuOq�Ç<uO�p��� � l�u8q�or¢ i � uOo�¥��ts<uO§¨o�¥��<l?{ ³ �£��uO�[²L�£qtq�¢��£q��p�£s<uOqwv��t�<�[�~¡��nl�u8¢�Çmu8��� �m� l��o�¥�� ´ Åt�
t � tw

�n�Mv_� � �µ¬Mu ´¹� q��~udu?���no�¥��aor¢�i � uOo�¥��ts<uO§¨o�¥��<l?v*�tq��au8� � �m�p�nu8qa��o�¥����£� ´ �~o�u8��u­Éªu8o���u­orq�8uOorl � o�¥��d¬�uOs<��u8qt�(lpuO¢ « �£�t¢¤u8qªi � u8o�¥���smuO§¨o�¥��hlp���t�p�m�Ou?����uk�tqhl�uO������¥��tuOq�vt�m�tq�u!uOo�qtu»¢¤j<s � o�¥��tu8��§¯uOo���uk�po�u8��ors<u
�&�h�to � o�¬t�poru8����qts<���Ou8o¼l��£¬�§[�£��l�u8q��O�­¢»ÅM����uOqw{
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�]Ò��K�XÒ Í(� Ë¤Ì�Í(�67!�(Ð»Ñ�Ò[Ó*�
³ o�u8��uO� � ¬��p¥��tqtorlnlÙ¬��<�no�uO��l��£� ´ = }}>¾�tqM��¬�u ´ �<���nlÙ��o�¥�� ¢¤o¼lÙ�tuOq « un©E�tÇmu8q��Llpor�<q~Â!�tq�� Ádu8¢µ�<��¡hÂ��Èäf� � qt�<¢¤uOqtu8q��(v§:u � ¥���ukq���¥���o�¢µ¢¤u8��®:u?�El��£q��~l�uOo � �~u8���£²hl���u ��� u8q�Æ��m����¥����tqts¤��orq��w{
Éªu � ¥���u-®¯u8�m¬��<¥��<lp�tqts<uOq��nl�u8�tuOq­�to�qhl�u8���~oru?�nu8qd®:u8sm�po¼±1uOq��

�Ùá�� q�� á�â&ß
s n h�â « uE©E��ÇmuOqM�Ll�o��mq ×�� ÕGu8�¹©EÅ�qtsm�tq�shØ�¬Mu?��¥��t�puOo�¬~lGuOo�qtu8qK°G±1uO²hl?v£�~uO�_�m� ´ l��pu(lpuOq»²L�mqtqwvL§¯uOqtq¤�~uO�*ÕG�<�nÂs<�mqts��~u8� ��� l�uO�p�tqts-u8orqtu?�G���to�qts � �m��u8�*�~�t��¥��»u8orq�u¯�m¬t�����~l�u¨·&uO¢¤�Mu8�p�£l��t� � qM�~uO�p�tqts���q<lpuO�p¬t�p��¥���uOq»§¨o����y{ ��� �GÆt� � smuuOo�qtuO�G��� � ¥��tuOq¤·&uO¢¤�Mu8�p�£l��t� � qM�~uO�p�tqtsk��¥��tu8orqhl_�~u8� �¾� lpuO�p�tqtsh�n�t�p�m�8u8�p��� � jml�� � o�¥��K§¯uOorlG�O�t�pÅ�¥�²�smu8§:�<� ´ u8q!�O�µ§:u8�p�tuOqwv�~o�uµ¢¤orl!�~uO�K¿�u8o¼l-uOqhl��El��£q��~u8qtuÙè��p�tqh��qts�¬���o�¥��hl-�m� ´ �tqM�ª�t�<����¡~�ElpuO¢
u8q<l ´ uO�pqhl���o�¥��ª� � j£lp� � o�¥��ªÇm�<¢�i � u8o�¥��ts<u(Â§¨o�¥��hl��n�8���El��£q��w{
¿��!��uO�tu8q!o��nl&�~o�u8�&o�q � ¬t¬�o � �~�tqts � æ ³ o�ufä_�p�m¬�uf§¨o������£���&�~uO�&���£���£¢��£s<qtu(lpo��p¥��tu8qkäf���m��uf�£� ´ x?�£é × �~�torq�s � �m���t���m��u?Øsmu8²hÅ�� � l?vf�~o�uª���to�q�����o�q�� §:u8o¼lpsmu8�tuOq��a�8� ´¹�£��� o�s¸�£�M�ns<uO�po�¥��hl�uOl8{ ³ oru ��� l�uO�p�tqts¸��u(lp�(lÙu8orq�vf�~uO� ã ¢��£smo�q � �nlpuOo � �~uO�
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� ¬t¬�o � �~�tqts � æ « uE©E�tÇ<uOq��£l�o��mq~ÂG�tqM��Ádu8¢¤�m�p¡�°G±�u8²hl[¬�uOo&�~uO�¨Ádu?�����tqts¤�~u8� ã ¢��£s<orq � ��l�uOo � �¯�tuO�����t�8uO�~lpor¬to � o¼l � l χ′′�£q�uOo�qtu8¢��pu8� � uOqC���to�qts � �<�O{
χ′′

���Ll!u8orqtu8q�sm�p�m mu8qSÉ]uO��l8vw§¯uOq�q]�~o�uÙ���to�q���¬��Os � {��~u8�
Jij

�tq�smuO�<�p�tqtu(l?vy�O� ´¹�m�r� ors�£����smu8��o�¥��hl�uOlk��orq��w{y°_orq � ��q � o�¥��tu8�8v1u(lE§[�m��² � u8orq�uO�puO�k°G±�u8²hl!uO�psmo�¬~l-��o�¥�� ´ Åt�!�~u8q « u?� � l�u8o �
χ′ vy�8�]��uO�tu8qSo�q]�tuO¢orqM�nuOl8{ � ���Oæ = z >

�������Ou8�~l�o�¬to � orl � l
�
χ′′

´¹�£��� l»��uO���»��¥���qtu ��� vw��� � l�uO� u��m¥��tu8� Ú �mq��tuO�K�hl � �p²mu��~u?� � ¬ ´ � �r� � ��� �p�El!��o�¥��C� � ���­uO�p²muOq�qtuOqwv§¨oru � �£q�smu��~o�u �¾� lpuO�p�tqts��p¥��t�mq��£q����£�tu8�nl?{¦¾�<¥��¤�tuO�:¿�u8o¼l
t1
§¨o��p�µ�~o�u¨ä_�p�m¬�u¨§:u8o¼lpuO�_�£¬�smuO²�Åt� � l_�£� ´

�
é¤v£�~uO� � ¬ ´ � ��� §¨o��p�µ� � j£lp� � o�¥��µ§¨oru?�~uO�:�nu8�t�GÇ�oru � �ElpuOo � u8�8v�y{ �w{��~o�u ��� l�u8���tq�s¤��u(lp�(l¾��� ´ �<�nl[§¨oru?�~uO�¨u8orq�vL©Eu8�~�~¥���orq­u8orqtu8¢Û§¯uOorlG©EÅtqtsmu8��u8q­��lp�m�tor�t¢Ã� � �[Çm�<�[�tuO� � ¬�²hÅ�� � ��qts�{³ �<�¾��¡~�nl�uO¢����Ll¾��o�¥��­� � ���KÇ<�m¢ i � uOo�¥��tsmu8§¨o�¥��hl¨uOqhl ´ uO�pq<l?{

g�á o h '��������:á�� s ¦¾�<¥���uOo�qtors<uO�µ¿1uOorl»�tqhl�u8��¬t�pu8¥���uOq��~oruÙ°Gê~�Mu8��o�¢¤uOqhlp�£l��m�puOqC�~u8q ��� l�uO�p�tqtsh�n�����<�Ou8�p�-uO�pqtu8�~l8vorqM�~uO¢ ��oru��~oru�·�u8¢¤�Mu8�p�£l��t�K§¨oru?�~uO�¤�£� ´ x,�£éÃ�£qt��uO¬�uOqw{
χ′′

� q��~u8�nl¤�no�¥��C§¨o�u8�~u8�K�p¥�� � �ms<�m�nlporsMv��~o�u8��¢¤� � ©Eu?�~�~¥��¬Mu8smo�qtqhl�qto�¥��hl��~o�u �¾� lpuO�p�tqts�§¨oru?�~uO��Çm�mqVq�uO�tu8¢�v[���mq��~u8��q ���m�­��¡~�ElpuO¢ ²mu8�t�nl��O�t�pÅ�¥�²aorq �tuOq ¿��M�El��£q��yv¯o�q�~uO¢ u8�¤�no�¥���¬�u ´ �mq��yvf� � �Ku8���t�t�p¥��a�~o�u�u8�p�nl�u � ¬t²�Åt� � �tq�s��m� ´
�
éç�tqhl�u8��¬t�p�~¥��tuOq�§¨�t���~um{_�~¥��tu8orq�¬��m�K¢KÅ��p�nu8qã q ´ �m�p¢��Llpor�<qtuOq�Åt¬�uO�¾�~o�u8��uOq	¿����nlp�mq����~oru�ÕGu8�¹©EÅ�qtsm�tq�sµÅ�¬Mu8� � uO¬~l��M�£¬�uOqw{

ã ¢ Æ�� � smuOqM�~uOq­�n� �r� u8orq­ÕG�<�p�p¥�� � �£s»�8�t��¢¤o�²h�p�<��²m�<�to���¥��tu8q�°_�p² ��� ���tq�sµ�~o�u8��u8�[ÕGu8���M� � l�uOqM�[smuOs<uO¬�uOq�§:u8�p�tuOqw{
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L

®¯o����tuO�¯§¨�t���~uOq�q��t�¯uOo�qt�8u � qtu ã ��orq�s£ÂE���to�q��_�tqM��o��t��u�Éªu?¥�����u � §¨or�p²��tqts��tqhl�u8��u8orqM�£q��~u8�f¬�u(lp�p�<¥��<lpu(l?v<§¯�m¬�uOo1�no�u�q��t��£� ´ �8§:u8o<�~o���²h�pu(lpufÉ]uOo��nu8q!§¯u8¥�����u � §¨or�p²mu8q�²<jmqtq�uOqw{?º�¢ ©Eu8�t��¥���°f��² ��� �p�tqtsmu8q��O��åMq��~uOq�v8¢K������¢��£q»��o�¥���¢¤orl*�tuO¢é¾�<qt�Ou8�~l_�~uO� ³ �<¢ � qtuOqµ�~�~uO�:® � �~¥�²~�n�to�q��*Ç<uO��l����£�~l*¢��m¥��tu8qwvL§:u � ¥���u¨Åt¬Mu8�Gu(±1uO²hl�o�Çmu�®¯o�q��~�tq�smuOq¤�tqhlpuO����¥��to�u8� � o�¥���El��£�p²�§¯u8¥�����u � §¨or�p²mu8q�²mj<qtqtu8qw{ ³ �m�O� ´ Åt�t�puOq­§¨o��¨�O�tq � ¥����nl��~uOqd®¯uOs<��or±S�~uO����� ��! "#�
$%"'&)(%*¤uOo�qwæ

+ ' q à~s�',ßts n h�â °forqC��¡~�ElpuO¢
Ç<�mq ã �no�qts£ÂE���to�q��k�tu8or ml-,�� ��! "'� &)./� "Nv1§:u8qtq]u8�k¬Mu?�~o�qts£l!�~�t��¥����~oruµÉ��£� � �~u8�!®¯�mq��t�²mu8orqtu[���to�qt²m�<q~å�s<�t�p�£l�o��mq-smo�¬~l?v?�~o�u:� � ¢»l � o�¥���uf®¯orq��t�tqtsmu8q�uO� ´ Å ��� l?{ ³ o�u¯ik�p�tq��~�8���El��£q����nu8qtuO�psmo�uGuOo�qtu8� ´ �p���Elp��o�uO��l�u8q��¡~�ElpuO¢��¨o��El��t�m�tuO�¨o�¢¤¢¤uO���tj<�tuO��� � �[�~o�u�uOo�qtu?�¨qto�¥��<l ´ �p���nl��poru8�nlpuOq�s � uOo�¥��tuO��ik�pjm mu<{

0 h o21 âXá�â ã qÙikuO¬to�u(lpuOq¤�m��qtu¾Æt�p���nl����Llpor�<qKs<or¬~l_u?�Go�¢µ¢¤u8�fsmu8q��£�µ�O§¯uOoMÁdjms � o�¥��t²mu8o¼lpuOqwv£� � ¢»l � o�¥���u�®:o�q��~��qtsmu8q�O�	u8� ´ Å �r� uOq × �t¢��~��u8�tuOq	� �r� uO�k���to�q��pØ({MÉ]uOq�qS�no�¥��	�~o�uK���to�q����£qtu8orq��mq��~u8��¬Mu8�OÅts � o�¥��	�~u8�-è����~q��tqts��£�M�ns<uO�po�¥��hl�uOl���£¬�uOq�v¨²,�mqtqT��o�¥�� uOo�qT��� � ¥��tu?� ´ �p���nl����Ll�o��mqM� ´ �puOo�u8���~�~uO� ´ ���M�Elp�p�£l�o��mq��p�£�p¢¤u8��iku8¬to�u(l	� � �n��orqT�O§¯uOo»¿����nl � q��~u8q¬MuOå�q��~u8qwv�§¨o�u��~o�u8�¨o�q � ¬t¬to � �~�tqtsÙ�µ�<Ø¯�mqtsmu?�~uO�~lpu(l¨o��El?{
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a)
Domaenen-

grenze
b)

� ¬t¬�o � �~�tqts-�~æ?�<Ø ³ �m¢ � qtuOq�o�qK���to�qts ��� �nu8��q Ú ���to�q��&orq ³ �m¢ � qtuOq!��orqM��qto�¥��<l*� ��� ufs � uOo�¥��!�£����smu8��o�¥��hl�u(l?vO���mq��~u8��q!�toruè��p�tqh��qts¾¬�u ´ �poru?�~o�smuOqM�y{L¬MØëæ<®:o � �~�tqtskÇm�<q ³ �m¢ � qtu8qtsm�puOq��OuOqKorq¤®¯uO�puOo�¥��tuOqKsm�p�m <uO�&Æ����M�Elp�p�£l�o��mq × �~uO�G°forq ´ �<¥��t�tu8o¼l§:u8smu8qÙq��t�¨uOo�qtu!�mq<lpo ´ u8���p�m¢��msmqtuOl�o���¥��tuk®¯orq��t�tqts¤�O§¨o���¥���uOq � �m�~l�u8� ´ uO�p���<¢¤�msmqtuOl�o���¥���uOqMØ({

0 h o21 âXá�â
{ 'Lá�â
|<áhâ ³ �m¢ � q�uOqts<��u8qt�Ou8q	uOqhlp�nl�u8�tuOq]�~uO¢¤u8q<l��n����u?¥��tuOq��	uOqhl � �£qts�Çm�<qS®¯uO�puOo�¥��tuOqd�tj<�tuO�puO�-Æt�p�~Â�Elp�p�£l�o��mqw{ ³ uO�Go�q � ¬t¬to � �t�tqts»��¬MØ&smu8�OuOo�s£lpu����to�qts � �m� � �M���p¥��tqtorlnlf�nl�u �r� lGsm�pjm £lpuOqhl�u8o � � ´ uO�p���<¢¤�msmqtuOl�o���¥��»ÇmuO�p¬t�tqM�~u(Âqtu ã ��orqtsmÂÜ�~�torqM�_�t�t{ ³ �<�f��¡~�nl�uO¢ � orqt²~�G¬�u(åMq��~u(l[�no�¥��¤or¢�ik�p�tq��~�8���El��£q��wv£�m¬�§¯�m� � �toru¨u8orqtu��£qhl�o ´ uO�p���<¢��£smq�u(l�o��p¥��tu®¯orq��t�tqts�qto�¥��hl-uO� ´ Å ��� l-o��nl8{1ÉVo��p�Su8�kq��tqª�m¬Mu8���£� ´ ik�p�tq�� � �t <uO�puO��°_orqtu�Å��p�nu ´ Åt���t�m��iku?���m¢!lp��¡~�ElpuO¢çuOq�uO�psmu(Âl�o���¥��]smÅ�q��Elpors<uO�?vw�~o�uÙ���to�q��!o�qC�~uO���tqhlpuO���ElpuOq « uOo��tu��8�ruMor�t��uOq�v&�~o�u�orqC�~u8�!�m¬�uO���nl�uOq « u8or�tu-©Eu?�~�~¥���qto�¥��hl?v��n�¢»���p��u?��or�psmu8q��~§¯�­uOo�qtuOqew¾¬Mu8��sh�£qtsds<uO¬�uOqw{ ³ o�u8��uO�»u8qhlp�nl�uO�hl!q��£l�Åt� � o�¥��tu�s<uOq��m�C�~�m��l8vw§¯�du8�K�t�m�K��¡~�ElpuO¢ �£¢§:u8qto�s<�nl�uOq�°_qtu8��s<oru-²<�<�nl�u(l?v~q � ¢ � o�¥��d�~�<�nl?v~§:���toru!®¯o�q��~�tqts<uOq�or¢çÁdorlnlpu � �m¢ �p¥��h§ � ¥��M�ElpuOq���o�q��y{ ã q � ¬�¬w{M�µ¬MØ��u?¥��hlp� � uOo��nl�uOq�q��t�:�8§:u8oy®:o�q��~��qtsmu8q�uOo�qtuOq��M�h�norl�o�Çmu8q�®¯uOorl����£s»�O�t�¨iku8�p�£¢»l�uOq�uO�psmo�umvhuOo�qtu × �~oru��mq<lpo ´ u8���p�m¢��msmqtuOl�orÂ��¥���u?Ø � u8o��nl�uOl�uOo�qtuOq­qtu8s<�£l�o�ÇmuOq�{ ³ �m¢µorl�o��El¾�~o�u�uOo�qts<uO�Ou8o�¥���qtu(lpu ��orq�oru�u8orqtu � �nl���� �r� ¬t�p��¥����nl�u �r� umv~�to�uO�¾¬to � �~u8q­��o�¥��³ �<¢ � qtu8qtsm�puOqt�8uOqw{
®¯uOowu8q�� � o�¥��tu8�¾·&uO¢¤�Mu8�p�£l��t�¾¢¤�<¥��hl¾�~oruK®:u?��¥�����u8or¬t��qts¤uOo�qt�Ou � qtu8�����to�q��¾²muOo�qtu8qd�~orqtqd¢¤u8�t�8vM�t����oru��8� ´¹�£��� o�s��t¢µÂ² � �m�t�Mu8qK²<jmqtq�uOqw{L°_o�q��El��£¬to � u8�*®¯o � �µuO�p� �£� lX¢��mqµo�¢Ôlp�tuO�p¢¤���t¡hqM�£¢¤o��p¥��tu8q �wo�¢¤u8�8vm� � ���k�~���p¥��µÕGuO�psm�pjm¬�uO�p�tqtsk�~uO�®¯u(l����m¥��hlp�tqts�vL�����t�m�p�G�no�¥��¤�~oru¨¢¤o�²����h�n²<�m�to���¥���uOq�lp�tuO�p¢¤o��p¥��tuOq¤Æ � ��²<lp���Llpor�<qtuOq¤§¯uOs<¢µorlnlpu � qwv£�~o�u¨sm�p�m¬�u¨è����~q��tqts�~uO� ³ �<¢ � qtuOq��m¬Mu8�_uO�p��� � l�u8q¤¬ � u8or¬tl8{~����²mj<qtqtuOq��~o�u ³ �m¢ � q�uOq�� � �_�~�t��¥��¤�tqhl�u8�p�p¥��to�u8� � o�¥����nlp�m��²<u × �£¬�uO�_�8uOorl � o�¥��q � ��uO�p�tqts<��§¯uOo��nu�²m�mqM�El��£qhl�u,Ø:®¯o�q��~�tq�smuOq�§¯u8¥�����u � §¨or�p²mu8q��~u-® � �~¥�²~�n��orq��[�mqtsmu?�nu8�tuOq�§:u8�p�tuOqw{
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°f�¯§¨or������o�¥��Ùqh��qÙ�Ou8ors<uOqwv��t�<���:�~oru?�nu-®¯orqM�~�tqts<uOq��8§¨o��p¥��tuOq�® � �~¥�²~�n�to�q��¯�£��¥��Ùqt�~¥��Ù�El��£�p²»lpuO¢¤��uO���Ll����p�m¬t� � q�smo�s�nu8orq�²mj<qtqtu8qw{M¿��t�¨ÕGu8�p�mq���¥��M�£� � o�¥����tq�s»¬�u(l����m¥��hlpuOq�§¨or�¨�8�tq � ¥��M�El¨�O§¯uOo�uOo�q ´ �m¥��d��¡~�ElpuO¢¤umæ

� ¬t¬�o � �~�tqts ) æ

� n â&á�ß�'Lá��dáZs s8á iku8smu8¬Mu8q��nu8o�uOo�qtu � o�qtu8�m��u�é-uOlnlpu¾Çm�<q����to�q��Ov��~o�u¾�8§:u8o × ® � �~¥�²<ÂEØG���to�q�� σ1
�tq��

σ2¢¤o¼lpuOo�q��£q��tuO�-Çmu8��¬to�q��~uOl! »§¨oru¤o�q � ¬�¬to � �~�tq�s ) smu8�OuOo�s£l?{1� � ¢!l � o�¥��tuµ°_o�qt�Ou � ¬to�q��~��qtsmu8q Jij = J > 0�nu8oru8q ´ uO�p�p�m¢��£s<qtu(lpo��p¥��wvm���!smo�¬~l¯u8�:�O§¯uOoyik���tqM�~�O���nl � q��~u ´ Åt�¯���m�[��¡~�ElpuO¢­v<o�q��tuO¢�� ��� u-���to�q��
s
�tq��

σ
s � uOo�¥����£����smu8��o�¥��hl�u(l_��orqM�y{ ³ o�u�u(±1uO²hl�o�Çmu�®:o�q��~��qts!�O§¨o��p¥��tuOq

σ1
�tq��

σ2
²L�mqtq�¢��£q�q��tq��~uOå�qto�uO�puOq�~�t��¥��wæ

exp (βJ $#" (T )σ1σ2) ∝
∑

s1...sn−1=±1

exp

(

βJσ1s1 + βJσ2sn−1 +
n−2
∑

i=1

βJsisi+1

)

× x?�<Ø

³ o�u�uO±�u8²<lporÇ<u�®¯orq��t�tqts	o��ElKq��LlpÅt� � o�¥��]§¯uOorl�u8����orq ´ uO�p�p�m¢��£s<qtu(lpo��p¥��wv�©Eu8�t��¥���qto�¢¤¢!lµ¢µorlK�nl�u8ors<uOq��~u8�·�u8¢¤�Mu8�p�£l��t�»���m��lp�tuO�p¢¤o��p¥��tu « �£���p¥��tuOqC�8�wv���q��¸�t�m¢µorlK�~o�uÙÉ��£���p�p¥��tuOo�q � o�¥���²muOorl8v&�t�m�p��uOo�qtu8�K�~u8�
s
ÂÜ����orq��f�t¢¤² � �m�t�~l8vh�tq����~o�u8��uO� �EÆtu8� � uO� �¾§¯uOorl�u8��s<uO�puOo�¥��hl*§¨o�����¬to��

σ2
{ ³ o�u�é��m�p�pu � �Ll�o��mqµ�O§¨o��p¥��tuOq

σ1�tq��
σ2
§¨or���	� � ���Ù¢¤orlk�tj<�tuO�puO�-·&uO¢¤�Mu8�p�£l��t�-�£¬�qtuO�t¢¤u8qwv1�tq��S���m���tuOo� £l-qto�¥��<l��-�£q��~u8��u?�Ov1� � �k�t�m�p��~o�ukuO±�u8²hl�o�Çmu!®¯orqM�~�tqtsh���nl � ��²<u

J $#" ��o�qt²hl8{
$&% 2�,�-.%'404�-�%DN�6767-�%I6('' � �-.% -. K)'', /'13-. �-� �*�-�13 #8'13-.A %'139;: 2 8'%BMP-�/D13%'4&2+*�A3NO9�"O #8'13%'  �-�13%�G@(	13,�(F-.,�/D-�%-,>-�/DNO9;: C N�% %B8'% #&% "�-.13%'-��13% B.-�A3 #8'13%' +67-.:',FMP- 2�,�#&9;: 2�-.% Q



z � �&����+��'����	��'�~�����%+'��� "$��" �������k�����'�	� �'�W���G��
����  &�����
�����

� ¬t¬�o � �~�tqts�}~æ �wo�qt²~�Oæ ´ �p���nl��poru8�nlpu-��l��p�t²hl��t���m��� ´ uO�p���<¢¤�msmqtuOl�o���¥���uO� � o�qtu8�m��u8�¯é-uOlnlpu × T ÂÜ�£¬t� � qtsmo�shØ_�tq��­�~o���u8²hl�uO��£qhl�o ´ uO�p�p�m¢��£s<qtu(lpo��p¥��tuO��®:o�q��~��s × T ÂN��q��£¬t� � qts<ors�Øë{ « u?¥��hlp�8æ1·&uO¢¤��uO���Llp�t�p�m¬t� � qtsmo�sm²<uOorl¾�~uO�ku(±1uO²hl�o�Çmu8qª®¯o�q��~�tqts�O§¨o���¥���uOq
σ1
�tqM�

σ2
{

+ ' q à~s�' n á('}s?á m s ' q � s q ' ¿1�CuOo�qtuO� ´ u8���p�m¢��msmqtuOl�o���¥��tu8q � o�qtu8�m��u8q�é-uOlnlpu�¬Mu?�ElpuO�tu8q��C�£�M��q��t�!�O§¯uOof°_orq��Ou � ¬to�q~Â�~�tqts<uOq��tuO���hl � ��²<u
J2 > 0

´ Åtsmu8q¸§¨or�Kq��tq¸qt�~¥��¸u8orqtu��~o���u8²<lpuÙ�£qhlpo ´ u8���p�m¢��£s<qtu(lpo��p¥��tu�®¯o�q��~�tqts
J1 = − 1

2J2�to�qt�O�wv�§¨oru�o�q � ¬t¬w{1} × � o�qt²~��Ø¯�O�d�nu8�tuOq�o��El?{
eβJ $#" (T )σ1σ2 ∝

∑

σ0=±1

eβJ1σ1σ2+βJ2(σ1+σ2)σ0 × x v Ø
®¯uOoyqto�u8�~�po�smuOq�·�u8¢µ��uO���Llp�t�puOqÙÅ�¬Mu8��§¨o�uOsml¨�toru ´ uO�p���<¢��£smq�u(l�o��p¥��tu¾é-u(l�l�u<vt�t�»o��t�pu�°forqt�8u � ¬to�q��~�tqts<uOq­�El � �p²mu8�¯��orqM�� � ���~o�u¤�mqhl�o ´ uO�p���<¢¤�msmqtuOl�o���¥���u»®¯orq��t�tqts�{w�hlpuOo�s£l!�~o�u�·�u8¢µ��uO���Llp�t�?v ´¹�£��� l[©Eu8�t��¥����~o�u�®:o�q��~��qts<��²��p� ´ lk�~u8�!é-u(lnlpumv§ � ��u8q��­�~o�u»�~o���u8²<lpu»é-u(l�l�u�q��£l�Åt� � o�¥��tu!l�uO¢¤��uO���Llp�t����q��£¬t� � qts<ors¤o��El?{!�wuOl��Ol�uOqM� � o�¥��dÅt¬�uO�p§¨oru8s£l��tuO�¾�mq<lpo ´ u8���p�m¢��£ÂsmqtuOl�o���¥���uµ·&uOo � �tq��]�~o�uKuO±�u8²<lporÇ<u�é¾�<�t� � �tqts � q��~u8�nl-or���kÕG�<���8uOo�¥��tuOq�{ ³ uO�-ÕGu8� � �£� ´ �~uO��®¯orqM�~�tqtsh���nl � ��²<u»o��El�o�q� ¬t¬�{1} × �pu8¥��hlp��Ø:smu8�OuOo�s£l[�tq���²L�£q�q�¢¤orl × x v Ø:¬Mu?��¥�����o�uO¬�uOq­§¯uO���~uOq��~�t��¥��wæ

J $#" (T ) = J1 +
kBT

2
ln

[

cosh

(

2
J2

kBT

)]

× x � Ø
®¯orq��t�tqtsmu8q � �<����uOq���o�¥��C�£� ´ ¬�u � oru8¬to�s	²m�<¢µ� � o��Oo�uO��l�u¤É]uOo��nu�²<�m¢»¬�orqto�uO�puOq�vy§:�~�~�t��¥��C�no�¥���¬Mu � o�uO¬�orsd²<�m¢¤� � or�8oru8�nlpu·�u8¢¤�Mu8�p�£l��t���£¬t� � qts<ors<²muOorl�u8q�uO�psmu8¬Mu8qw{
°_o�qtu ��q��tuO�p�tqtsd�~uO��·&uO¢¤��uO���Ll�����uOo�qtu8�!����orqts � �<�nu?�k²,�mqtq�� � �n��uOo�qtu¤Çm� �r� ²m�<¢µ¢¤u8qtu �h��� � orlp�£l�o�Çmu ��q��tuO�p�tqts­�~uO�è��p�tqh��qts!�O���:Æt� � s<u����m¬Mu8qw{ ³ oru?�fo��nl:uOo�qÙ¥����m�£lpo��p¥��tuO�G°_±�u8²<l?v�uOo�qtu�² � u8orq�u���qM�~uO�p�tqts!u8orq�u8�_äG�m�p�m¢µuOl�u8�p�G¬�uO§¨o��p²<luOo�q­Çm� ��� ²m�m¢¤¢¤uOq�qtuO��u8�¨ÕGu8����� � lpuOq­�~u8���~¡��nl�u8¢��O{ ³ �£���£� ´ §¯uO���~u-o�¥��­�n� � l�u8�¨qt�~¥���s<uOq��m�tuO�[u8orqts<uO�tu8qw{

��@p? dfX�D*K�R�� B�a%KcJtY

³ o�u ³ �m¢ � qtu8qa��o�q���qM�Ll�Å�� � o�¥��aqto�¥��hl¤Ç<j ��� o�s ´ �puOo¨Ç<�mq Æt�p���nl����Ll�o��mq�v*���£�tu8�µ²L�mqtq�u?�¤orq o��tqtu8q�² � uOo�qtud®:u8��u8o�¥���usmu8¬Mu8qwvyorq��~u8qtuOq]�~uO��Æt�p���nl����Llpor�<q��ns<�p�<�­qt�~¥��ª¬�u8�tuO�~lpuOq��ªqto�u8�~�pors<uO�ko��nl8{ ³ �m��l��no�q��]�~oru¤uO±�u8²<lporÇ<uOq]®:o�q��~��qtsmu8q¬Mu?�n�<q��~u8�p�¨�nlp�m��²��tqM��²L�m�t¢ÛlpuO¢¤�Mu8�p�£l��t���£¬�� � qts<ors��L{ � ¬�¬w{�zµ�Ou8orsml�uOo�q�u8orq ´ �<¥��tu8�¨®¯u8o����to�u � �t� ´ Åt�?æ
ã q¤uOo�qtuO¢ × �~uO�f°_orq ´ �m¥��t�tu8o¼l_§¯uOs<uOqMØ ´ uO�p�p�m¢��£s<qtu(lpo��p¥��tuOqµiko¼l�l�uO�f¬MuOå�q��~uOlf�no�¥��Ku8orq�u¯§¯u8��uOqhl � o�¥��µ�nl � ��²<uO�pu:®¯o�q��~�tqts× J1 � 3J0

Ø({*�~orq���� ��� u��~�torqM�»s � u8o�¥��¸�m���ns<uO�po�¥��hlpu(l8v�¬MuOå�q��~uOlµ��o�¥��¸�t�<�K��¡~�nl�u8¢¶o�q¸u8orqtu8¢ ik�p�tq��t�O���nlp�mq�� × �hØë{��q��tuO��l¤��o�¥��a�~o�udè����~q��tqts	o�¢�����orqts � �<�K�m� ´ sm�p�tq��¸uOo�qtuO� � ¬t²�Åt� � �tq�sªq��tqa�~uO���£��l8v*�t�m�p�KuOo�q�É]u8¥�����u � o�q��~u8q�£q��tuO�puOqaik�p�tq��t�O���nlp�mq�� × �t¢��~�puO�tu8qa� �r� uO�����to�q���ØKuOqtu8��s<u(l�o��p¥���smÅ�q��Elpors<uO�µ§ � ��u<v*§:u?¥����nu � q��O§[�£�¤�~o�u � �t mu8��u8q���to�q��Go��t�pu � ������o�¥��hl��tqtsMv,qto�¥��hlf�m¬Mu8�_�~oru¨�nlp�m��²�s<uO¬t�tqM�~uOqtu8qw{ ³ oru?�nu8�:¿����nlp�mq��»¬�u8��orl��(l_�8§¯�m�*uOo�qtu[�tjm�tu8��u¯°_qtu8��s<oru� � �
E0
v~o��nl¾�£¬�uO�¨¢¤u(l��m�nlp�m¬to � vt�t� ´ Åt��u8orq�uOq w�¬�uO�ps<�mqtsKo�qd�~uOq�qtu8�tuOq	ik�p�tq��~�8���El��£q���uO���nl[u8orq­u8qtuO�psmuOl�o���¥���qt�~¥���tqts<Åtq��nl�o�smuO�puO��¿1���El��£q�� × ¥8Ø��t�t�p¥��M��¥��t�porlnl�u8q�§¯uO���~u8qa¢K���p�O{ ³ o�u �wu8¬Mu8q������£�tu8�Ù�~u8��¢µuOlp�<�El��£¬to � u8qT¿����nlp�mq��~u8�� � q�s£l�u(ê~���mqtu8qhl�o�u ��� Çm�mq­�~u8�¨°_qtuO�psmo�uO¬M�£�p��o�uO�pu

∆E = H(b) −H(c) = 2J1 − 6J0 > 0
´ Å��

J1 � 3J0
�£¬wæ

τ % $�% ∝ exp

(

∆E

T

)

× x?�mØ
ÉVor���­�t�m���~¡��nl�u8¢ �m�t mu8�p�~u8¢Û�£¬ts<uO²�Åt� � l8vt�w{ �w{�o��nl

T
�8��� � l�� � o�¥��Ù² � uOo�qwv��t�mqtq­o��nl

τ % $�% ��uO�t�¨s<���< �{
�
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� *�A3NB9;"B '8'13%�	�6('D � �2�-.% -.134�-.% 2�A3139;: 13%  �13%D%BC N�A3A3-., < -�13 �-F8'% 2�-.,> �9;:'13-./'-.%�(F-.,>/'-.% G /'NB9;:�-. �13 �2 %'139;: 2�(	13,>"BA3139;: 4�-.%@#&8 MJ-."$#&%'%B2�G (�13-� �N�A39;:D-
;�,�N B.-. � �-7#&M'A #&8DK -.% G  �N)/@#& � -. "�-.13%'-�-C6D#&"B2�-
�!-.,�4�,)E�MP-�,>8'%'4� >C N�,� �9;:',>1 K 2 4�13MD2�Q 4  >2 /'-., ?@,>8' �2�,�#$2�13N�%' �4�,�#&/ 13%D%'-.,�:@#&A3M -.13%'-., @ N�6)*&%'-%'139�:B2	:'N�67N�4�-.% G' �N�"&#&%D%I6)#&%0#&8'9;: /'13-. �- (	13-./'-.,+13%�*�A3NO9;"B '8D13%' B.-.,>A3-�4�-.% Q



� � � ����� ����� 
 ��������
 � ��
 
 " � 
������ ��� �
���
�

� ¬t¬�o � �~�tqts]ztæXÕGuO�puOo�q ´ �m¥��hlpuO�KÁ	uO¢¤�m�p¡��~�M�mlKo�¢ ik���tqM�~�O���nlp�mq�� × �<ØëvX¢¤u(l��m�nlp�£¬�o � uO¢ ¿����nlp�mq�� × ¬MØ��tqM�¸�t�~¥��~ÂuOqtu8��s<u(lpo��p¥��tuO��w�¬�uO�ps<�mqts<���O�M�El��£q�� × ¥8Ø Ú � ��� u-®¯o�q��~�tq�smuOqd��orqM� ´ u8���p�m¢��msmqtuOl�o���¥��wv J1 � 3J0
{

� ¬t¬�o � �~�tqts
�
æ ��orq�²��8æt�~¥��tqtu �r� u ³ �<¢ � qtuOq�¬to � �~�tqtsMv8©Eu?�~�~¥�� � ������o�¥��hl��tqtsµ�~uO� ³ �m¢ � q�uOqÙ��q<lpuO�puOo�q��£qM�~uO�[�O� ´¹�£��� o�s�{« u8¥��hl��Oæ~É]u8��uOqhl � o�¥������ � lpuO�¨���m¬Mu8qd�no�¥����m��¥��­�~oru ³ �m¢ � qtuOq­�£qtu8orqM�£q��~u8�¨�£����smu8��o�¥��hl�u(l?{

��@ � � X��^F ��X�L�I'J
C(K�L�TrF�L�N dfX
D K�R � M��4X ��J

ÁdorlÙ�~oru?�nu8qVé¾�<qt�Ou8�~l�u8qa²<jmqtq�uOqa§¨or��©EuOl��OlÙÇmu8�p����¥��tu8qwvGuOo�qtuOq � ¬ � �m� ´ §¨orudu8���O� ®¯uOs<orq�qa�~o�u8��u8� � ¬��p¥��tqtorlnlpu8�¬Mu?��¥�����o�uO¬�uOq�§¨�t���~umv~�8��u8��² ��� �puOqw{

y jks8á(' q â'{ ÉVor�µ�El��£��l�u8qCuOo�q�iku8�t�mqt²mu8qtu(ê~��uO�por¢¤uOqhl!¢¤orl»uOo�qtuO¢¶�O§¯uOo��~o�¢¤uOq���or�<q�� � uOq¸����orqts � �<�OvX�~u8�p��uOq¸���to�q��Çmj �r� ors­�8� ´¹�£��� o�s	�£�M�ns<uO�po�¥��hl�uOl-��o�q��yv��<{ ®k{wo�q��~u8¢ �~o�u�ä_�p�m¬�u��£�M�!�~uO�»���£���£¢��£s<qtu(lpo��p¥��tu8qSo�q��toru��~�torq�s � �m�nÂNä_�M�m��u�£¬ts<uO²�Åt� � l�§¨o��p�y{ ³ o�u �¾� lpuO�p�tqts���u(l��Ol¾uOo�qwv��~oruµ���to�q���¬�uOs<orqtq�uOq	��o�¥��d�£q�uOo�q��£q��tuO��¬t�8s � {M�~u8���tu8������¥���uOq��~u8qdè�����Âq��tqts
Jij, $#" (T1)

�£�����O�t�po�¥��<lpuOqw{ ã q��nu8�t�_²��t�p�OuO�:¿1uOorlf¬to � �~u8q��no�¥�� ³ �<¢ � qtu8qwv£o�qtqtuO�p��� � ¬��~u8��u8�f�~o�ukè��p�tqh��qts-��u?¥��<l�t�~¥���o��nl8v��~o�u¯©Eu8�~�~¥��­�tqhl�u8��u8orqM�£q��~u8�[²,�m�t¢ �m����smuO�po�¥��<lpu(l¨�no�q��yv�§¨oru-o�q � ¬t¬to � �t�tqts
�­× � orq�²���Ø¯o �r� ���nl��poru8�nl?{³ o�u�®¯orqM�~�tqts<uOq¤�O§¨o���¥���uOq��~uOq ³ �m¢ � q�uOq��no�q��µ§¯uOorlf��¥���§ � ¥��tu8�8v,u8�f�t�£�tu8�nl_�t�m�tuO�:�nu8�t�GÇ�oru �t��� qtsmu8�8v£��o�u¨�tqhl�uO�puOo�q~Â�£q��tuO�_�£�M�n�po�¥��hlpuOq»�8� � �<����uOqwvL§¨o�u¨u8�_orq��~u8�G��u?¥��<lpuOq � ¬t¬�o � �~�tqtsK�n²�o��O�Oo�uO��lGo��nl8{ ³ o�u¨uOo�qtsmu8�Ou8o�¥��tq�u(l�u8qKä ´ uOo � u¾�nl�u �r� uOqq��tqµÁ	uO¢¤�m�p¡K�����£l��Gorq�qtuO�p��� � ¬¤�~uO� ³ �m¢ � qtuOqµ�tuO�?{ ³ oru<��uO¬�uOq��p�t�m�tuO�G�~u8�fÁduO¢¤�<��¡»�����£l��G¬�uOo��~u8�_¢¤�m¢¤uOqhl��£qtu8q·�u8¢¤�Mu8�p�£l��t�

T1
�nu8oy²�Åt���8uO��� � �¨�~o�u��~uO� ³ �<¢ � qtuOq�vt�y{ ��{��~o�u»���M�mlp�¨�po�¥��<lpuOq��no�¥��d�£q­�~uOq ³ �m¢ � qtu8q��m���8{

�Ùá�� q�� á�â&ß
s n h�â ¦��tq�§¨or���C�~o�u�·&uO¢¤�Mu8�p�£l��t�»smu8��uOq�²<lµ�£� ´
T2 < T1

�tq���u?�!²m�<¢¤¢!l»�8�CuOo�qtuO�KÇm� ��� �El � q��~o�smu8q
�h��� � o¼l��LlporÇ<uOq ��q��tuO�p�tqts»�~u8�[è����~q��tqts

Jij, $#" (T2)
{ ³ o�uk����orq��:���m¬Mu8q��no�¥���qto�¥��<l:smu � q��~u8�nl?vë©Eu8�~�~¥���¬�uO�8Åts � o�¥����~uO�qtuO��uOqÙè��p�tqh��qts-o��nl_or����u � ���n�po�¥��<lp�tqts!�nlp�£l�o��Elpo��p¥��Ks<u8��uO�tu8q¤¢µorl_uOo�qtu8�_�O� ´¹�m�r� o�smuOq × §¨oru¨o�¢ � q ´ �£q�s<���O���nlp�mq���ØXÇmu8�nÂs � uOo�¥���¬��£�?{ ³ oru �¾� lpuO�p�tqts¤�nuOl��(l¨§¨o�u8�~u8�[uOo�qwv�u8�¯¬to � �~u8q���o�¥�� ³ �m¢ � qtu8qwv~�~o�u8��¢¤� � ©Eu8�~�~¥����mq��mq��~uO�puOq­�hl�u �r� uOq��tq��uOÇhl � {~o�q­�mq��~u8��u8q�ik�pjm mu8qwvt�~u8qtq�q��tqd��orqM���mq��~uO�pu�®¯orq��t�tqtsmu8q��p¥���§¯�<¥��w{ ³ o�u!ÁduO¢¤�<��¡��~�M�mlp�¨� ��� uO���~orq�s<�¯���£¬�uOqor����u¤®¯orq��t�tqts<�p�nl � �p²mu»²,�m�t¢Àsmu � q��tuO��l8vy�no�uµ¬MuOå�q��~u8q]��o�¥��ª¬Mu8o_�~uO�klporu ´ uO�puOqª·&uO¢¤��uO���Llp�t�-orq � �mqts � uO¬to�smu8qS¢¤u(l��LÂ�El��£¬to � uOq]¿��M�El � q��~u8qw{y��oru¤�nl�u ��� uOq	q��tqªqto�¥��hl��¾§¯uOorl�u8�k� � � � �<²L� � uKº�q���u8orqt��uOorl�uOqªorqª�~uO�-�no�¥��	¬to � �~uOq��tuOq�è����~q��tqts�t�£�?{

g�á o h '�� ���fá � s ³ o�u¨·�u8¢µ��uO���Llp�t�*§¨or���!§¨o�u8�tuO�*uO�p�tjm�hlG�£� ´
T1
{ ³ o�u[¢¤�m¢¤uOqhlp�mqtu¨���to�q��£�����po�¥��hl���qts�§¨o��p²<lG�£� ´�~o�u�q��tq�§¨oru?�~uO�¯smÅ � l�o�smu-� � l�u�è��p�tqh��qts

Jij, $#" (T1)
§¨o�uk�O� ´¹�m�r� orsMvh�toru ��� l�u8���tq�sµ��u(lp�(l[uOo�qÙ�tq��Ùu8�¯¬to � �tuOq���o�¥�����uO�t���¥���qtu ��� ³ �m¢ � q�uOqw{ ã qtqtu8����� � ¬��~uO� ³ �<¢ � qtuOq��~oru8qtuOq�qh��q��~o�u�Ádu8¢¤�m�p¡������£l��K� � �Ké-��o��nlp� ��� o��p�Llpor�<q��n²<uOo�¢¤umv��mq�~uOq�uOq­�no�¥����~o�u ³ �<¢ � qtu8q��m���n�po�¥��<lpuOqwv��tqM���t�<�¯orq�§:u?�nu8qhl � o�¥���²hÅ����8uO�puO�¾¿�uOorl¨� � �¨�~oru-°_qhlE§¨o�¥�² � �tq�sK¬�uOo�¢�u8�p�nl�u8qÁ	� � v��<�tqtuÙÁ	uO¢¤�m�p¡]�����£l��»s<u8�t�m�tuO��l!���£l8{*Æ&Å��K�~o�u�ik�pjm <uOqt�<�p�~q��tq�s­�toru?�nu?�!º�qhl�u8�p�p¥��to�u8�t�»§¨or����o�¢¶q � ¥����nl�u8q� ¬��p¥��tqtorlnl � { �Ku8orq­®¯uOo��n�to�u � smuOs<uO¬�uOqw{É]�<�¾§¨o�� � uOl��(lpuOq�� � o�¥��ªu8���M� � l�uOqSo��nlku8orq�u¤����orqt²<�mq~åMsm�t���Llpor�<qwvM�~o�uK�tuO��é¾�<q~å�s<�t�p�£l�o��mq­Çm�<�k�tuO� � ¬t²�Åt� � �tqts­��uO�t��nu8�t� � ��q � o�¥���o��nl8{



x8| � �&����+��'����	��'�~�����%+'��� "$��" �������k�����'�	� �'�W���G��
����  &�����
�����

��@�� B�CEDGF�H(I'J
C(K�L2N�X,R M �4X ��J
X D C)J^J
X�H(YQX�CEL�X�Y�J
K � D*K&N�X�HEY

³ o�u8��uO� � ¬ � �£� ´ ��� ��� qh��q��mqt���£qM�Ùu8orqtu8��uOo�q ´ �<¥��tuOqd��o�¢»� � �Llpor�<q�q��<¥���Çm� ��� �O�ms<uOq�§¯uO���~u8qw{
³ o�u�¬�u8�p¥��t�poru8¬Mu8qtuOq�°G±1uO²hlpu���orq��¤�m� ´ ��u � �£l�o�ÇK���Mu8�Oo�u ��� u���l��p�t²hl��t�puOq¤o�q��~uO¢����to�qts � �m�_¬Mu?�ElpuO�tu8q����£�M� ã �no�qtsmÂÜ����orq���£qts<uO§¨o�u8��uOqw{ « u?� � u����to�qts ��� ��uO�-�no�q��]sm�p�m �smu8qh��s�vy�t�£¢¤orl!�~oru?�nu��hlp����²<lp�t�puOq��£��¥��ª¬Mu8oG�O� ´¹�m�r� ors<uO��É��£� � �tuO�

Jij�£�����puOo�¥��tuOq��¤� ´ l¯�m� ´ l��pu(lpuOqw{~��o�¢»� � oru8��¬M�£�f��orqM���n� � ¥���s<���< mu¾��¡~�nl�u8¢µu�qto�¥��<l?v<�t�m�tuO�:¢»���p�:¢¤�mq�u(lE§[�m�fq��m¥��t��u �r´ uOqwvu8�¨§¯uO���~u8q��~o�u�¬Mu8qtj£lporsml�u8qd��l��p�t²hl��t�puOq�²�Åtq��nl � o�¥��­uO�p�Ou8�ts£l?{

� ¬t¬�o � �~�tqts�x8|tæ�®[�<�no��n�8u ��� uÔ�m���
10 × 10® � �~¥�²~�n��orq�� ��q�� lpuO¢¤��uO���Ll����p�m¬t� � q�smo�smuOq®¯orq��t�tqtsmu8q

³ o�u � �tl��m�puOq¤Ç<�mq = }}>M���£¬�uOq¤�t�£�8�¤uOo�qtu¨®¯�<�no����Ou ��� u¯�~uOå�qto�uO��l × � ¬t¬w{x8|hØëv8�toruf�m���
10×10

® � �~¥�²����to�q��y�tqM�kl�uO¢¤��uO���Llp�t�p�m¬t� � qtsmo�smu8qk®¯o�q~Â�~�tqts<uOq ���L§¨orudu8orq�uO¢�l�uO¢¤��uO���Llp�t����q��£¬t� � qts<ors<uOq ÁduO¢¤�m�p¡hÂÜ�~�M�mlorq¤�~u8�XÁdorlnlpu × J3
Øw¬�u8�nl�u8�<l?{£®¯uOo~�~uO� � �M�nsh�£qtsh�ElpuO¢¤�Mu8�p�£l��t�

T1
��orqM�� � ¢!l � o�¥��tu¤®:o�q��~��qtsmu8q ´ uO�p�p�m¢��£s<qtu(lpo��p¥��wvM�toru¤®¯orq��t�tqtsmu8q

J1
�tqM�

J2
�n� �r� uOq!©Eu�q��<¥��Ù·&uO¢¤�Mu8�p�£l��t�[�~o�u ³ �m¢ � qtuOqts<��u8qt�Ou8qÙ�t�m�p�nl�u �r� uOqw{

5 × 5
�~o�u8��uO�k®¯�<�no����Ou ��� uOqd�£qtu8orqM�£q��~u8��s<uO�puOorl�¬to � �~u8qS�t�<�����to�qts � �<�O{³ o�u]�~or¢K� � �£l�o��mq �nlp�m�nlpu(lÙ¢¤orl�uOo�qtu8�Ù�O� ´¹�£��� o�smu8q � ������o�¥��hl��tq�s¸�~uO�® � �~¥�²~�n��orq��8vt�~o�uK¿�uOorl�¢¤u?�����tqtsµuO� ´ � � s£l¨o�q­Á]½ ��§¯uOu8���8{

� ¬t¬�o � �~�tqts�x<xmæ ³ �m¢ � qtu8q�¬to � �~�tq�s × �<Ø&q��m¥��K²��t���8uO�f¿�u8o¼l*�tq�� ³ �m¢ � qtu8q��£�M�n�po�¥��hlp�tqts × ¬MØXq��m¥��µ�nu8�t�*Ç�oru �~��� qtsmu8��u8�¿�uOorl

y jks8á(' q â'{ ¦¾�<¥��Tx?|¸¿�uOorlp�p¥��t�po¼l�l�uOqV��orqM��¬�uO�puOorlp���tuO�~l � o�¥�� ³ �<¢ � qtuOq �tq�smu ´¹� �t���~u8�Ùik��j< mud�~uO��®[�<�no��n�8u ��� u8q�O�]uO�p²mu8qtqtuOq × � ¬�¬to � �~�tq�s]x<x � orq�²���Øë{w®¯o��-�~oru ³ �m¢ � qtu8qª��o�¥��Ù©Eu8�~�~¥��]�£qtu8orq��mq��~u8�k�m���ns<uO�po�¥��hlpu(l��M�£¬�uOqS��q��So�¢§:u?�nu8qhl � o�¥��tu8qÙq��t�¯qt�~¥��Ù�8§:u8o�s<���< mu ³ �m¢ � qtuOq�u(ê~o��nl�o�uO�puOqÙÇmuO�psmu8�hl¯��uO�t�¯Ç�oru � ¢¤u8�t�¾¿�uOorl × � ¬�¬to � �~�tq�s�x<x��pu8¥��hlp��Øë{

�Ùá�� q�� á�â&ß
s n h�â °_o�qtu � ¬t²�Åt� � �tqts��£� ´
T2 < T1

q��m¥��
t = 5000

¬�uO§¨o��p²<l�qh��qduOo�qtu �¾q��~uO�p�tqts��~uO��è��p�~q��tq�s�æã qC�~uO�!®[�m��o��n�8u ��� uµ§¨or���]�t�m��Ö��£�t�~lpsmorlnlpuO�
J0
�£qhlpo ´ u8���p�m¢��£s<qtu(lpo��p¥�� × �tq����~o�u ³ �<¢ � qtuOq�sm�puOqt�8uOqS§¯uO���~u8q � uOo�¥��<lÇmu8�p�p¥��t�m¬�uOq�v�§[�m�*©Eu?�~�~¥��	qto�¥��<lk�m�tq�u!§:u8o¼lpuO�pu8���£�~± �£��� lëØë{ ³ o�uµ¢µ�<¢¤uOqhlp�mqtuK���to�qt�<�p�~q��tq�s�o��nl�¬�uO�8Åts � o�¥��	�~uO�-�£q~Âl�o ´ uO�p���<¢��£smq�u(l�o��p¥��tuOqªè����~q��tqts6�<�M�m��o��O� ´¹�£��� o�s�v ��� l�u8����qts���u(lp�(l-uOo�qS�tq��Sorq]�nu8�t�k²h�����8uO�-¿1uOorlk���m¬Mu8qª��o�¥��SqtuO�tu³ �<¢ � qtu8qKs<uO¬to � �tu(l8{ � ¬t¬w{�x?� × �<ØX�8uOo�s£l_�t�<�_iko¼l�l�uO�Go�q��~uO�Gq�uO�tu8q�è����~q��tqtsMv?o�q��~uO¢ �nu8�t�*sm�~lf�toru¨Ádu8¢µ�<��¡hÂE�����£lp��O�ªuO�p²muOq�qtuOqS��o�q��yvy�~o�u¤�toru « uE©E��ÇmuOqM�Ll�o��mqSÅt¬Mu8� � uO¬tlk���m¬Mu8qw{yº�¢ ³ �m¢ � qtuOq	¬�u8�p��uO�-uO�p²mu8qtqtuOqS�O�S²<jmqtq�uOq	²L�£q�q¢��£qª���m�k®:o � �	�~�t��¥��S�~o�u �E�£qhlpo ´ u8���p�m¢��£s<qtu(lpo��p¥��tu�®¯��o ��� u&�µ¬MuOl����m¥��hl�u8qwv��toru�©Eu8�~u8q	�O§¯uOorl�u8q]����orqªorq�Çmu8�nlporu8�nl?{ ³ �m��n�µlp�p�mq�� ´ �<��¢¤o�uO��l�u-®¯o � ��o��nl�orq]x?� × ��� Ø¯�O�d�nu8�tuOq�{



� ���:	 � � ��� ��� � xmx

¦¾�<¥�� ��� qtsmu8��u¯¿1uOorlX�~u8� �¾� lpuO�p�tqts����£lX��o�¥��»uOo�qtu��h��� � orlp�£l�o�Ç-�mq��~u8��u ³ �m¢ � qtuOq��nl��p�t²hl����&�£�M�ns<uO¬to � �tu(l8v?�~o�u¯Ádu8¢¤�m�p¡<Â�����£lp�¨��o�q��­� � � � �<²,� � u�º¾qt��u8orq��tuOorl�u8q��8��u8��²<uOqtq�uOqwæyx,� × ¬ � Øë{

� ¬t¬�o � �~�tqts�x,�~æ � qhlpo ´ u8���p�m¢��£s<qtu(lpo��p¥��tu�è��p�~q��tq�s�æ ³ �m¢ � qtu8q�¬to � �~�tq�s × �<Øk�tq�� ³ �m¢ � q�uOq��m���n�po�¥��<lp�tqts × ¬MØ(v × � � Ø�tq�� × ¬ � Ø¾�£� ´ �mq<lpo ´ u8���p�m¢��msmqtuOl�o���¥��tu?�:Á	���ElpuO�¾l����£q�� ´ �m¢¤�poru8�nl?{ × ¥8Ø�ÉVo��tuO�p�tuO���Elpu ��� ��qts��~uO��� � l�uOqS��l��p�t²hl��t�k�~�t��¥��ÁduO¢¤�<��¡�°G±1uO²hl

g�á o h '��������:á�� s ³ o�ud°_�p§ � ��¢K�tqts]�~u8����¡~�nl�u8¢¤�µ�8�t��ÅM¥�²¸�£� ´
T1
¬�uO§¨o���²hl�§¨o�u8�~u8�µu8orq�u�ÕGu8�¹©EÅ�qtsm�tq�s�vGq��<¥���~uO���no�¥��V��¥��tq�u ��� ³ �m¢ � qtu8q ¬to � �~u8qwv � �tq � o�¥��V§¨o�udorqÔx<x × �hØë{ ³ o�uSÁduO¢¤�<��¡hÂE���M�mlp� � �m�p��uOq �~oru ³ �<¢ � qtuOq ��o�¥��©Eu8�~�~¥��C��uO�t�!�p¥��tqtu �r� �mqC�~uO�»� � lpuOq¸�hlp���t²hlp�t�»�£�M�n�po�¥��hlpuOqwvw���	�t�m�p����o�¥���uOo�qtu���l��p�t²hl��t�!¬�o � �~u(l?v&�~o�u��~u8�!Çm�<�!�~uO�� ¬t²�Åt� � �tq�s��nu8�t� � �tq � o�¥�����o�uO�hl × Ç<uO�ps � uOo�¥��tu � ¬t¬w{wx,� × ¥8Ø¯¢¤orl»xmx × ¬MØnØ({ ³ oru!®¯o � �~��qts��~oru?�nu8��è��p�tqh��qts¤���Ll¾�t�mqt²�~uO��Á	uO¢¤�m�p¡hÂÜ�����£l��¯qh����x8|m|µÁª½ �n§¯uOu8���[smu?�t�£��uO��l8v�smu8smuOq�Åt¬�uO�¾�m|m|<|»��§:u8uO���[�<�tqtu�ÁduO¢¤�<��¡hÂE���M�mlp�8{

³ o�uµ�~or¢K� � �£l�o��mq	��q<lpuO���ElpÅ~l��Ol-� � ��� × or¢ « �m�t¢¤uOqS�toru?�nu?�¾¬�u8�p¥��t� � qt²hl�u8qdl��L¡hÂÈ¢¤���tu � �pØ¨�toruµ·[�tu8��umv1�t�m�p�¾l�uO¢¤��uO���LÂl��t���£¬�� � qts<ors<uk®¯o�q��~�tq�smuOq��O§¨o��p¥��tuOq­® � �~¥�²~�n��orq��¯�8� « uE©E�tÇ<uOq��£l�o��mq��tq��­ÁduO¢¤�<��¡hÂÈ°G±�u8²hl�uOq ´ Åt�t�puOq­²<jmqtqtu8qw{

��@�� UWF�Y ��HEC	� �

« u8� � o��nl�o���¥��tu¤��o�¢»� � �Llpor�<qtuOq	u8� ´ �<�p�tuO�pq	�t¢�ik�pjm mu8qt�m���~q��tqts<uOq­sm�pjm <uO�puK��¡~�nl�uO¢¤u<v�§ � �puOq	� � ���Ù��uO�~lp�O�~l��£smu¤��uO�t�orq�u(±1uO²hl�o�ÇÙ¬t�8§�{~Åt¬�uO�p���£�t�tl�qto�¥��hl¾�~���p¥��t�8� ´ Åt�t�puOq�{

� ¬t¬�o � �~�tqts­x v æ~Ádu8�p���tqts¤�£qÙ�pu8� � u8¢����to�qts � �m�¯�8uOo�s£l[¢µu8�~Â��u8��u « uE©E�tÇ<uOq��£l�o��mq�
£ÁduO¢¤�m�p¡��~¥�����orlnlpu!¬Mu8o&Ç<uO����¥���oru?�~uOqtu8q·�u8¢¤�Mu8�p�£l��t�puOqw{ � ���8æ = z >

é¾�<¢¤� � uOê~uµ�pu8� � u�����orqts ��� �nu8���Ou8ors<uOq�qt�~¥��C²m�<¢µ� � orÂ�Oo�uO��l�u8��u?�	ÕGuO�p��� � lpuOqw{!���T²mjmq�qtuOq Á	uO¢¤�m�p¡hÂÜ�����£l��Çmu8�p�p¥��to�u8�~u8qtuO�&ik�pjm <uG¬Mu8o�ÇmuO���p¥��toru?�~uOq�uOq!·&uO¢¤�Mu8�p�£Âl��t�puOq �Ü¬Mu?��¥�����o�uO¬�uOq���§:u8�p�tuOqwvL§¨o�u��£q��~u8�_Ádu8�p�n��qts�£q �tuO¢ ���to�qts � �<�­½¯�M½:�
1.7
ã q

0.3
�
4
o�q � ¬�¬to � �~�tq�sx v �8�Ù�nu8�tuOq�o��nl8{ ³ �<�nlf²�Åt� � u8qÙ�~o�u�°Gê~�Mu8��o�¢¤uOqhlp�£l��mÂ��u8qªu8orq�uµäf���<¬Mu��nl�� ´ u8q�§:u8o���u��£¬ × o�qC�mé �~¥�����orlnlpuOq�O§¨o���¥���uOq	�~u8qtuOq�©Eu8§:u8o � �-�£|m|<|m�[äG�£�M�nu � o�uOs<uOqMØ[��q��¢¤u8�p�nu8qK§¨o�u8�~u8�_�~uOq ã ¢��£s<orq � ��l�uOo � �~uO�f�~���n�8uO�~lpor¬�o � o¼Âl � l8{ ³ uO�[�Ou8o¼l � o�¥��tu-ÕGuO� � �m� ´ �~u?�[°Gê~�Mu8��o�¢¤uOqhlp�[o��nl¯o�q�~uO¢�orq���u(l��8�d�nu8�tuOqw{
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