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z3i:XZ��£Zè�4½Ç©ð±¡4«Ç«®µ²¶ò¸É©®³»4§�¼Ð°n§\±²©®³»4§\½X½®¹\�ê6§n4§`Ã¨°n§\³¥·4µ²«®½¬¸É¶âÊ��êHµ¡«ð¶»¸�êX½ZêX³¥©¬¹�³»§ª©¬µ¡«®¸¤±²©®³»¤§`Ã¨¯\µ²Ê�µ¡§\¯nµ¡§l©Ê�¸¤«®¸¤Ó2µ²©¬µ²«®½²£�á�°n©®©®³»§\Ö4µ²«ÌÃé¶»³ÀÛl°\³»¯�ñ�µ¡¹�¸E·i³»4°\«ë³»½ëµºæ`Ê�µ¡«Ç³»Ó2µ¡§ª©]¸¤¶¥¶¥Í�êÂµ¡¶¥¶Rµ²½Ç©]¸Éñ\¶»³¥½®¹\µ²¯ ³»§0©¬¹nµrÊn¹lÍi½®³¥±¡½(¤¼Ûl°�¸¤§ª©¬°\Ó¾ïë¸É¶»¶�µ¡¯\Ö¤µ ½Ì©]¸É©®µ¡½}àßn|J�Ò¸¤§\¯�¤¼kÛl°�¸É§l©¬°nÓ¾½ÇÊ\³»§�±]¹�¸¤³¥§\½¡£Z¦¨§0±¡¤§l©®«¬¸¤½Ç©J1�³¥©Ñ¹�¸¤½ðñ�µ²µ¡§ ¸É«®Ö4°\µ²¯©¬¹�¸J©XÊ\«Çµ¡½®µ²§l©®¶¥ÍÈ¸E·É¸¤³¥¶ò¸¤ñn¶¥µëÛl°�¸¤§ª©¬°\Ó êX³»«®µÕ½ÇÍi½Ç©®µ¡Ó2½ð¸¤«Çµ(§\¤©X³¥§�©®¹\µ(«®µ¡Ö¤³»Ó2µëêX¹\µ²«®µ�á�°n©®©®³»§\Ö4µ²«ÌÃé¶»³ÀÛi°n³»¯µ���µ¡±º©¬½C¸¤«®µ�³¥Ó�Ê�¤«Ç©]¸É§l©$} ßl×\� £ÈîZ¹\µ�¼Ð4«ÇÓ ¸J©¬³¥¤§.¤¼X¸�Öª¸ÉÊ�³»§.©®¹\µ ½ÇÊ\³»§�µÄæ`±¡³À©]¸É©®³»4§,½ÇÊ�µ¡±º©¬«®°\Ó ³»§.©®¹\µá�°n©¬¹\µ²«ÌÃ¨ÅAÓ2µ²«ÇÍ¶¥³»Ûl°\³¥¯Ê\«Ç�·i³»¯nµ¡½X¸|�Ý6¸¤§\¸¤¶»4Ö ¤¼Ò¸r½Ç°\Ê�µ¡«Ç±¡4§\¯n°\±²©¬¤«ð¸É§\¯�êX³»¶¥¶�ñ�µ(«®µº·i³»µ²êHµ¡¯�³¥§�ô`µ¡±ÄÃ©¬³¥4§dpÆ|4£À|4£å×�qº£��ðµºêX¶¥ÍÈ4ñ`©]¸¤³¥§\µ¡¯�«Çµ¡½®°n¶¥©¬½Z¼Ð«®4ÓT©®¹\µM¸¤Ê\Ên¶»³»±¡¸É©¬³¥¤§ÈÉ¼F|�Ý:Ó2i¯\µ²¶»½F©¬2±¡4§`Ú�§\µ¡¯0Öª¸É½®µ¡½Ñ¤¼Ô�µ¡«ÇÓ�³�¸É©¬4Ó2½FêX³¥¶»¶dñ�µtÊ\«Çµ¡½®µ²§l©®µ¡¯0³»§�ÙÂ¹\¸¤Ên©¬µ²«®½ð¿´¸¤§\¯�ß\£¦¨§&©¬¹n³»½�ô`µ²±²©¬³¥4§.¤°\«tÓ�¸¤³¥§&¸¤³»Ó!³¥½Õ©¬�©¬«¬¸É±¡µr©¬¹nµ´¶»³»§nµC¤¼F¸É«®Ö4°\Ó2µ¡§ª©(©¬¹\¸É©�¶¥µE¸É¯\½(©®È©®¹\µ´µºæn¸¤±º©¬¶ÀÍ½®4¶¥°\ñ\¶¥µÈî�4Ó�¤§�¸¤Öª¸�ÃÆá�°n©®©®³¥§\Ö4µ²«rÓ�i¯nµ¡¶�p�á�è-q?}àß4ó21Âßlã)1Âßªõ]1Âßªì]1X×����Ñ¸¤§\¯8©¬¹\µ²§<©¬.©®¹\µ�±²4§\±²µ¡Ên© ¤¼á�°n©®©®³»§\Ö¤µ¡«�¶»³¥Ûi°n³»¯$¸É¼�©®µ¡«�³»§\±²¶»°\½Ç³»4§=¤¼M©®¹\µ.½ÇÊ\³»§*¯nµ¡Ö4«Çµ¡µ.¤¼M¼Ð«Çµ¡µ²¯\4Ó�£ñQ�µ&½Ç©¬¸¤«Ç©�ñªÍ=±¡4§\½Ç³»¯\µ²«®³¥§\Ö¸&¹n4Ó�¤Ö4µ¡§nµ¡4°\½�|�Ý ½ÇÍi½Ì©¬µ¡Ó ¤¼ð§\4§`Ãé³»§ª©¬µ¡«®¸¤±²©®³»§\Ög½®Ên³»§\¶¥µ¡½®½r¼Ðµ²«®Ó2³»¤§\½J1kêX³À©¬¹OÊ�¸¤«¬¸Éñ�4¶»³¥±¯n³»½®Ê�µ²«®½®³¥4§
ek = k2/2m (~ = 1)

£F¦¨§�³¥©®½ÑÖ¤«®4°\§n¯0½Ì©]¸É©®µ�©®¹\µM½Ç³»§\Ö¤¶»µÄÃ¨Ê�¸¤«Ì©¬³¥±²¶¥µ(½Ç©]¸J©¬µ²½ðêZ³¥©¬¹
k < kF

¸É«®µ�i±¡±²°\Ê\³¥µ¡¯¸¤§\¯©¬¹\¤½®µÕêX³À©¬¹
k > kF

¸É«®µÕµ¡Ó2Ên©¨Í�1
kF
ñ�µ²³»§\Ör«Çµ¡¶»¸É©¬µ²¯©¬ ©¬¹\µC|�ÝÞÊ\¸¤«Ç©¬³¥±¡¶¥µë¯\µ²§\½®³À©¨Í

n
ñlÍ

kF = πnp�³¥§M©®¹\µÂ½®Ên³»§\¶¥µ¡½®½Ò±E¸É½®µ�qÄ£kÔ�4«�¶»�êFÃ¨µ²§\µ¡«ÇÖ¤Í�µÄæn±²³¥©¬¸É©¬³¥4§\½FpÐêX³¥©®¹\³»§ ¸ðÓ24Ó2µ¡§ª©¬°\ÓÞ±²°n©¬��
Λ
1¤½¬¸EÍ2q�4§\¶ÀÍt©®¹\µ«®µ²Ö4³»¤§�¸¤«Ç4°\§\¯È©¬¹\µt©¨êÂ Ô�µ²«®Ó2³�Ê�¤³»§l©®½Ñ¸É© ±kF ³»½Z³»§l·¤4¶¥·4µ²¯�1 ¸¤§\¯�³¥§È©¬¹n³»½X«®µ²Ö4³¥4§dp�©¬¹\µ&�º¶»�êFÃ¨µ¡§nµ¡«®ÖÉÍ½®µ²±²©¬¤«���qð©¬¹\µr¯\³»½ÇÊ�µ¡«®½Ç³»4§ «®µ¡¶»¸É©¬³¥4§g±E¸É§.ñ�µ´¶¥³»§\µ¡¸¤«®³¥ç²µ¡¯&¸¤½

ek,± = e0 ± vFk
1�êX³À©¬¹

e0 = eF − vFkF

£¦¨§È©®¹\µ�á�è�4§\µ(¶»µº©¬½F©¬¹nµt±²°n©¬��
Λ
Ö4r©®´³»§`Ú�§\³¥©¨Í¤£kîZ¹nµ¡«®µ(©¬¹nµ¡§�¸¤«ÇµÕ©ÆêÂ´ñ\«®¸¤§\±]¹\µ¡½X¤¼ÒÊ�¸¤«Ì©¬³¥±¡¶¥µ¡½J1`©®¹\µ«®³¥Ö4¹l©FÓ2�·4µ²«®½½LÑpÐêX³À©¬¹�Ê�4½®³À©¬³À·4µë·4µ¡¶¥i±¡³¥©¨Í2qÂ¸¤§\¯�©®¹\µ(¶»µº¼�©ZÓ��·4µ¡«Ç½XáêpÐêX³¥©®¹�§\µ¡Öª¸J©¬³À·4µÕ·4µ¡¶¥i±¡³À©ÆÍ2qÄ£kîZ¹\³¥½Ó2`¯n³¥Ú�±¡¸É©¬³¥¤§0Ó�¸�4¤µ¡½ë©®¹\µC½®Ê\³¥§\¶»µ²½®½ÕÓ2i¯\µ²¶RµÄæn¸¤±²©®¶¥Í0½Ç4¶»°nñ\¶»µMµ²·4µ²§&êX¹\µ²§&³»§ª©¬µ¡«®¸¤±²©®³»4§n½Õ¸¤«ÇµC½ÌêX³¥©¬±]¹\µ²¯

¿ªã



4§�£ á�µº©
ρ̂α(q)

ñ�µ(©¬¹\µ�Ô�4°\«Ç³»µ²«Z±²4Ó2Ê�4§\µ¡§ª©¬½X¤¼�©¬¹\µtÊ�¸É«Ç©¬³¥±¡¶¥µ(¯nµ¡§\½Ç³¥©¨Í�4Ê�µ¡«®¸É©¬¤«J1
ρ̂α(q) =

∑

k

ĉ†α,k+q ĉα,k
pÌ|4£Î×¤ó q

¼Ð4«ë«Ç³»Ö4¹ª©Õ¸¤§\¯ ¶¥µ²¼�©ëÓ��·4µ¡«Ç½J1dêX³À©¬¹
α = +

4« − pÁL:4«Õá�qº£�îZ¹\µC§\4§`Ãé³»§ª©¬µ¡«®¸¤±º©¬³»§nÖïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§ H0p�¸¤§n¯�¸&Ó�4«ÇµÈÖ4µ²§\µ²«¬¸¤¶XÓ2i¯\µ²¶Z³»§\±²¶»°\¯n³»§\Ö ³»§ª©¬µ¡«®¸¤±²©®³»4§n½J1e½®µ¡µ�ñ�µ¡¶»�êwqC±E¸¤§<ñ�µÈêX«Ç³¥©®©®µ¡§8³»§O©®µ¡«ÇÓ�½´¤¼©¬¹\µ²½®µ�4Ê�µ²«¬¸É©®4«®½²äA³»§�µ¡½®½Çµ¡§\±¡µ�1 4§\µt±E¸É§\§\¤©ð¸É¯\¯�¸´Ê�¸É«Ç©¬³¥±¡¶¥µWp�4«X¸r¹\4¶»µ�qH©¬r©¬¹\µ´|EÝ:½ÌÍi½Ç©¬µ²Ó êX³À©¬¹\¤°n©±¡«ÇµE¸É©®³»§\Ö�¸J©(©¬¹\µ´½®¸¤Ó2µr©®³»Ó2µr¸�¯\µ²§\½®³À©ÆÍgêÂ¸�·4µÉ£W��Ê\«Çi¤¼H¤¼e©¬¹\³¥½(«®µ²½®°\¶À©�³¥½(ñ�¸¤½Çµ¡¯,¤§&©¬¹nµr¼Ð4¶»¶¥�êX³¥§\Ö¼�¸¤±º©¬½¡ä
pÐ³kqe©¬¹\µt¯\µ²§\½®³À©ÆÍË\°\±²©®°�¸É©¬³¥4§È4Ê�µ¡«®¸É©¬¤«®½X4ñ�µºÍ�ñ�4½®4§n³»±(±¡4Ó2ÓC°n©]¸J©¬³¥4§«®µ¡¶»¸É©¬³¥4§\½�1

[ρ̂α(−q), ρ̂α′(q′)] = δαα′δqq′αqL/2π
pÌ|¤£å×4ã�q

êX¹\µ²«®µ
L
³»½â©¬¹\µH½ÇÍi½Ì©¬µ¡Ó:½®³¥ç¡µOp�½ÇÊ�µ²±¡³»¸¤¶i±E¸É«®µH³»½�§\µ¡µ²¯\µ²¯r³»§M±E¸¤¶¥±¡°\¶»¸É©®³»§nÖX©¬¹\µO�¡¸É§\4Ó�¸¤¶¥4°\½â±²4Ó�ÓC°n©¬¸É©¬¤«��

[ρ̂α(−q), ρ̂α(q)]
qx�

pÐ³»³sq
ρ̂±(q)

±¡«®µ¡¸É©¬µ²½Cµ¡³¥Ö4µ¡§\½Ì©]¸É©®µ¡½ ¤¼X§\¤§`Ã¨³¥§l©¬µ²«¬¸¤±º©¬³¥§\Ö0ïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§ H0
êX³À©¬¹Uµ²§\µ²«®Ö¤Í ±qvF 1_½Ç©¬¹�¸J©

H0
±E¸É§�ñ�µt«®µºêX«®³À©®©¬µ²§�¸¤½

H0 = vF
∑

q>0,α

αq ρ̂α(q)ρ̂α(−q)
pÌ|¤£å×Éõ q

pÐ©®¹\µÑ¶¥³»§\µ¡¸¤«®³¥ç¡¸É©¬³À4§r¤¼�©®¹\µÑ¯n³»½®Ê�µ²«®½Ç³»4§2«Çµ¡¶ò¸J©¬³»¤§r³»Ó2Ê\¶¥³¥µ²½_©¬¹�¸J©H¸¤¶»¶nµ¡¶¥µ¡±º©¬«®¤§`Ã¨¹\¤¶»µZÊ�¸É³»«®½k¹�¸E·4µX©¬¹\µOVJh�Y&[
[x�P[xÇ3×�l

qvF
³»§\¯\µ²Ê�µ¡§\¯nµ¡§l©®¶¥Í´É¼

k
1l½®t©¬¹�¸É©A©®¹\µÑ½Ç©¬¸É©¬µ²½H±²«®µE¸J©¬µ²¯ ñlÍr©®¹\µÑ¯\µ²§\½®³À©ÆÍCË�°\±²©®°�¸É©®³»4§24Ê�µ²«¬¸É©®4«¸¤«®µ(±¡4¹nµ¡«®µ²§l©ð¶¥³»§\µ¡¸¤«F±²4ÓCñ\³¥§�¸É©¬³¥¤§\½F¤¼R³¥§\¯\³À·`³¥¯\°�¸É¶dµ¡¶¥µ¡±º©¬«®¤§`Ã¨¹\¤¶»µÕµºæ`±²³¥©]¸J©¬³»¤§\½Gq��

pÐ³»³¥³sqÕ©®¹\µ½®Ê�µ²±²©®«¬¸g¤¼Z©¬¹\µ�¼Ðµ¡«ÇÓ�³¥4§\³¥±�¸¤§\¯Uñ�4½®¤§\³»± «Çµ¡Ê\«Çµ¡½®µ²§l©¬¸É©¬³¥4§\½C¤¼ H0
¸É«®µ�©¬¹l°\½ ©¬¹nµ½¬¸ÉÓ�µ

p�4§nµt±E¸¤§�¯\µ²Ó�¤§\½Ç©®«¬¸É©®µ(©¬¹�¸J©X©®¹\µt¯\µ¡Ö¤µ¡§\µ²«¬¸¤±²³»µ²½ðÉ¼Ò©®¹\µt¶»µ²·4µ²¶»½X¸¤«®µt¸¤¶»½Çr©¬¹nµ�½®¸¤Ó2µ�qº£îZ¹nµ§\µºæi©r½Ç©®µ¡Ê ³¥§,©¬¹\µ ¯\µº·4µ¡¶¥4Ê\Ó2µ¡§l©CÉ¼Z©¬¹nµ½ÇÊ\³»§n¶»µ¡½Ç½CáÒè ³¥§l·44¶À·4µ¡½�©¬¹\µ ½ÇêX³À©¬±]¹\³»§nÖg¤§U¤¼Z©®¹\µ³»§ª©¬µ²«¬¸¤±º©¬³»¤§\½�½Ç©¬¸¤«Ç©®³»§\ÖF¼Ð«®¤Ó ©®¹\µAñ�¸É½®³¥±k³»§l©®µ¡«®¸¤±²©®³»4§(ïë¸¤Ó2³»¶Ü©¬¤§\³»¸É§ Hint =
1
2L

∑
q 6=0 vqn̂qn̂−q

êX¹nµ¡«®µ
vq³»½�©¬¹nµÂÔ�¤°\«®³¥µ¡«�©¬«¬¸É§\½Ç¼Ð4«ÇÓ ¤¼n©®¹\µe³»§l©®µ¡«ÇÊ�¸¤«Ç©®³»±²¶»µ_Ê�¤©¬µ²§l©¬³»¸¤¶l¸É§\¯

n̂q
³¥½â©®¹\µeÊ�¸¤«Ì©¬³»±²¶»µk¯\µ²§\½®³À©ÆÍ(Ë\°\±²©®°�¸É©¬³¥4§4Ê�µ¡«®¸É©¬¤«¡£rîZ¹nµ¡«®µ�¸É«®µC©ÆêÂÈñ�¸¤½®³¥±r©¨ÍiÊ�µ¡½�¤¼H½®±¡¸É©®©®µ¡«Ç³»§\ÖÈÊ\«®i±²µ¡½Ç½®µ¡½M±²4§l©®«®³»ñn°n©¬³¥§\Ö©¬ Hint

äÕ¼Ð4«ÇêÂ¸¤«®¯½®±¡¸É©®©®µ¡«®³¥§\Öup�¸É©
q ≈ 0

³¥§ ©®¹\µr¶»�êFÃ¨µ¡§nµ¡«®ÖÉÍg½Çµ¡±²©®4«GqÕ¸¤§\¯&ñ�¸¤±G4ªêF¸¤«Ç¯,½®±¡¸É©Ç©¬µ¡«Ç³»§\Öap�¸É©
q ≈ 2kF

³»§g©®¹\µ¶»�êFÃ¨µ²§\µ¡«ÇÖ¤Í½®µ¡±º©¬¤«Gqx1�½®´©®¹�¸É©X³»§�¸r±¡4§ª·4µ¡§ª©¬³»¤§�¸¤¶�§n¤©]¸É©®³»4§ Hint
³¥½Z«®µ²êX«Ç³¥©Ç©¬µ¡§�¸É½

Hint =
1

2L

∑

q 6=0,α

[V1(q)ρ̂α(−q)ρ̂α(q) + V2(q)ρ̂−α(−q)ρ̂α(q)].
pÆ|4£å×Éì q

îZ¹\µt±²4°\Ê\¶¥³»§\Ö¤½Z¸¤«®µÕ«®µ²¶ò¸É©®µ¡¯©¬C©¬¹\µ(³»§ª©¬µ²«®Ê�¸¤«Ì©¬³¥±¡¶¥µëÊ�¤©®µ¡§l©®³ò¸¤¶�ñlÍ
V1(q) = vq

¸É§\¯
V2(q) = vq − v2kF

£
¿4õ



îZ¹nµCïð¸¤Ó2³»¶À©®4§\³¥¸¤§ÈÉ¼R©¬¹\µ�½®Ên³»§\¶¥µ¡½®½ðá�è ³»§�ÅkÛi½²£npÌ|4£Î×¤õ qZ¸É§\¯@pÌ|4£Î×¤ì q�1 ñ�µ²³»§\Ö2µºæ`Ê\«Çµ¡½®½Çµ¡¯ ½®4¶¥µ¡¶ÀÍ�³¥§©¬µ²«®Ó2½X¤¼Ò¯\µ¡§n½®³¥©¨ÍË�°\±º©¬°�¸J©¬³»¤§�¤Ê�µ¡«¬¸J©¬4«Ç½J1�±¡¸¤§�ñ�µ�«Çµ²êX«Ç³¥©®©®µ¡§�¸É½
HLM =

∑

q 6=0

[(
vF +

V1(q)

2π

)
|q| b̂†q b̂q +

V2(q)

4π
|q|
(
b̂†q b̂

†
−q + b̂−q b̂q

)] pÌ|4£Øó�� q
êX¹\µ²«®µ

b̂q =

√
2π

L|q| (Θ(q)ρ̂R(q) + Θ(−q)ρ̂L(q)) .
pÆ|4£Îó`|\q

îZ¹\µÑïë¸¤Ó2³»¶À©®4§n³»¸¤§?pÆ|4£Îó�� qR±¡¸¤§2ñ�µX¯n³ò¸¤Ö4¤§�¸¤¶¥³¥ç²µ¡¯rñlÍr¸tÁÂ4Ö4¤¶»³¥°\ñ��·M©®«¬¸¤§\½Ì¼Ð4«®Ó�¸É©®³»¤§�1ÉêX³¥©®¹r©¬¹\µX«Çµ¡½Ç°\¶¥©
HLM =

∑

q 6=0

ωqβ̂
†
q β̂q

pÌ|4£Øóª}�q
êX¹\µ²«®µ

ωq = cq|q|
êX³À©¬¹

cq =

√(
vF +

V1(q)

2π

)2

−
(
V2(q)

2π

)2

.
pÌ|4£Øó4¿ q

îZ¹\µ ñ�4½Ç4§�4Ê�µ¡«®¸É©¬¤«®½
β̂†q
¸¤§\¯

β̂q
¸É«®µ�¶¥³»§\µ¡¸¤«t±²4ÓCñ\³»§\¸É©¬³¥¤§\½t¤¼F©®¹\µ�4«®³¥Ö4³¥§�¸¤¶_¯\µ²§\½®³À©ÆÍ&Ë\°\±²©®°�¸É©¬³¥4§4Ê�µ¡«®¸É©¬¤«®½J1 ½Ç2©¬¹�¸J©Ñ©¬¹nµ�µ¡¶»µ²Ó�µ²§l©¬¸¤«ÇÍ�µÄæ`±¡³¥©¬¸É©¬³¥4§\½X¤¼Ò©¬¹\µMïð¸¤Ó2³»¶À©®4§\³¥¸¤§upÆ|4£Øóª}�qZ¸¤«Çµ�±²4¹\µ¡«Çµ¡§ª©ë½®°\Ê�µ²«ÌÃÊ�4½®³À©¬³¥4§\½F¤¼R±²4¶»¶¥µ¡±º©¬³À·4µ(¯\µ²§\½®³À©ÆÍ�¤½®±²³»¶»¶»¸É©®³¥¤§\½¡£kÅ_·i³»¯nµ¡§ª©¬¶¥Í�1\©®¹\µt½Ç©]¸Éñ\³»¶¥³À©ÆÍ�±¡¤§\¯\³¥©®³»4§
|2πvF + V1(q)| > |V2(q)|

pÌ|¤£ÎóÉß°q
ÓC°\½Ç©Õñ�µr½¬¸J©¬³»½ÌÚ�µ¡¯g¼Ð4«ð©¬¹\µC¯\³»½ÇÊ�µ¡«Ç½®³»¤§ «®µ²¶ò¸É©®³»4§�©®�ñ�µr«ÇµE¸¤¶�£t¦¨§&¸¤¯\¯\³À©¬³¥4§�1�©®¹\µrÖ¤«®4°\§n¯`Ã¨½Ì©]¸É©®µ êF¸�·¤µ¼Ð°\§\±º©¬³¥4§�³¥½Z§\4«ÇÓ ¸¤¶¥³¥ç¡¸¤ñ\¶¥µë³¥¼�©®¹\µt½Ç©¬¸¤ñ\³»¶¥³À©ÆÍ�±¡¤§\¯\³À©¬³»¤§

lim
q→∞

q1/2 V2(q)

2πvF + V1(q)
= 0

pÌ|4£Øóª×�q
³»½A½¬¸J©¬³¥½ÇÚ�µ²¯�£K�Ñ¤©¬³¥±¡µZ©¬¹\¸É©H³¥§´©¬¹\µÑ§n4§`Ã¨³¥§l©®µ¡«¬¸É±²©¬³¥§\ÖtÖ4¸¤½e¶»³¥Ó2³Ü©A¤§\µÑ«®µ²±¡�·4µ¡«®½Hç¡µ²«®M½®4°n§\¯ ³»§´©®¹\µðÔ�µ¡«ÇÓ�³Öª¸¤½�p

ωq = vF|q|
qºä_©¬¹\µtµ²¶»µ²±²©¬«Ç4§`Ãé¹\4¶»µÕÊ�¸É³»«®½Z¹\¸�·4µtñ�µ¡µ¡§�«Çµ¡Ê\¶»¸¤±¡µ²¯�ñlÍ©¬¹n³»½Z±¡¤¶»¶»µ²±²©®³¥·4µÕµºæ`±¡³À©]¸É©®³»4§d£¦¨§�©¬¹\µe±¡¸¤½®µH¤¼n½®¹\¤«Ç©ÇÃé«¬¸¤§nÖ4µe³¥§l©®µ¡«¬¸É±²©¬³¥4§\½�©¬¹\µe¯\³¥½®Ê�µ¡«Ç½®³»¤§M«®µ²¶ò¸J©¬³»¤§$pÌ|4£Øó4¿�q�¯\µ¡½Ç±¡«®³¥ñ�µ¡½Ò½®4°n§\¯MêF¸E·4µ¡½¸É©_¶»¤§\ÖðêF¸�·4µ²¶»µ²§\Ö¤©®¹\½J14êX¹\µ²§r©¬¹\µF±²4°\Ê\¶¥³»§\ÖëÊ\¸¤«¬¸¤Ó2µº©¬µ¡«Ç½R©®µ¡§\¯C©¬Õ±²4§\½Ç©¬¸¤§ª©k·J¸¤¶»°nµ¡½½p

V1(q)→ 2g4
¸¤§n¯

V2(q)→ g2
14½®¸�Í2qº£7�Õ§\µÂ±E¸¤§CÊ\«Ç�·4µH©¬¹�¸É©R³»§M©¬¹n³»½Ò¶»³¥Ó2³À©â©¬¹nµZïð¸¤Ó�³¥¶À©®4§\³¥¸¤§<pÆ|4£Îó4}�qâ±E¸É§rñ�µH©¬«¬¸É§\½Ç¼Ð¤«®Ó2µ¡¯³»§ª©¬´¸´±¡¤§l©¬³¥§i°n°\Ó´ÃéÓ�l¯\µ¡¶dïë¸¤Ó2³»¶À©®4§n³»¸¤§¯\µ¡½Ç±¡«®³¥ñ\³»§nÖ�¸É§�µ¡¶»¸¤½Ç©®³»±Õ½Ç©¬«Ç³»§\Önä

HLM =
1

2

∫
dx
[
π uK Π2(x) +

u

πK
(∂xφ(x))

2
]
.

pÌ|4£Øó4ó q
ïðµ²«®µ ©¬¹nµ Ú�µ¡¶¥¯\½

φ(x)
¸¤§n¯

Π(x)
1ë4ñ�µºÍi³»§\ÖO±E¸É§\4§\³¥±E¸¤¶ë±¡4Ó2ÓC°n©]¸J©¬³¥4§ «®µ²¶ò¸J©¬³»¤§\½

[φ(x),Π(x′)] =

iδ(x−x′) 1¤¸¤«®µH«Çµ¡¶»¸É©¬µ²¯M©¬Ñ©¬¹\µHÊ�¸É«Ç©¬³¥±¡¶¥µe¯\µ²§\½®³À©¨Í ρ(x) ¸É§\¯M©¬ð©®¹\µH±¡°\«Ç«®µ¡§ª©_¯\µ²§\½®³À©ÆÍ J(x) ñlÍ ∂xφ(x) =
¿4ì



−π[ρ(x)−ρ0]
¸É§\¯

J(x) = uKΠ(x), ρ0
ñ�µ¡³»§nÖ(©¬¹\µX¸�·4µ²«¬¸¤Ö4µZÊ�¸¤«Ç©®³»±²¶»µÂ¯\µ¡§\½Ç³¥©¨Ír³¥§r©¬¹nµXÖ4«Ç4°\§\¯´½Ç©¬¸É©¬µÉ£îZ¹\µ�Ê\¸¤«¬¸¤Ó2µ²©®µ¡«Ç½X³»§�ÅkÛ £�pÆ|4£Øó4ó qF¸É«®µ





u =

√(
vF +

g4
π

)2
−
( g2
2π

)2

K =

√
2πvF + 2g4 − g2
2πvF + 2g4 + g2

pÌ|4£Øóªã�q

îZ¹\µM¼Ð4«®Ó ¤¼_©®¹\µM©®«¬¸¤§n½Ç¼Ð4«ÇÓ�µ²¯gïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§�³»§0ÅkÛ�£=pÆ|4£Øó4ó qZµ¡Ó2Ê\¹�¸É½®³»ç²µ¡½ð©®¹\µM±¡4¶¥¶»µ¡±º©¬³À·4µ�§�¸É©®°\«®µM¤¼©¬¹\µ Ê�¸¤«Ì©¬³¥±¡¶»µ�Ó2¤©¬³¥4§\½Ñ4§ ¸ ±]¹�¸¤³¥§�äÑ¸ Ê\¸¤«Ç©®³»±¡¶¥µ�½®µ²©Ç©¬³»§nÖ4°n©ðêX³¥©¬¹g¸ Ö4³¥·4µ²§gÓ24Ó�µ²§l©®°\Ó êX³¥¶»¶â±¡4¶¥¶»³¥¯nµêX³¥©®¹<¸gÚ�«®½Ì©2§\µ¡³¥Ö4¹iñ�¤«´¸¤§\¯8µÄæn±]¹�¸¤§nÖ4µ�Ó24Ó2µ¡§ª©¬°\Ó êX³À©¬¹O³¥©C©¬&½Ç©]¸É«Ç©�¸ ¯\µ²§\½®³À©ÆÍUêÂ¸�·4µ�¸¤¶¥4§\Ög©®¹\µ±]¹�¸¤³»§d£
Q,µðÓ2µ¡«Çµ¡¶ÀÍrÛl°\¤©¬µXêX³¥©¬¹n4°n©eÊ\«®i¤¼�¸É©e©®¹\³»½AÊ�4³»§ª©A©¬¹\«Çµ¡µð«Çµ¡Ó�¸¤«94�¸¤ñ\¶¥µXÊ\«®4Ê�µ²«Ç©®³»µ¡½eÉ¼d©¬¹\µÑÛl°�¸¤§l©®°\ÓË�°\³¥¯�¯\µ²½®±²«®³¥ñ�µ²¯�ñlÍ©®¹\µ�áÒè.ä

ò hxó�ôaXZY&[x�Tz3Æ)YËØ�iUVxz3Ç�iÁõJÆ)z3i:XZ��£_îZ¹\µëÓ24Ó2µ¡§ª©¬°\Ózi±²±¡°\Ê\¸É©¬³¥4§ §l°\ÓCñ�µ¡«
nk,α
¹�¸¤½e©¬¹\µð½¬¸¤Ó2µÑ¼Ð4«ÇÓz¼Ð¤««®³¥Ö4¹l©X¸¤§\¯�¶¥µ²¼�©ZÓ��·4µ¡«Ç½Ñ¸¤§\¯�4ñ�µºÍi½Ñ©®¹\µt«®µ²¶ò¸É©®³»4§

nkF+δk,α = 1− nkF−δk,α.
pÌ|4£Øó4õ q

îZ¹i°n½
nkF,α = 1

2

p�¸¤½È³»§=©¬¹\µ.Ô�µ¡«ÇÓ�³ÕÖª¸É½Gqx1ëñ\°n©È©¬¹nµ&¼Ð°\§\±º©¬³¥4§
nk,α

³»½�±¡4§ª©¬³¥§i°\¤°\½�©¬¹\«®¤°\Ö4¹
kF

£ïð�êÂµ²·¤µ¡«J1â¼Ð¤«t¸É§lÍg§\¤§`Ãé·É¸É§\³»½Ç¹\³»§\Ö³»§ª©¬µ¡«®¸¤±²©®³»4§0©¬¹nµ´Ó24Ó2µ¡§ª©¬°\Ó¾¯\³»½Ì©¬«®³¥ñ\°n©®³»¤§ ¸¤§\¯ ©¬¹\µr¯\µ²§\½®³À©ÆÍg¤¼½Ç©¬¸É©¬µ²½_¹�¸�·4µFÊ��êÂµ¡«ÆÃ¨¶»¸�êO½Ç³»§\Ö4°n¶ò¸¤«Ç³À©¬³Àµ¡½R¸J©R©¬¹\µFÔ�µ¡«ÇÓ�³i¶¥µ²·4µ²¶:1ÉêX³À©¬¹r¸ð·É¸É§\³»½Ç¹\³»§nÖÕ½Ç³»§\Ö4¶¥µºÃéÊ�¸¤«Ç©®³¥±¡¶ÀµH¯nµ¡§\½Ç³¥©¨Í¤¼\½Ì©]¸É©®µ¡½Ò¸É©
εF
£�îZ¹\µÂ¸¤ñ\½Çµ¡§\±²µÂ¤¼\¸Ñ½Ì©¬µ¡Ê ¯n³»½®±²4§l©®³»§l°\³¥©¨Í(¸É©

kF

³»Ó2Ê\¶¥³Àµ¡½�©¬¹\µH¸¤ñ\½Çµ¡§\±²µÂ¤¼\¸ÑÛl°�¸¤½Ç³»Ê�¸É«Ç©¬³¥±¡¶¥µÊ�4¶»µ(³¥§�©¬¹nµ�¤§\µºÃéÊ�¸¤«Ì©¬³»±²¶»µ��(«®µ²µ¡§��à½X¼Ð°\§n±²©¬³¥4§�£
ò õ¦ó<ÕPÇ�i:[9Ø)[xj�X�V�ïxikjkj|h�zÁi:XZ�2V¿h��bØaïGð2h�Ç3×)[$Ø)[x�2VxikzÁl0ö`h�À�[GVº£´îZ¹\µ�Ô�«®³¥µ¡¯\µ²¶k¤½®±¡³¥¶»¶»¸É©®³¥¤§\½(É¼H©¬¹\µ2¯n³»½®Ên¶ò¸¤±²µ¡¯µ¡¶¥µ¡±º©¬«®¤§�¯\µ²§\½®³À©ÆÍ8¸¤«Ç4°\§\¯�¸.±]¹�¸¤«®Ö¤µ¡¯�³¥Ó�Ê\°n«®³À©ÆÍU³¥§�¸.§n4«®Ó�¸¤¶(|EÝ!µ¡¶¥µ¡±º©¬«®¤§<Ë\°\³»¯<¹\¸�·4µ�©¬¹nµ�¼Ð4«ÇÓ
cos(2kFx)/|x|

1\êX¹\µ¡«Çµ�©¬¹\µ(êF¸�·4µ²¶»µ²§\Ö¤©®¹
2π/(2kF)

³¥½Xµ¡Ûl°�¸¤¶�©®´©¬¹\µ�Ó2µE¸É§ÈÚ�«®½Ì©ÇÃ¨§nµ¡³»Ö¤¹iñ�4°\«Z¯\³»½Ì©]¸¤§\±²µ
L/N

³»§�©®¹\µ½ÇÊ\³»§n¶»µ¡½Ç½C±¡¸¤½®µÉ£ îZ¹\µ�«Ç4¶¥µ É¼X«®µ¡Ên°\¶»½Ç³¥·4µ ³»§ª©¬µ¡«®¸¤±²©®³»¤§\½M³»§,©¬¹\µáÒè ³»½�©¬gÓC°\¶¥©®³¥Ê\¶ÀÍ ©®¹\µ¸¤ñ��·4µZ¼�¸¤±²©®4«kñªÍ´¸Õ¼Ð°\§\±º©¬³¥4§´µÄænÊn«®µ¡½Ç½®³»§\ÖM¸¤§´µºæi©¬«Çµ¡Ó2µ¡¶ÀÍr½Ç¶»�ê�½ÇÊ�¸É©®³ò¸¤¶n¯\µ²±E¸EÍepÐ¤¼�±²4°\«®½Çµ�1`¸É§lÍ ¼Ð4«®Ó�¤¼¶»¤§\ÖÉÃ¨«®¸¤§\Ö4µX¤«®¯\µ²«H½®°\±]¹È¸É½�Q$³¥Ö4§\µ²«H±²«ÇÍi½Ç©¬¸¤¶»¶¥³»çE¸J©¬³¥¤§2³»½eÊ\«®µº·4µ¡§ª©¬µ²¯ÈñªÍ2Ë\°\±²©®°�¸É©¬³¥4§\½H³¥§0|EÝ ¸É±¡±¡¤«®¯\³¥§\Ö©¬ ©®¹\µ�Q�¸¤Ö4§\µ²«ÌÃÆè�µ¡«®Ó2³¥§=©®¹\µ¡¤«®µ¡Ó&qº£÷�Õ§\µ&Ó�¸EÍ «®¸É©¬¹\µ²«�·i³¥µ²ê!©¬¹nµ&½®Ê\³¥§\¶»µ²½®½ÈáÒè Ë�°\³»¯*¸É½Èñ�µ¡³¥§\ÖÊ\«®¤§\µ ©® ¼Ð4«®Ó�¸É©®³»¤§ ¤¼ ¸ ±]¹�¸¤«®Ö¤µºÃ¨¯nµ¡§\½Ç³¥©¨Í=Ó2i¯\°\¶»¸É©¬³À4§ ¹�¸E·`³¥§\Ö êÂ¸�·4µ&§i°\ÓCñ�µ²«
2kF

¸É§\¯*½Ç¶»�êX¶¥Í¯\µ²±E¸�Íi³¥§\Ö�¸¤Ó2Ê\¶»³À©®°\¯\µ�1�êX³À©¬¹ ©¬¹nµ´«®4¶¥µr¤¼e©¬¹nµ´³»Ó2Ê\°\«Ç³¥©¨Í�ñ�µ¡³¥§\Ö�©¬¹�¸É©t¤¼HÊ\³¥§\§\³¥§\Ö©¬¹\µ´Ê\¹\¸¤½®µ´¤¼H½®°\±]¹¸gÓ2i¯\°\¶»¸É©¬³À4§�£0¦¨§n±¡¶»°n½®³»¤§U¤¼X©®¹\µ½®Ên³»§`Ã 1
2

¯\µ²Ö4«®µ²µ�¤¼Z¼Ð«®µ²µ¡¯\¤Ó ¸¤¯\¯\½ ©®g©®¹\µ�¸¤ñ��·4µ�«Çµ¡½Ç°\¶¥© ¼Ð4«M©®¹\µ½®±²«®µ¡µ²§\³¥§\Ö0±Ä¹\¸¤«®Ö¤µ ¸È©®µ¡«ÇÓ�¹�¸�·i³¥§\Ö�©®¹\µ´¼Ð4«®Ó
cos(4kFx)

ÓC°\¶À©¬³¥Ê\¶¥³Àµ¡¯.¸¤Ö4¸¤³»§&ñlÍ.¸¤§,µÄæ`©®«®µ²Ó�µ²¶¥Í&½Ç¶»�ê¯\µ²±E¸�Í�¼�¸¤±²©®4«¡£��k«®µ²¯\³»½ÇÊ�4½®³À©¬³¥4§0©®�±]¹�¸¤«ÇÖ4µC¯\µ¡§n½®³¥©¨Í�êF¸E·4µ¡½¿p ÙFÝDQ�½¼qëêX³À©¬¹0êF¸�·¤µ¡¶»µ²§\Ö¤©®¹
2π/(4kF) =

L/N
pÐêX³À©¬¹

kF

ñ�µ¡³¥§\Ö´§\�ê µ¡Ûl°�¸¤¶�©¬
πn/2

qF³»½Z³¥§\¯\³¥±E¸É©®µ¡¯È³¥§�©¬¹\µt«®µ²Ê\°\¶¥½®³¥·4µtá�°n©®©®³»§\Ö4µ²«Z¶»³¥Ûl°\³»¯d£
ò ï�ó$ø�jU[GïxzÁÇxi:ï9h�j7ïGXZ�»Ø�ÆTïxz�h��PïG[º£ðîZ¹\µC±¡°\«Ç«®µ¡§ª©

I
Ë\�êX³»§nÖ ©¬¹n«®4°\Ö¤¹&¸ ¹n4Ó�¤Ö4µ¡§nµ¡4°\½ |�Ý�Ë�°\³¥¯g½®°\ñ)SÇµ¡±º©
ß �



©¬ ¸gÊ�¤©®µ¡§ª©¬³ò¸É¶H¯\«Ç4Ê
∆V

¸¤ÊnÊ\¶»³¥µ¡¯�ñ�µº©¨êÂµ¡µ²§<¸g½®¤°\«®±²µap�¸É© ©®¹\µ¶»µ²¼�©GqM¸¤§n¯O¸g¯\«®¸¤³»§Ûp�¸É© ©¬¹\µ«Ç³»Ö4¹ª©�q³»½Z©®¹\µ�¯\³|�dµ²«®µ²§\±¡µ�ñ�µ²©¨êÂµ²µ¡§0©®¹\µ�±²°\«®«®µ²§l©ð±E¸É«®«®³¥µ¡¯�ñªÍÈ«®³¥Ö4¹l©XÓ2�·4µ¡«®½X¯\«®³À·4µ¡§�ñªÍ�©¬¹nµ�½®4°n«®±¡µ�Ê�¤©¬µ²§l©®³ò¸¤¶©¬�êF¸¤«Ç¯\½ë©®¹\µ ¯\«¬¸É³»§g¸¤§n¯0©¬¹\µ ±¡°n«®«®µ²§l©Õ¤¼A¶¥µ²¼�©ëÓ2�·4µ²«®½ë¯\«Ç³¥·4µ²§gñlÍ�©¬¹nµC¯n«¬¸¤³¥§0Ê�¤©¬µ²§l©®³ò¸¤¶�©¬�êÂ¸¤«®¯n½ë©®¹\µ½®4°n«®±¡µÉ£kîZ¹nµX·J¸¤¶»°nµZ¤¼
I
³»½_¯\µ²©®µ¡«®Ó2³»§nµ¡¯´ñªÍC©®¹\µXÊn«®4Ê�µ²«A±²°\«®«Çµ¡§l©ÌÃ¨¯\µ²§\½®³À©ÆÍ�ù ±]¹�¸¤«®Ö¤µºÃ¨¯nµ¡§\½Ç³¥©¨Ír«Çµ¡½ÇÊ�4§\½®µ¼Ð°\§\±º©¬³¥4§�1¤¸¤§\¯ ³»§�©®¹\µH½®Ê\³¥§\¶»µ²½®½Rá�è ©®¹\³»½â¼Ð°\§\±º©¬³¥4§ ±²4³¥§\±¡³¥¯\µ¡½âêX³¥©¬¹�©¬¹�¸J©R¤¼n©¬¹\µH§\4§iÃ¨³»§ª©¬µ²«¬¸¤±º©¬³»§nÖXË�°\³¥¯�£îZ¹\µ�«Çµ¡½®°n¶¥©X³»½

I = G∆V
êX¹\µ¡«Çµ�©®¹\µt±¡¤§\¯\°\±º©]¸¤§\±²µ

G
¹�¸¤½Z©®¹\µ(¼Ð°\§\¯�¸¤Ó2µ²§l©]¸É¶�·J¸¤¶»°nµ

G = e2/h
pÌ|4£Øó4ì�q

p�4«F©¨êX³»±²µ(©¬¹\³¥½F·É¸¤¶¥°\µt³À¼Ò½®Ên³»§�³¥½Z³»§\±²¶»°\¯nµ¡¯bqÄ£¦¨§\±²¶»°n½®³»¤§<¤¼(¸&Ê�4³»§ª©ÇÃé¶»³|4¤µÈ³¥Ó�Ên°\«®³À©¨ÍU³»§O©¬¹nµ�Ë�°n³»¯<±¡¸¤°\½Çµ¡½¸&ñ�¸¤±G4ªÃé½®±¡¸É©®©®µ¡«®³¥§\Ö,±¡°n«®«®µ²§l©J1ÂêX¹\³»±]¹³»½(¯\°\µr©¬È©®¹\µr©¬«¬¸É§\½Ç¼Ðµ²«�É¼Â«®³¥Ö4¹l©(Ó2�·4µ²«®½�¸¤±¡«Ç4½®½(©¬¹\µrêX³»«Çµr©¬�©¬¹\µ´¶¥µ²¼�©ÇÃéÓ��·i³¥§\Ö�ñn«¬¸¤§\±]¹,Ó2³»§l°\½Õ©®¹\µ©¬«®¸¤§\½Ç¼Ðµ²« É¼(¶»µº¼�©�Ó��·4µ¡«Ç½�©®,©¬¹nµ0«Ç³»Ö4¹ª©ÇÃ¨Ó2�·i³¥§\Ö.ñn«¬¸¤§\±]¹�£*îZ¹\µ0«Çµ¡½®°n¶¥© ³»½�¸,«Çµ¡¯\°\±º©¬³¥4§�¤¼Õ©¬¹nµ0§\µº©±¡°n«®«®µ²§l©´Ë\�êX³¥§\Ög©¬¹\«®¤°\Ö4¹ ©®¹\µêX³»«ÇµÈ¸É©´¸gÖ4³¥·4µ²§ ·É¸¤¶¥°\µ¤¼
∆V
£�îZ¹\µÈñ\¸¤±�44Ãé½®±E¸J©®©¬µ²«®³¥§\Ö&±¡°n«®«®µ²§l©´³»½Ê\«®¤Ê�4«Ç©®³»4§�¸É¶Â©¬

(∆V )2g−1
1HêX¹nµ¡«®µ@pÐ³kq

g = 1
³»§O©¬¹nµ0¸Éñ\½®µ²§\±¡µ�¤¼Õ³¥§l©®µ¡«¬¸É±²©¬³¥4§\½�1H½®.©¬¹\¸É©�¤¹\Ó�³¥±ñ�µ¡¹�¸E·i³»4°n«³»½ Ê\«®µ²½®µ²«Ç·4µ²¯*©¬¹n4°\Ö4¹ êX³À©¬¹$¸�¶»�êÂµ¡«Çµ¡¯=±¡¤§\¯\°\±º©]¸¤§\±²µ���ñn°n©ap�³¥³kq

g < 1
¼Ð4« «®µ²Ê\°\¶¥½®³À·4µ³»§ª©¬µ²«¬¸¤±º©¬³»¤§\½J1l³»Ó2Ê\¶ÀÍi³»§nÖM¸�·É¸É§\³»½Ç¹\³»§nÖ ±²4§\¯\°n±²©]¸É§\±¡µë¼Ð¤«

∆V → 0
£7�k³»§n§\³»§\Ö�¤¼�©¬¹nµëµ²¶»µ¡±º©¬«Ç4§ ¯\µ¡§n½®³¥©¨ÍñlÍ©®¹\µt³»Ó2Ê\°\«Ç³¥©¨Í�³»½X¸¤Öª¸É³»§�³»§\¯n³»±¡¸É©¬µ²¯�£�2�Ò�����â��� ø �&�¡úÒ����ü 1

2

���l� ���l�&� ùðùé���i�i�â���êÅC�¡úR����ü¬� ø �n�J� �&�¡�lúÒ�n�J�`�������KÅ �ÑÊ�©¬´©¬¹\³¥½ÑÊ�4³¥§l©XêÂµ¹�¸E·4µÑ³¥Ö4§\4«Çµ¡¯r©®¹\µX½®Ê\³¥§2É¼�©¬¹nµXµ¡¶¥µ¡±²©®«®4§ep�µÄæn±²µ¡Ên©e¼Ð4«k¤°\«A±²4Ó2Ó�µ²§l©k4§ ÙFÝDQ,½Â¸¤§n¯2Ê\³»§n§\³»§\Ö qº£n�ÑÊ�4§³»§n±¡¶»°n½®³»¤§O¤¼ð©®¹\µ�½®Ên³»§`Ã 1
2

¯nµ¡Ö4«Çµ¡µ�¤¼ð¼Ð«®µ²µ¡¯\¤Óe1Â¸É¶»¶F¤Ê�µ²«¬¸J©¬4«®½´³¥§<ÅkÛl½¡£RpÆ|4£Î×¤õ qC¸¤§\¯ÎpÌ|4£Î×¤ì qC¸¤±²Ûl°\³»«Çµ¸&½ÇÊ\³»§8³¥§\¯\µÄæ
σ
¸¤§n¯<½Ç°\Ó2Ó ¸É©®³»¤§\½C�·4µ²«

σ
§\µ¡µ²¯ ¸É¯\¯\³»§nÖ\£Oïð�êÂµº·4µ¡«J1

2kF

Ã¨½®±¡¸É©®©®µ¡«®³¥§\Ö&¤¼ðÊ�¸¤³¥«®½r¤¼µ¡¶¥µ¡±º©¬«®¤§\½ÂêX³À©¬¹�¸¤§ª©¬³»Ê\¸¤«¬¸¤¶¥¶Àµ¡¶ ½®Ên³»§\½Â±E¸¤§§\�ê ¸É¶»½® ñ�µ(¸É±¡±¡¤Ó�Ê\¸¤§\³»µ²¯ñªÍ ½ÇÊ\³»§ Ë�³¥Ê\½J1n¸¤§\¯³»§\±²¶»°\½Ç³»4§�¤¼©¬¹\³¥½Õµx��µ¡±²©tÓ�¸�4¤µ²½ë©¬¹\µCÓ2`¯nµ¡¶Ò§\�¶¥4§\Ö4µ²«ëµºæn¸¤±º©¬¶ÀÍ0½®4¶¥°\ñ\¶»µM³»§gÖ4µ²§\µ¡«®¸¤¶Cp�½®µ²µ2ô`µ¡±º©¬³¥4§ |4£À|4£Î×�qº£(¦é¼A©¬¹\³¥½©¬µ²«®Ó�³¥½Z§\µ¡Ö4¶¥µ¡±º©¬µ²¯�1 ¤§\µtÖ4µº©¬½Z©¬¹\µ�á�°n©®©®³»§\Ö¤µ¡«ÌÃé¶»³ÀÛl°\³¥¯Èïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§�³»§©¬¹\µ(¼Ð4«ÇÓ
HLL = vF

∑

q>0,σ,α

αq ρ̂α,σ(q)ρ̂α,σ(−q)

+
1

2L

∑

q 6=0

V1(q) [ρ̂R(q) + ρ̂L(q)] [ρ̂R(−q) + ρ̂L(−q)]

+
1

2L

∑

q 6=0,σ

[V2(q)− V1(q)] [ρ̂R,σ(−q) ρ̂L,σ(q) + ρ̂L,σ(−q)ρ̂R,σ(q)] ,
pÆ|4£åã�� q

êX¹\µ²«®µ
ρ̂α(q) = ρ̂α,↑(q)+ ρ̂α,↓(q)

£K�Õ§\µX±E¸¤§2§\�ê ±¡¸¤«®«ÌÍr4°n©H¸(©¬«®¸¤§\½Ì¼Ð4«®Ó�¸É©¬³¥¤§r©®�ñ�4½®¤§�4Ê�µ²«¬¸É©®4«®½�1°\½®³¥§\Ö2ÅkÛ £�pÌ|4£Øóª}�qeêX³À©¬¹È½ÇÊ\³»§`Ãé³»§\¯nµºæ`µ¡¯È4Ê�µ¡«®¸É©¬4«Ç½J1�¸¤§\¯Èµ¡¶¥³»Ó2³À§�¸É©®µë©®¹\µt±²«®4½Ç½Z©¬µ¡«ÇÓ�½Zñ�µº©ÆêHµ¡µ¡§�±]¹�¸¤«®Ö¤µ

ß\|



¸¤§\¯�½ÇÊ\³»§È¯\µ¡§\½Ç³¥©¨Í�ñlÍ�³¥§l©¬«Çi¯\°\±²³»§\Ör½®Ên³»§`Ãé½ÇÍiÓ�Ó2µº©¬«®³¥±(¸¤§\¯�½ÇÊ\³»§`Ã¨¸¤§ª©¬³»½ÌÍ`Ó2Ó2µ²©®«®³¥±ë±¡4ÓCñ\³¥§�¸É©®³»¤§\½�1




b̂Cq =
1√
2

(
b̂q↑ + b̂q↓

)

b̂Sq =
1√
2

(
b̂q↑ − b̂q↓

)
pÌ|4£Îã`|\q

êX³¥©®¹È©®¹\µt«®µ¡½Ç°\¶¥© HLL = HC +HS
êX¹\µ¡«Çµ

HC =
∑

q 6=0

[(
vF +

V1(q)

π

)
|q|b̂C†q b̂Cq +

V2(q) + V1(q)

4π
|q|
(
b̂C†q b̂C†−q + b̂C−q b̂

C
q

)]
,

HS =
∑

q 6=0

[
vF |q|b̂S†q b̂Sq +

V2(q)− V1(q)
4π

|q|
(
b̂S†q b̂S†−q + b̂S−q b̂

S
q

)]
.

ÅA¸¤±]¹ ¤¼_©¬¹\µ²½®µ ©ÆêH³»§\¯nµ¡Ê�µ¡§n¯\µ¡§ª©Õ©¬µ¡«ÇÓ�½ð±E¸¤§gñ�µ ¯\³»¸¤Ö44§�¸É¶»³Àç¡µ²¯0ñªÍ0¸ÁÂ¤Ö44¶»³¥°nñ��·�©®«¬¸¤§\½Ì¼Ð4«®Ó�¸É©®³»¤§�1Ú�§\¯\³¥§\Ör©ÆêH2ñ\«¬¸¤§n±Ä¹nµ¡½Ñ¤¼RµÄæ`±¡³¥©¬¸É©¬³¥4§\½²äk±Ä¹\¸¤«®Ö4µt¯nµ¡§\½Ç³¥©¨ÍêF¸�·4µ²½ðÊn«®4Ê�¸ÉÖª¸É©¬³¥§\ÖCêX³À©¬¹�·4µ¡¶¥i±¡³¥©¨Í

cCq =

√(
vF +

V1(q)

π

)2

−
(
V2(q) + V1(q)

2π

)2 pÌ|4£Îã4}�q
¸¤§\¯�½ÇÊ\³»§È¯\µ¡§\½Ç³¥©¨ÍêF¸�·¤µ¡½ÑÊ\«®4Ê\¸¤Öª¸É©®³»§\ÖCêX³À©¬¹�·4µ¡¶¥i±¡³À©ÆÍ

cSq =

√

v2F −
(
V2(q)− V1(q)

2π

)2

.
pÌ|4£Îã¤¿ q

ú Ö»ik�Tî9ïGð2h�Ç3×)[�V�[�Ö2h�ÇAh�z3i:XZ��³¥½R³»Ó2Ê\¶¥³¥±²³À©R³¥§ ©¬¹\µÂ¼�¸¤±²©R©¬¹�¸J©_©¬¹nµ¡½®µF©¨êÂÕ·4µ¡¶¥i±¡³À©¬³»µ²½_¸¤«ÇµF³»§CÖ4µ²§\µ¡«®¸¤¶n¯\³5��µ¡«Çµ¡§ª©E£îZ¹i°n½J1�³À¼�êÂµtêX«Ç³¥©¬µÕ©¬¹\µt½®Ê\³¥§`Ã¨³¥§\¯\µÄænµ²¯�ñ�¤½®4§�4Ê�µ¡«®¸É©¬4«X¸¤½Z©¬¹\µt½®°\Ó�¤¼_¸´±]¹�¸¤«ÇÖ4µt±¡4Ó2Ê�4§\µ²§l©ð¸¤§n¯0¸½®Ê\³¥§�±²4Ó2Ê�4§\µ¡§ª©�ñªÍ(³»§ª·4µ¡«Ç½®³»¤§�É¼\ÅkÛ £)pÌ|4£Îã`|\q�1�©¬¹\µ²½®µA©¨êÂÑ±²4Ó�Ê�¤§\µ¡§ª©¬½�êX³»¶¥¶¤µ²·¤4¶¥·4µA³¥§(©¬³¥Ó�µk¸É±¡±¡¤«®¯\³¥§\Ö©¬r©ÆêH2¯\³5��µ¡«Çµ¡§ª©ð¸¤§n¯�³»§\¯\µ²Ê�µ¡§\¯nµ¡§l©ëïð¸¤Ó2³»¶À©®4§\³¥¸¤§\½�1\¸¤§\¯ÈêX³¥¶»¶dÊ\«Ç4Ê�¸¤Ö4¸É©¬µt¸É©X¯\³|�dµ²«®µ¡§ª©X·4µ²¶»i±²³¥©¬³¥µ¡½²£
¤K¥A¤K¥:û ¬?é¦ªM±b¯)¸6¨K®R©ev®�¨K®Rªd³R¦ÐÑªM®R©)v¨K®�ü<©)·Rv®�·R´Kv¸2v®RÔÛ¦®ý¯]þRª@è¶r¯]þRª�¸°«Z¬0ÐÑª�¸2º

év¦ãF¶Rv³
îZ¹\µ8¶»¸¤½Ç©g©¬µ²«®Ó ³»§Þ©®¹\µ8ïð¸¤Ó�³¥¶À©¬¤§\³»¸É§ÚpÆ|4£Îã�� q0³¥§\±²¶»°\¯\µ²½&¤§\¶¥Í

2kF

Ãé½®±¡¸É©®©®µ¡«®³¥§\Ö$ñ�µº©ÆêHµ¡µ²§�Ê�¸¤«®¸¤¶»¶¥µ¡¶ÜÃ½®Ê\³¥§.µ²¶»µ¡±º©¬«Ç4§\½¡£r¦¨§.©®¹\µ¡³¥«ÕêÂ4«A4 á�°n©¬¹\µ²«�¸¤§\¯,ÅkÓ2µ¡«ÇÍ~}Î×i|J�A¸¤¯\¯\µ²¯�¸
2kF

Ãé½®±¡¸É©®©®µ¡«®³¥§\Ö�©¬µ²«®Ó�ñ�µº©ÆêHµ¡µ²§¸¤§ª©¬³»Ê\¸¤«¬¸¤¶¥¶Àµ¡¶ÜÃé½®Ên³»§Mµ¡¶¥µ¡±²©®«®4§n½A¸É§\¯r½®¹\�êÂµ¡¯r©¬¹\¸É©_¼Ð¤«R½®Ê�µ¡±²³ò¸¤¶i·É¸¤¶¥°\µ¡½_¤¼�©¬¹\µF±²4°\Ê\¶¥³»§\Öë½Ç©®«®µ²§\Ö¤©¬¹rÊ�¸¤«®¸¤Ó´Ãµ²©®µ¡«®½ëµºæn¸¤±º©Õ¯\³ò¸¤Ö¤4§�¸¤¶¥³ÀçE¸É©®³¥¤§�³¥½ð½Ç©®³»¶¥¶âÊ�4½Ç½®³»ñn¶»µ$À�iÁh�ñ�¤½®4§\³¥çE¸É©®³»4§d£XîZ¹\µ ¶ò¸¤«ÇÖ4µºÃéÓ24Ó´µ¡§ª©¬°\ÓT©¬«¬¸É§\½Ç¼Ðµ²«©¬µ²«®Ó2½Ñ¸¤«Çµt¯\µ²½®±¡«Ç³»ñ�µ²¯0ñªÍ©¬¹\µ²½®µM¸¤°`©¬¹\4«Ç½Z©¬¹n«®4°\Ö¤¹�¸2ïð¸¤Ó2³»¶À©®4§\³¥¸¤§
HL
³»§�©¬¹nµt¼Ð¤«®Ó

HL =
∑

σ,σ′

∫
dxψ†R,σ(x)ψ

†
L,σ′(x)ψR,σ′(x)ψL,σ(x)

[
g‖δσσ′ + g⊥δσ,−σ′

] pÌ|4£ÎãÉß°q
ßl}



¸¤§\¯ 4§\µr±¡¸¤§&½Ç©®³»¶¥¶Ò±¡¸¤«®«ÌÍg4°`©t¸�½Çµ¡Ê�¸É«¬¸É©¬³¥4§ É¼e©®¹\µC©¬É©]¸¤¶Rïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§g³¥§l©¬³¥§\¯\µ²Ê�µ²§\¯\µ²§l©�¯nµ¡§\½Ç³¥©¨Í¸¤§\¯½ÇÊ\³»§`Ãé¯\µ¡§n½®³¥©¨Í´©¬µ¡«ÇÓ�½²£kîZ¹nµÕ¶ò¸É©Ç©¬µ²«HÓ�¸�Í2¸¤¶»½Ç ñ�µëµºæn¸¤±²©®¶¥Í�¯n³ò¸¤Ö¤4§�¸¤¶¥³¥ç²µ¡¯2êX³¥©®¹ ©¬¹nµë½®Ê�µ¡±²³¥Ú�±ë±Ä¹\¤³»±²µ
g‖ = −3(2πvF )/5

1\¶»µ¡¸¤¯\³¥§\ÖC©¬2¸´§\µºê µ¡³¥Ö4µ¡§ª·É¸¤¶¥°\µt½ÇÊ�µ¡±º©¬«®°nÓ Ö¤³¥·4µ²§�ñlÍ
ωq = vFkF ±

√
(q ∓ kF)2 +∆2

pÌ|4£Îã4×�q
êX¹\µ²«®µ

∆ = g⊥/(2πA)
êX³À©¬¹

vF/A
©¬¹nµ�ñ�¸¤§\¯nêZ³»¯n©®¹�£$ÅAÛl°�¸J©¬³»¤§åpÆ|4£åã¤×�qr½Ç¹\�êX½�©®¹�¸É© ¸¤§<µ¡§\µ²«®Ö¤ÍÖª¸¤Ê�¹�¸¤½ð4Ê�µ²§\µ¡¯g°\Êg¸É© ±kF

³¥§�©¬¹\µM½®Ên³»§`Ãé¯\µ¡§\½Ç³¥©¨Í�µÄæ`±¡³À©]¸É©¬³¥4§�½®Ê�µ¡±º©¬«®°nÓ�£XîZ¹\µ²«®µ ½Ç©®³»¶»¶�³»½Ñ§\ Öª¸ÉÊ0³¥§©¬¹\µC±Ä¹\¸¤«®Ö4µÄÃ¨¯nµ¡§\½Ç³¥©¨ÍgµÄæn±²³¥©¬¸É©¬³¥4§g½®Ê�µ²±²©¬«Ç°\Ó01�½®�©®¹�¸É©t¸J©(½®°2E2±²³»µ²§l©¬¶ÀÍ0¶»�ê6©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µ²½(4§\¶ÀÍ�©®¹\µ¡½Çµµºæ`±²³¥©]¸J©¬³»¤§\½�êX³¥¶»¶¤ñ�µe³»Ó2Ê�4«Ç©¬¸¤§ª©E£âîZ¹nµHÛl°\µ²½Ç©¬³¥4§ ¸¤«Ç³»½Çµ¡½�¸¤½â©®XêX¹\µº©¬¹\µ²«�©¬¹\µAÖª¸¤Ê�³»§(©¬¹\µA½®Ê\³¥§�µºæ`±¡³À©]¸É©®³»4§½®Ê�µ²±²©¬«Ç°\Ó ³»½X¸¤½Ç½®i±²³ò¸É©®µ¡¯ÈêX³¥©®¹�Ê\¸¤³»«Ç³»§\ÖC¤¼_¸É§l©¬³¥Ê�¸¤«®¸¤¶¥¶¥µ²¶ÜÃé½®Ê\³¥§¼Ðµ²«®Ó2³»4§n½�pÐ½®µ¡µtñ�µ¡¶»�êwqº£
Q,µ�Ê\°\«Ç½®°\µ�©®¹\µ�Ê\«Çµ¡½Çµ¡§l©¬¸É©¬³¥4§O¤¼X©®¹\µÈá�°n©¬¹\µ²«ÌÃ¨ÅAÓ2µ²«ÇÍU¶¥³»Ûl°\³¥¯UñªÍ�¼Ð4¶¥¶»�êX³¥§\Ö�©¬¹nµ�¯\³»½Ç±¡°\½Ç½®³¥4§O¤¼ô`±]¹i°\¶¥ç�[xzOh�j £e}àßª¿Z�31�êZ¹\�°\½®µ´©¬¹\µ2±²4§l©®³»§l°\°\Ó�Ó�i¯nµ¡¶kµºæi©®µ¡§\¯\µ²¯�©¬�³»§n±¡¶»°n¯\µr©¬¹nµ2½®Ê\³¥§`Ã 1

2

¯\µ²Ö4«®µ²µ�¤¼¼Ð«®µ²µ¡¯\¤Ó�£kîZ¹\µ²½®µ ¸¤°`©¬¹\4«Ç½Ñ¸¤¯\¯�¸r½®Ê\³¥§`ÃéË\³»Ê�ñ�¸¤±G4ªÃé½®±¡¸É©®©®µ¡«®³¥§\Ö´©®µ¡«®ÓT³»§�©¬¹nµ(¼Ð4«®Ó
Hsf =

g1
L

∑

k,p,q

∑

σ,σ′

c†R,σ(k)c
†
L,σ′(p)cR,σ′(p+ 2kF + q)cL,σ(k − 2kF − q).

pÌ|¤£åã¤ó�q
îZ¹\µMïð¸¤Ó2³»¶À©®4§\³¥¸¤§�³¥½F©¬¹\µ²§�êX«®³À©®©®µ¡§�³¥§�©¬¹nµt¼Ð¤«®Ó

H = HC +HS +
2g1

(2πA)2

∫
dx cos(

√
8φS(x))

pÌ|¤£åã¤ã�q
êX¹\µ²«®µt¼Ð4«

i ÿ ÙR1�ôêÂµt¹�¸�·4µ
Hi =

1

2

∫
dx

[
πuiKiΠ

2
i (x) +

ui
πKi

(∂xφi(x))
2

] pÌ|4£Îã¤õ q
êX³¥©®¹





ui =

√(
vF +

g4,i
π

)2
−
( gi
2π

)2

Ki =

√
2πvF + 2g4,i − gi
2πvF + 2g4,i + gi

pÌ|4£Îã¤ì q

p�½Çµ¡µCÅkÛl½¡£=pÌ|¤£Îó¤ó qX¸¤§\¯~pÆ|4£Øóªã�qAqx1 ¹�¸E·`³¥§\Ö�¯\µ²Ú\§\µ¡¯
gC = g1 − 2g2

1
gS = g1

1
g4,C = g4

¸É§\¯
g4,S = 0

£Ô�4«
g1 = 0

ÅkÛl½¡£»pÌ|4£Îã4ã�qéÃxpÌ|¤£åã¤ì�q�¯\µ¡½Ç±¡«Ç³»ñ�µX³»§\¯\µ²Ê�µ¡§\¯nµ¡§l©e¶»4§\ÖJÃéêF¸E·4µ¡¶¥µ¡§\ÖÉ©¬¹r4½®±²³»¶¥¶ò¸J©¬³À4§\½_É¼�©®¹\µX±]¹�¸¤«ÇÖ4µ¸¤§\¯ ½ÇÊ\³»§U¯\µ²§\½®³À©ÆÍ,êX³À©¬¹U¶»³¥§\µE¸É«M¯\³¥½®Ê�µ¡«Ç½®³¥4§ «Çµ¡¶»¸É©¬³¥4§\½
ωi = ui|q|

£&Ô�4«
g1 6= 0

©¬¹\µ¶»¸¤½Ç©M©¬µ²«®Ó;¤§©¬¹\µ�LÑïÕô�¤¼_ÅAÛ £�pÌ|4£Îã4ã�qÂÓC°\½Ç©Ññ�µt©¬«ÇµE¸É©®µ¡¯�Ê�µ¡«Ì©¬°\«Çñ�¸É©®³¥·4µ¡¶ÀÍ�ñlÍ�Ó�µ¡¸¤§\½ÑÉ¼k¸´«®µ²§\4«ÇÓ ¸¤¶¥³¥çE¸J©¬³¥¤§`ÃéÖ4«Ç4°nÊ¸¤Ê\Ên«®ª¸¤±]¹�1 ¸É§\¯È©¬¹\µt«Çµ¡½Ç°\¶¥©®½ð¸É«®µ�¸É½Z¼Ð4¶»¶¥�êX½¡£
ò i ó � [�Ö»Æ]j VxikÀ�[�ik�Tzv[xÇAh)ïxzÁi:XZ�2Vº£ëÔ�¤«

g1 > 0
©¬¹nµ ±¡4½Ç³»§\µ�©¬µ¡«ÇÓ¾³»§0ÅAÛ £=pÌ|4£Îã4ã�qX³»½ð«Çµ¡§\¤«®Ó�¸¤¶»³¥ç²µ¡¯�©¬ ç¡µ²«®¸É©´¶¥4§\ÖgêÂ¸�·4µ²¶»µ¡§nÖ¤©¬¹\½�1H½® ©¬¹�¸É©r½®Ê\³¥§`ÃéË�³¥Ê Ê\«Çi±¡µ¡½Ç½®µ²½�ñ�µ¡±²4Ó�µ�³»«Ç«®µ²¶»µ²·J¸¤§l©r³¥§ ©®¹\µÈ«Çµ¡§\¤«®Ó�¸¤¶»³¥ç¡¸É©¬³À4§iÃÖ4«®¤°\Ê,½®µ²§\½®µÉ£"� ½®³¥Ó2³»¶¥¸¤«ë¼�¸É©¬µ´³»½tÓ2µ²©�ñlÍ&±²4«®«Çµ¡±²©®³»¤§\½t©¬È©¬¹\µ�ïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§ÝpÌ|¤£åã4ã�qÕ½®°\±]¹U¸¤½t©¬¹\¤½®µ

ßª¿



PSfrag replacements

KS

KC
11/2 2

SDW

(CDW)

TS

(SS)

CDW CDW

(SS)

SS

(CDW)

SS

ÔR³¥Ö4°\«®µt|¤£¥|�}`ä=�k¹�¸¤½Çµë¯n³ò¸¤Ö¤«¬¸¤Ó�¤¼d©®¹\µM|�Ý*½ÇÍi½Ç©®µ¡Ó É¼�½®Ê\³¥§`Ã 1
2

¼Ðµ²«®Ó2³»4§n½¡£RîZ¹\µð½ÇÊ\³»§�½®µ²±²©®4«H³»½AÓ�¸¤½®½Ç¶»µ¡½Ç½
³»§M©¬¹\µF°nÊ\Ê�µ¡«_Ê�¸¤«Ì©rp

KS > 1
qx1¤êX¹\³¥¶»µH³»§M©¬¹\µF¶¥�êÂµ²«RÊ�¸¤«Ì©½p

KS < 1
q�©®¹\µF½ÇÊ\³»§Cµºæ`±¡³À©]¸É©®³»4§n½_¸¤«ÇµFÓ�¸¤½®½Ç³¥·4µ

êX³¥©®¹�¸rÖª¸¤Ê
∆
£

¸¤½®½Çi±¡³»¸É©¬µ²¯.êX³À©¬¹.ñ\¸¤§\¯,±²°\«Ç·J¸É©¬°\«Çµ�¸¤§\¯&êX³¥©®¹&©¬¹\µ2¸¤ñ\½Çµ¡§\±²µ�¤¼Â¹\³¥Ö4¹`Ãéµ¡§\µ²«®Ö¤Íg½®³¥§\Ö4¶»µÄÃ¨Ê�¸É«Ç©¬³À±¡¶¥µC½Ç©¬¸É©¬µ²½¡£áâ¸É©®©®³»±²µXµx�dµ²±²©®½H³¥§l©¬µ²«Ç·4µ²§\µð¸É©A¶»�ê�µ²§\µ¡«ÇÖ¤Í´4§\¶ÀÍ ©¬tÖ4³¥·4µZ«®³¥½®µZ©®�¹\³¥Ö4¹\µ²«A¹\¸¤«®Ó24§\³¥±¡½A¸É©kêF¸E·4µÑ§i°\ÓCñ�µ²«®½¤¼�©¬¹\µ(¼Ð4«ÇÓ
q = (2n+ 1)kF

êX¹\µ²«®µ
n
³»½X¸É§�³»§ª©¬µ¡Ö¤µ¡«²£

ò iki ó��wz3zÁÇ9h)ïxzÁikÀ�[Hik�Tzv[xÇAh)ïxzÁi:XZ�2Vº£_¦¨§©®¹\µë±E¸¤½Çµ
g1 < 0

1`¹\�êHµ²·4µ²«J1n©¬¹\µë«®µ²§\4«®Ó�¸¤¶¥³¥çE¸É©®³¥¤§�Ö4«®4°nÊ½®±E¸É¶»µ²½Â©¬½Ç©®«®4§\Ö2±²4°\Ê\¶¥³»§\Ö\£k¦¨§È©¬¹\³¥½X±E¸É½®µt©¬¹\µtµ¡¶¥µ¡Ó2µ¡§ª©]¸¤«ÌÍ�µÄæ`±¡³¥©¬¸É©¬³¥4§È¤¼Ò©®¹\µ�½ÇÊ\³»§iÃéË�°\±º©¬°�¸J©¬³»¤§�Ú�µ¡¶¥¯
φS
Ó�¸�Í�1¼Ð4«_³»§\½Ì©]¸¤§n±¡µ�1ª±¡¤«®«®µ²½®Ê�4§n¯2©®t½®Ó�¸¤¶¥¶n¤½®±²³»¶»¶»¸É©®³¥¤§\½_¸¤«®¤°\§\¯´4§\µZ¤¼ ©¬¹\µZÓ2³»§\³¥Ó2¸ë¤¼ ©¬¹\µZ±¡4½Ç³»§\µF©®µ¡«ÇÓe144«Ê�4½®½Ç³»ñ\¶ÀÍ ©®2½Ç4¶»³À©¬4§iÃ¨¶À³54¤µë©®µ¡«®Ó2½FêX¹\µ¡«Çµ

φS
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�Ñ�êÞêÂµC½ÇÊ�µ¡±¡³»¸¤¶¥³»ç¡µt©¬�©¬¹\µ ±E¸É½®µ êX¹\µ²«®µ ©¬¹\µ ¯\¤Ó�³¥§�¸¤§ª©ð±¡4§ª©¬«Ç³»ñ\°n©®³»4§�©® ©¬¹nµ 4Ên©¬³¥±E¸¤¶âÊ�¤©¬µ²§l©®³ò¸¤¶¸¤«®³¥½®µ²½(¼Ð«Ç4Ós4§nµ´µºæ`±²³¥©¬µ²¯�¸J©¬4Ó2³»± ¶»µº·4µ¡¶ |e〉 4§n¶¥Í¤£r¦¨§,¸¼Ð«®¸¤Ó�µC«Ç¤©]¸É©®³»§\Ö êX³¥©®¹&©®¹\µ´¶»¸¤½®µ²«Õ¼Ð«®µ²Ûi°nµ¡§\±ºÍ

×��



©¬¹\µ�ïð¸¤Ó2³»¶À©®4§\³¥¸¤§�É¼Ò©¬¹nµ�¸É©¬4ÓT³¥½X¸¤Ê\Ê\«Ç�æ`³»Ó�¸É©®µ¡¶ÀÍ Ö4³À·4µ¡§ÈñlÍ
H =

P 2

2m
+ δ|e〉〈e|, pÆ|4£Øõª×�q

êX¹\µ²«®µ
δ = ωe − ω

³»½Õ©¬¹nµ2¯nµ²©¬°n§\³»§\ÖÈ¤¼H©®¹\µ2¶»¸¤½®µ²«Õ¼Ð«®4Ó!©¬¹nµ�¸J©¬4Ó2³»±M©¬«¬¸É§\½®³À©¬³»¤§ |e〉 ↔ |a〉 £´îZ¹\µ¯\4Ó2³»§\¸¤§l©Ñ±²4§l©®«®³»ñn°n©¬³¥4§�©®�©¬¹nµC¸É©®4ÓrÃ¨¶»¸É½®µ²«Ñ³»§ª©¬µ²«¬¸¤±º©¬³¥4§�§\µ²Ö4¶¥µ¡±²©®³»§\Ö ¸É¶»¶âÛl°\³¥±G4i¶ÀÍ�4½Ç±¡³»¶¥¶ò¸J©¬³À§\Ö´©®µ¡«ÇÓ�½
p¦iÁ{Á[J{A³»§�©®¹\µt«®¤©¬¸É©¬³¥§\ÖÉÃ êF¸E·4µt¸¤ÊnÊ\«®Eæn³¥Ó ¸J©¬³¥¤§bqH³¥½ZÖ4³¥·4µ²§�ñªÍ

Hdip =
Ω(x)

2
|e〉〈a|+ h.c.

pÌ|4£Øõ4ó q
ïðµ²«®µ

Ω = −2E(x, t) 〈e|µe|a〉, pÆ|4£Îõ4ã�q
³»½(©®¹\µ2½®ÉÃé±E¸É¶»¶»µ²¯aLð¸¤ñn³_¼Ð«®µ¡Ûl°\µ²§\±ºÍ,¯\«®³À·i³»§\Ö�©¬¹nµ´©¬«¬¸É§\½®³À©¬³»¤§\½(ñ�µ²©¨êÂµ²µ¡§�©¬¹nµ´©ÆêÂ�¸É©¬¤Ó�³¥±r¶¥µ²·4µ²¶»½¡£ Ô�4«¶ò¸É«®Ö4µ ¯\µ²©®°\§\³¥§\Ö

δ À Ω
1H¸É¯\³ò¸¤ñ\¸É©¬³¥±E¸¤¶À¶ÀÍ.µ¡¶¥³»Ó2³¥§\¸É©¬³À§\Ö�©¬¹\µ�¶»µº·4µ¡¶ |e〉 Í`³¥µ¡¶¥¯\½ ©¬¹\µ¼Ð4¶¥¶»�êX³¥§\Ö0µºæ`Ê\¶¥³»±²³¥©µºæ`Ê\«Çµ¡½®½®³¥4§�¼Ð4«F©®¹\µt4Ên©®³»±E¸É¶�Ê�¤©®µ¡§ª©¬³ò¸É¶_ä

V (x) =
|Ω(x)|2

4δ
.

pÌ|4£Øõ4õ q
Ô�°\«Ç©®¹\µ¡«ÇÓ�¤«®µ�1d³À¼k©¬¹\µr¸É©¬¤Ó¾³»½ë³»§l©®µ¡«®¸¤±²©®³»§\Ö�êX³¥©®¹&¸½Ì©]¸¤§n¯\³»§\Ö¶»³¥Ö4¹l©ÑêF¸E·4µ�1�©¬¹\µC½®Ê\¸É©¬³»¸¤¶Ò¯\µ²Ê�µ¡§\¯nµ¡§\±¡µ¤¼�©¬¹\µ�LÑ¸¤ñ\³d¼Ð«®µ²Ûi°nµ¡§\±ºÍ�³»½ZÖ4³À·4µ¡§ÈñlÍß}Ø×¤ìZ�

Ω(x) = Ω0 sin(kx).
pÆ|4£Øõ4ì q

îZ¹i°n½J1�¸¤±¡±²4«Ç¯\³»§\Ör©®´©®¹\µ�ÅAÛ £�pÌ|4£Øõ4õ q�1n©¬¹nµtÊ�µ¡«®³¥i¯\³»±ÕÊ�¤©¬µ²§l©®³ò¸¤¶d±E¸¤§�ñ�µ(êX«®³À©®©®µ¡§�¸É½
V (x) = V0 sin

2(kx),
pÆ|4£Îì�� q

êX¹\µ²«®µ
V0 = Ω2

0/4δ
¯\µ²§\¤©®µ¡½2©¬¹nµ�Ê�¤©¬µ²§l©¬³»¸¤¶F¯\µ¡Ên©®¹�¤¼ð©¬¹nµ�¶ò¸É©Ç©¬³¥±¡µÈ¸¤§n¯<³»½´°\½Ç°�¸¤¶¥¶¥ÍUµºæ`Ê\«Çµ¡½®½Çµ¡¯=³¥§§�¸É©®°\«¬¸¤¶\°n§\³¥©®½AÉ¼�©®¹\µX«®µ²±¡4³¥¶\µ²§\µ¡«ÇÖ¤Í

Er = ~
2k2/(2m)

£_îZ¹\³¥½A4Ê`©¬³»±¡¸¤¶nÊ�¤©¬µ²§l©®³ò¸¤¶n³»½kÊ�µ²«®³¥i¯\³»±F³»§r½®Ê�¸É±¡µ¸¤§\¯�³À©X³¥½F©¬¹i°n½Ñ°\½Çµ²¼Ð°\¶�©¬rêÂ4«94 4°n©X©®¹\µ�ÁÂ¶»i±]¹Èµ¡³¥Ö4µ¡§n½Ç©]¸J©¬µ¡½
φ(n)q (x) = eiqxu(n)q (x),

pÌ|¤£Îì`|\q
êX¹\µ²«®µ

q
³»½F©¬¹nµMÁH¶»i±]¹ÈêÂ¸�·4µ�§l°\ÓCñ�µ¡«Ñ¸É§\¯

u
(n)
q (x)

¸¤«®µÕ©¬¹\µtµ²³»Ö4µ²§\½Ç©¬¸É©¬µ²½Ñ¤¼�©¬¹\µ�ïð¸¤Ó2³»¶À©®4§\³¥¸¤§
Hq =

(p+ q)2

2m
+ V0(x)

pÌ|¤£Îìª}�q
êX³¥©®¹�µ²§\µ¡«ÇÖ¤Í

E
(n)
q
¸É§\¯�Ê�µ¡«Ç³»i¯\³¥±¡³À©ÆÍ

a
É¼Ò©¬¹nµ�¤Ên©¬³¥±E¸¤¶dÊ�¤©¬µ²§l©®³ò¸¤¶31PiÁ{Á[J{
Hqu

(n)
q (x) = E(n)

q u(n)q (x).
pÌ|¤£Îì¤¿ q

×`|



�ð½Ç°�¸¤¶¥¶¥Í©®¹\µMÊ\¸¤«Ç©®³»±²¶»µ¡½X¸¤«®µt©]¸�4¤µ¡§�©®�ñ�µM³¥§È©¬¹\µ�¶»�êÂµ¡½Ì©ðñ�¸¤§\¯P1 êX¹\³¥±Ä¹�³»Ó2Ê\¶¥³Àµ¡½X±²i4¶¥³»§\Ör©®2©¬µ²Ó�Ê�µ²«¬¸JÃ©¬°\«Çµ¡½
T
ÓC°\±]¹�¶»�êÂµ¡«F©®¹�¸¤§È©¬¹nµt©®«¬¸¤ÊnÊ\³»§\ÖC¼Ð«®µ²Ûl°\µ¡§\±ºÍ

ωT
£

�6½®µ²©ð¤¼R4«Ì©¬¹\¤Ö44§�¸¤¶�§\¤«®Ó�¸¤¶»³Àç¡µ²¯ÈêF¸E·4µ�¼Ð°\§n±²©¬³¥4§\½Z©¬¹\¸É©X¼Ð°\¶»¶ÀÍ¯\µ²½®±²«®³»ñ�µ�Ê�¸¤«Ì©¬³»±²¶»µ²½X³¥§�ñ�¸¤§n¯
n
¤¼©¬¹\µ24Ê`©¬³»±¡¸¤¶kÊ�¤©®µ¡§ª©¬³ò¸É¶A¸¤§\¯�¸¤«Çµ2¶»i±¡¸¤¶»³Àç¡µ¡¯.¸É©�©®¹\µ2¶ò¸É©Ç©¬³¥±¡µr½®³À©¬µ¡½&pÐ³»§.«®µ²Ö4³»¤§\½M¸É«®4°\§n¯.©¬¹\µ2Ê�¤©¬µ²§l©®³ò¸¤¶Ó2³»§\³¥Ó�¸�qe³»½ZÖ4³À·4µ¡§�ñªÍ©¬¹\µHQ�¸¤§n§\³»µ²«Z¼Ð°\§n±²©¬³¥4§\½

ω0(x− xi) = N− 1
2

∑

q

e−iqxiφ(n)q (x)
pÌ|¤£Îì¤ß q

êX¹\µ²«®µ
xi
³»½ë©¬¹nµ´Ê�¤½®³¥©®³»¤§ É¼e©®¹\µr¶ò¸É©Ç©¬³¥±¡µ ½Ç³¥©¬µr¸¤§n¯ N ³¥½t¸§\4«ÇÓ ¸É¶»³ÀçE¸É©®³¥¤§g±¡¤§\½Ç©]¸É§l©¡£ îZ¹\µ2¸¤¯`·É¸¤§`Ã©]¸¤Ö¤µ¡½Â¤¼�°\½®³¥§\Ö�QU¸É§\§\³»µ²«H¼Ð°n§\±²©®³»4§n½

ω0(x− xi)
©¬ ¯\µ²½®±²«®³»ñ�µëÊ�¸¤«Ç©®³»±²¶»µ¡½e³»§�©®¹\µë¶»�êÂµ¡½Ì©Fñ�¸¤§n¯È¸É«®µð©®¹�¸É©

p�³sqM¸gÓ2µE¸É§ Ê�4½Ç³¥©®³»4§
xi
Ó�¸EÍ,ñ�µÈ¸É©Ç©¬«Ç³»ñ\°n©®µ¡¯�©¬0©¬¹\µÊ�¸¤«Ì©¬³¥±¡¶»µ�³À¼X³¥©C³¥½M¼Ð4°\§\¯U©¬gñ�µ�³¥§�©¬¹\µÓ2i¯\µ±¡¤«®«®µ²½®Ê�4§\¯n³»§\Ö´©®´©®¹\µHQU¸É§\§\³»µ²«Z¼Ð°n§\±²©®³»4§

ω0(x− xi)
�

p�³¥³kq_¶¥i±E¸¤¶ ³¥§l©¬µ²«¬¸¤±º©¬³¥4§\½eñ�µ²©¨êÂµ²µ¡§ÈÊ�¸É«Ç©¬³¥±¡¶¥µ¡½e±E¸¤§ ñ�µë¯\µ¡½Ç±¡«®³¥ñ�µ¡¯�µ¡¸¤½®³¥¶¥Í´½Ç³»§\±²µð©¬¹\µð¯\4Ó2³»§�¸É§l©e±¡4§ª©¬«®³¥ñ\°`Ã©¬³¥4§È±²4Ó2µ¡½Z¼Ð«®¤ÓTÊ�¸¤«Ç©®³»±²¶»µ²½Z¶»i±¡¸É©¬µ²¯�¸É©Z©¬¹\µt½¬¸ÉÓ�µ(Ê�4½®³À©¬³»¤§
xi
£

���&% 'Ú�0���8����� 	0¡?��£M�Þ�M�=���0£M�����J��?£æ��� �"�x�M�n���F����� ������� ���(����£M�½£
îZ¹\µÑÓ�¸¤³»§´¸¤³¥Ó�¤¼�©®¹\³»½eô`µ¡±º©¬³¥4§2³»½_©¬�Ê\«Çµ¡½®µ²§l©Â¸(¼Ð4«®Ó�¸¤¶nÓ�¸¤Ê\Ê\³¥§\Ö(ñ�µº©¨êÂµ¡µ²§ ©®¹\µÑÓ�¸¤§ªÍlÃéñ�i¯nÍrïë¸¤Ó2³»¶ÜÃ©¬4§n³ò¸¤§r¤¼d¸(±¡4§`Ú�§\µ¡¯�Ûl°�¸É§l©®°\Ó
Öª¸¤½k³»§2¸(½Ì©¬«®¤§\Ö�4Ê`©¬³»±¡¸¤¶n¶ò¸J©®©¬³¥±¡µF¸¤§\¯´©®¹\µX½®JÃ¨±E¸É¶»¶¥µ¡¯r³»§n¹\4Ó24Ö4µ²§\µ¡4°n½ïð°nñ\ñ�¸¤«Ç¯ Ó2i¯\µ²¶ £�îZ¹\µñ�¤½®4§\³¥±2·4µ¡«Ç½®³¥4§U¤¼F©®¹\µïÑ°\ñ\ñ�¸É«®¯UÓ2i¯\µ¡¶e¸¤§\¯U³À©¬½�Ê\¹�¸¤½Çµ ¯\³ò¸¤Ö¤«¬¸¤Ó01âêX³À©¬¹Ê�¸¤«Ì©¬³»±²°\¶»¸¤«R¸J©®©¬µ²§l©®³»4§M©¬ë©¬¹\µXè�É©®©k½Ç°\Ê�µ¡«ÌË�°\³¥¯`Ã¨³¥§\½®°\¶»¸É©¬¤«ÒÛl°�¸¤§l©®°\Ó�Ê\¹�¸¤½ÇµF©¬«®¸¤§\½Ç³¥©¬³¥4§C¸É§\¯r³¥©®½R4ñ\½Çµ¡«ÆÃ·É¸É©®³»4§-}Øó��Z�31\¸¤«®µÕÊn«®µ¡½Çµ¡§ª©¬µ²¯�³¥§ ©¬¹\³¥½Zô`µ¡±º©¬³¥4§êX¹\³¥¶»µð©®¹\µë¼Ðµ¡«ÇÓ�³¥4§\³¥±X·4µ¡«®½Ç³»4§�³¥½Âµºæi©¬µ²§\½®³À·4µ¡¶¥Í ¯\³»½Ç±¡°\½Ç½®µ²¯³»§�ÙÂ¹�¸ÉÊn©¬µ²«ð¿n£
¤K¥3à½¥¦¤ )�þRª+*Ó¶-,.,R´7¸6³²ÐÑ¨C³RªMé�ÏG¨7¸ê¶wé�¯]¸2´K±P¨Kév³ ´7¯]¨`ÐÑ©~v®²¨7·w¯]v±P´KéWév´7¯°¯]v±PªM©
ÁÂ4½Ç4§\½t¸É©

T = 0
³»§ ¸Ê�µ¡«Ç³»i¯\³¥± Ê�¤©¬µ²§l©®³ò¸¤¶DpG[J{m×�³¥§\½®³¥¯\µr¸É§&¤Ên©¬³¥±E¸¤¶Ò¶»¸É©®©®³»±²µ�qXµºæ`¹\³¥ñ\³¥©ë©ÆêH�©¨ÍiÊ�µ¡½t¤¼Ê\¹�¸É½®µ¡½²äk¸(½®°\Ê�µ¡«ÌË�°\³¥¯�Ên¹�¸¤½®µÑ¸¤§\¯2¸�è�¤©®©A³¥§\½®°n¶ò¸É©®³»§\ÖÕÊn¹�¸¤½®µX±]¹�¸¤«®¸¤±²©®µ¡«®³¥ç¡µ²¯2ñlÍr³¥§l©®µ¡Ö4µ²«rp�±²4Ó2Ó�µ²§\½®°`Ã«¬¸É©®µ�qFñ�¤½®4§�¯\µ¡§n½®³¥©¨Íß}Øó`|J��£eîZ¹nµM½Ç³»Ó2Ê\¶¥µ¡½Ç©Z½ÇÍi½Ç©®µ¡Ó êX¹nµ¡«®µ�4§\µt±¡¸¤§�³¥§l·4µ²½Ç©¬³¥Öª¸É©®µÕ©¬¹\µMè�¤©®©ÌÃ¨³¥§\½®°\¶»¸É©¬¤«Ê\¹�¸É½®µë©¬«¬¸É§\½®³À©¬³»¤§ i±²±¡°\«Ç«®³¥§\ÖC³¥§ ©®¹\µ¡½Çµ(½ÇÍi½Ì©¬µ¡Ó2½X¸É©Âç¡µ²«®C©®µ¡Ó2Ê�µ¡«¬¸J©¬°\«ÇµÕ³¥½F¸ Ö4¸¤½Â¤¼â«®µ²Ê\°\¶¥½®³¥·4µ²¶¥Í2³»§ª©¬µ²«ÌÃ¸¤±º©¬³»§nÖCñ�4½®¤§\½FêX³À©¬¹½®Ê\³¥§�ç¡µ²«®r³»§�¸ ¶ò¸J©®©¬³¥±²µð¯\µ¡½Ç±¡«®³¥ñ�µ¡¯ÈñlÍ2©¬¹\µ(ÁÂ4½ÇµºÃ¨ïð°\ñ\ñ\¸¤«®¯ap�ÁFïRqÂïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§�£îZ¹\³¥½Mïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§ ±¡4§ª©]¸¤³¥§\½(©¬¹nµ2Ó ¸É³»§ Ê\¹lÍi½Ç³»±¡½�¤¼Â½Ç©®«®4§\Ö¤¶¥Íg³»§ª©¬µ¡«®¸¤±º©¬³»§nÖ�ÁÂ4½Çµ2½ÇÍi½Ç©®µ¡Ó2½�êX¹\³»±]¹,³¥½©¬¹\µt±²4Ó2Ê�µ²©¬³À©¬³¥4§�ñ�µº©ÆêHµ¡µ¡§N4l³¥§\µ²©®³»±t¸¤§n¯�³»§l©®µ¡«®¸¤±²©®³»4§�µ²§\µ¡«ÇÖ¤Í4£

×4}



îZ¹nµ�½Ç©]¸É«Ç©¬³¥§\Ö´Ê�¤³»§l©Z³»½F©¬¹nµ�ïë¸¤Ó2³»¶À©®4§n³»¸¤§ H /10�2$2 ¤¼ÒÓ ¸¤§ªÍ³»§ª©¬µ²«¬¸¤±º©¬³»§nÖrñ�¤½®4§\½�}Øó4}Z�31
H /10�232 =

∫
d3xψ†(

�
)
[
− ~

2

2m
∇2 + V0(

�
) + VT (

�
)
]
ψ(

�
)

+
g

2

∫
d3xψ†(

�
)ψ†(

�
)ψ(

�
)ψ(

�
),

pÌ|4£Øìª×�q
êX¹\µ²«®µ

ψ(
�
)
³»½M¸�ñ�4½®¤§,Ú�µ¡¶¥¯�4Ê�µ²«¬¸É©®4«t¼Ð4«M¸É©®4Ó2½�³»§�¸�Ö4³À·4µ¡§,³»§l©®µ¡«Ç§�¸¤¶e¸J©¬4Ó2³»±r½Ç©¬¸É©¬µ |0〉 1 V0( � )³»½t©¬¹\µ�4Ên©®³»±E¸É¶A¶ò¸É©Ç©¬³¥±¡µ´Ê�¤©¬µ²§l©¬³»¸¤¶½1_¸¤§\¯

VT (
�
)
¯nµ¡½®±²«®³¥ñ�µ¡½r¸É§UµÄæi©¬µ¡«Ç§�¸¤¶e©¬«®¸¤Ê\Ê\³¥§\Ö�Ê�¤©¬µ²§l©®³ò¸¤¶31C[J{m×,¸Ó�¸¤Ö4§\µº©¬³»±M©®«¬¸¤ÊBp�½Ç¶»�êX¶ÀÍ�·É¸¤«ÌÍ`³¥§\Ö�±¡4Ó2Ê�¸¤«Çµ¡¯g©¬
V0(x)

qº£��ë½(Ó2µ¡§ª©¬³¥4§\µ¡¯ ñ�µº¼Ð4«®µ0pÐ½®µ²µ2ÅkÛ�£KpÌ|¤£Îì���qOqx1³»§�©®¹\µt½®³¥Ó�Ê\¶¥µ¡½Ì©X±¡¸¤½®µ(©¬¹\µ�¿4Ý64Ê`©¬³»±¡¸¤¶d¶ò¸É©Ç©¬³¥±¡µÕÊ�¤©¬µ²§l©®³ò¸¤¶d¹�¸¤½Z©¬¹nµ(¼Ð4«®Ó

V0(
�
) =

3∑

j=1

Vj0 sin
2(kxj).

pÌ|¤£Îì4ó�q
�ë¶¥¶d©¬¹nµ�Ê\¸¤«Ç©®³»±²¶»µ¡½Z¸¤«®µt¸¤½®½Ç°\Ó�µ²¯�©®2ñ�µt³»§�©®¹\µt¶»�êÂµ¡½Ì©Ññ�¸¤§n¯�É¼Ò©®¹\µt4Ên©¬³¥±E¸É¶�¶»¸É©®©¬³¥±²µ¤£îZ¹\µtÚ\µ¡¶»¯È4Ê�µ¡«®¸É©¬¤«X±¡¸¤§�ñ�µ�µÄæ`Ê�¸¤§\¯nµ¡¯0³»§©¬µ¡«ÇÓ�½Z¤¼�QU¸É§\§\³»µ²«Z¼Ð°n§\±²©®³»4§n½Ñ¸¤½

ψ(
�
) =

∑

i

ai ω0(
� − �

i),
pÌ|¤£Îìªã�q

êX¹\µ²«®µ
âi
³»½M©®¹\µ¯nµ¡½Ç©®«®°\±º©¬³¥4§ 4Ê�µ²«¬¸É©®4«M¼Ð¤«C¸0Ê�¸É«Ç©¬³¥±¡¶¥µ�4§U½Ç³¥©¬µ �

i
¸É§\¯

ω0(
� − �

i)
³»½�©¬¹\µ�©¬¹\«Çµ¡µÄÃ¯\³¥Ó�µ²§\½®³¥4§�¸¤¶�·¤µ¡«®½Ç³»4§�¤¼�©¬¹\µHQ�¸¤§n§\³»µ²«Z¼Ð°n§\±²©®³»4§\½²£ H /40"2$2 ±¡¸¤§È©¬¹\µ²§�ñ�µ(êX«®³À©®©®µ¡§�¸É½�}Øóª}\�

H /40"2$2 = −∑
i,j

Jij â
†
i âj +

1

2

∑

i,j,k,l

Uijklâ
†
i â
†
j âkâl,

pÌ|4£Øì4õ q
êX¹\µ²«®µ

Jij = −
∫
dxω0(

� − �
i)
( p2
2m

+ V0(
�
) + VT (

�
)
)
ω0(

� − �
j),

pÌ|¤£Îì4ì�q
¸¤§\¯

Uijkl = g

∫
dxω0(

� − �
i)ω0(

� − �
j)ω0(

� − �
k)ω0(

� − �
l).

pÆ|4£À|���� q
�ð�ê�1â³¥¼AêÂµ2³¥§\±²¶»°\¯\µC4§\¶¥Í�©¬¹nµ´³»§ª©¬µ¡«®¸¤±²©®³»4§gÓ ¸É©®«®³Üægµ²¶»µ²Ó�µ²§l©

U0000
¼Ð4«(Ê�¸¤«Ì©¬³¥±¡¶»µ²½Õ³»§ ©®¹\µ´½¬¸¤Ó2µr½®³À©¬µ¸¤§\¯´©¬¹nµÑ¹n4Ê\Ê\³¥§\ÖtÓ ¸É©®«®³ÜæCµ¡¶¥µ¡Ó2µ¡§ª©

J01
ñ�µ²©¨êÂµ²µ¡§ §\µE¸É«®µ¡½Ì©H§\µ²³»Ö4¹lñ�4«®½kêHµÑµ¡§n¯�°\Ê�ñªÍr½Ç©]¸É§\¯�¸¤«Ç¯ ÁÂ¤½®µºÃïð°nñ\ñ�¸¤«Ç¯0ïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§ß}àóª}\� ä

H 576 = −J
∑

<i,j>

â†i âj +
1

2
U
∑

i

n̂i(n̂i − 1) +
∑

i

εi n̂i
pÆ|4£¥|��n|\q

êX¹\µ²«®µ
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Eb
¤¼�©¬¹\µëÓ�4¶¥µ¡±²°\¶»µ²½Hñ�µ¡±¡¤Ó�µ²½Z¶¥µ¡½Ç½Â©¬¹�¸É§©¬¹\µðÔ�µ¡«®Ó2³�µ¡§nµ¡«®ÖÉÍ

EF
£K�Õ§\µð±²4°\¶¥¯ ¸¤¶»½ÇM±²4§\½Ç³»¯\µ²«H³¥§\±¡«ÇµE¸¤½Ç³»§\Öt©¬¹\µÑ³»§l©®µ¡«®¸¤±²©®³»4§´µ¡§\µ²«®Ö¤Í2¤¼�¸ ÙÂi¤Ê�µ¡«Ê�¸¤³¥«®µ²¯ ½Ç©]¸J©¬µë°n§l©®³»¶ ³¥©H³¥½H±¡¶¥4½®µÑ©®

EF
£_îZ¹\µëµ¡½Ç½®µ²§\±¡µ(¤¼�©®¹\µÕÁZÙFôlÃÆÁFÅeÙ ±²«®4½Ç½®�·4µ¡«F³¥½e©¬¹\¸É©H©¬¹\µ²½®µð©ÆêH·i³»µºêXÊ�4³»§ª©¬½Ò¯\µ¡½Ç±¡«Ç³»ñ�µH©¬¹\µH½¬¸¤Ó2µHÊ\¹lÍi½Ç³»±¡¸¤¶`½Ç©¬¸É©¬µÉ£n�ë½�©¬¹\µÂ³¥§l©®µ¡«®¸¤±²©®³»4§�ñ�µ²©¨êÂµ¡µ²§r¼Ðµ²«®Ó2³»4§\½â³»½Ò³¥§\±²«®µE¸É½®µ¡¯©¬¹\µ²«®µÕêX³»¶»¶�ñ�µt¸r±¡¤§l©¬³¥§i°n4°\½Z±]¹�¸¤§\Ö4µ�1�4«�ïxÇ¼X\V¼V�XZÀ�[xÇx1`ñ�µ²©¨êÂµ²µ¡§0¸´ÁZÙZô�½Ì©]¸É©®µtÉ¼_ÙÂi4Ê�µ¡«ZÊ�¸¤³¥«®½Z¸¤§\¯�¸
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ÔR³¥Ö4°\«®µt|4£Î}¤¿nä_ô`±E¸J©®©¬µ²«®³¥§\ÖM¶»µ²§\Ö¤©¬¹2¼Ð¤« 40 ÏÞ¸J©¬4Ó2½e³¥§2©¨êÂ ¯n³5��µ¡«®µ²§l©Dcdµ¡µ²Ó ¸É§�½®°\ñ\¶¥µ²·4µ²¶»½H¯\«®³À·4µ¡§ ¸¤±¡«Ç4½®½¸2Ô�µ²½®¹lñ�¸¤±]¹0«Çµ¡½Ç4§�¸¤§\±²µ�ñlÍ·É¸É«ÇÍi³»§\Ör©¬¹nµ�Ó�¸¤Ö4§nµ²©¬³¥±ëÚ�µ¡¶¥¯�ÁR1�¸¤½XÓ2µE¸¤½Ç°\«®µ²¯�ñªÍ?LÑµ²Öª¸¤¶�¸¤§\¯e^¤³»§a}ÎãJß���£

ÁFÅeÙ ½Ì©]¸É©®µëÉ¼�¯\³ò¸É©®4Ó2³¥±XÓ24¶»µ²±¡°n¶»µ¡½²£_îF¹\µëÊ�4³»§ª©eêX¹\µ¡«Çµë©¨êÂM¼Ðµ¡«®Ó2³¥4§\½e³¥§�·J¸¤±¡°n°\Ó�êÂ4°\¶¥¯ ¹�¸E·4µëç¡µ²«®ñ\³¥§\¯\³»§nÖtµ¡§\µ²«®Ö¤Í´³¥½A±²4§\½Ç³»¯\µ²«®µ¡¯2©¬¹nµÑ±¡°n½®Ê É¼d©®¹\µÑ±²«®¤½®½®�·4µ¡«HÊ\«Ç4ñ\¶¥µ¡Ó01l¸¤§n¯�Ê�¸¤³¥«®³¥§\Ö(³»§´½®°n±Ä¹ ¸t½Ç©]¸J©¬µÑ³¥½«®µ²Ê\«®µ²½®µ¡§ª©¬µ²¯ ³»§�©®¹\µMÓ2³»¯\¯\¶¥µ(¤¼kÔR³»Ö\£�|4£Î}4}`äHÓ ¸É§lÍªÃ¨ñ�i¯nÍ�µ���µ¡±²©®½Õ¸¤«®µ�«®µ²Ûl°\³»«Çµ¡¯�¼Ð4«X©®¹\µMÊ�¸¤³¥«®³¥§\Ö2¸¤½ð³¥§©¬¹\µ ÁFÙZô�½Ì©]¸É©¬µ�1�ñ\°n©ð©®¹\µ¡«Çµ ³¥½Ñ½®4Ó2µM¸¤Ó24°\§ª©ð¤¼_½®Ê\¸É©¬³»¸¤¶â±²4«®«Çµ¡¶»¸É©¬³¥4§�¸É½ÑêX³¥©®¹0¯n³ò¸É©®4Ó2³¥±(Ó�4¶¥µ¡±²°\¶»µ²½¡£îZ¹\µ Ê�¸É³»«t½®³»ç²µ�³»½�4§.©¬¹\µ�4«Ç¯\µ¡«MÉ¼F©¬¹nµ ½ÇÊ�¸¤±²³»§\Ö�ñ�µ²©¨êÂµ¡µ²§U¼Ðµ¡«ÇÓ�³¥4§\½J1Ò¸É§\¯,©¬¹\µ�½ÇÍi½Ì©¬µ¡Ó ³»½�½Ì©¬«®¤§\Ö4¶¥Í³»§ª©¬µ²«¬¸¤±º©¬³»§nÖ\£îZ¹nµXµx�dµ²±²©®³¥·4µZ½Ì©¬«®µ²§\Ö¤©®¹´¤¼ ©®¹\µZ³¥§l©®µ¡«¬¸É±²©¬³¥4§\½R³¥§C¯\³»¶¥°n©¬µÂ¸É©¬¤Ó�³¥±HÖª¸¤½Çµ¡½k±¡¸¤§´ñ�µFÓ�i¯n³¥Ú�µ²¯C³»§C½®µº·4µ¡«®¸¤¶êF¸EÍ`½²£A¦¨§ ¸¤¯\¯n³¥©¬³¥4§r©®�·É¸¤«ÌÍi³»§\Öt©¬¹\µÑ¯\µ¡§n½®³¥©¨Í´¤¼d©®¹\µÑ½¬¸¤Ó2Ê\¶»µZ4«A©®M¶»i±¡¸¤¶¥³¥ç¡³¥§nÖ(©¬¹nµë¸É©®4Ó2½A4§ ¸�¶»¸É©®©®³»±²µ
}À|��:1A¤§\µ�Ó�¸�Í,µºæ`Ê\¶¥4³À©´¸ Ô�µ²½®¹lñ�¸¤±]¹8«®µ²½®4§�¸É§\±¡µÉ£�îZ¹\³»½Ci±¡±²°\«®½CêX¹\µ¡§O©®¹\µ�±²4¶»¶¥³¥½®³¥¤§Uµ²§\µ¡«ÇÖ¤ÍU¤¼X©ÆêH¼Ð«®µ²µ2¸É©¬¤Ó�½Õ³»½Õ©®¹\µ´½¬¸¤Ó2µ´¸¤½(©®¹�¸É©t¤¼Â¸�Ûi°\¸¤½®³¥ñ�4°\§\¯.Ó24¶»µ²±¡°\¶»¸¤«ë½Ç©¬¸É©¬µ2¸É§\¯.4§.¸¤Ê\Ê\«Çª¸¤±]¹\³¥§\ÖÈ³¥©Õ©®¹\µ½®±¡¸É©®©®µ¡«®³¥§\ÖO¶»µ²§\Ö¤©®¹$±E¸¤§*³¥§\±¡«ÇµE¸¤½Çµ&ñlÍ ½®4Ó2µ 4«®¯nµ¡«®½ÈÉ¼ Ó�¸¤Ö¤§\³¥©®°\¯\µ ¸¤§n¯ ¸¤¶¥½®O±]¹�¸É§\Ö4µ&½®³¥Ö4§�£
îZ¹nµ¹\³¥Ö4¹`Ã¨¯n³»¶¥°`©¬³¥¤§ ±²4§\¯\³À©¬³¥4§ ñ\«ÇµE¸�4l½È¯n�êX§*¸¤½©®¹\µ Öª¸É½�³¥½¯\«®³À·4µ¡§=±¡¶»¤½®µ0©¬O¸ Ô�µ¡½®¹lñ�¸¤±]¹*«®µ²½®4§\¸¤§\±¡µÉ£
�F©Õ¸�Ó�¸¤Ö4§\µº©¬³¥±ºÃéÚ\µ¡¶¥¯�Ô�µ¡½Ç¹iñ�¸¤±]¹g«®µ²½®4§�¸É§\±¡µ�1d«®µ²¶ò¸É©®³¥·4µ²¶¥Í�½ÇÓ ¸É¶»¶�±]¹�¸¤§\Ö¤µ¡½ë³»§�Ó�¸¤Ö4§nµ²©¬³¥±(Ú�µ¡¶¥¯0½Ç©®«®µ¡§nÖ¤©¬¹±E¸É§,¹�¸�·4µ2¯\«®¸¤Ó�¸É©¬³¥±rµx�dµ²±²©¬½�4§.©®¹\µ2µx�dµ²±²©¬³À·4µ2³»§l©®µ¡«®¸¤±²©®³»4§n½t³¥§,¸¤§.°\¶À©¬«¬¸¤±²4¶¥¯&Öª¸¤½²£<�Õ§.4§\µ2½Ç³»¯\µ´¤¼©¬¹\µrÔ�µ²½®¹iñ\¸¤±Ä¹&«Çµ¡½®¤§�¸¤§\±²µr·J¸¤¶»°\µ�1d¼Ð¤«ÕµÄæn¸¤Ó2Ê\¶»µC¸É©(¸½Ç¶»³»Ö¤¹l©¬¶ÀÍÈ¹\³»Ö¤¹\µ¡«ðÚ�µ²¶»¯ ½Ì©¬«Çµ¡§\Ö¤©®¹&³»§0©®¹\µC±E¸¤½Çµr¤¼µºæ`Ê�µ¡«Ç³»Ó2µ¡§ª©¬½ÕêX³À©¬¹ 40 Ï ¸É©¬4Ó2½J1�©¬¹nµ´¸É©¬¤Ó�½ë¹�¸�·4µC·4µ²«ÇÍg½Ç©®«®4§\Ö�µ���µ¡±º©¬³À·4µ¡¶¥Íg¸É©Ç©¬«¬¸É±²©¬³À·4µC³¥§l©¬µ²«¬¸¤±º©¬³¥4§\½

ó��



ÔR³¥Ö4°\«®µC|4£Î}Éß\äeè�4Ó2µ¡§ª©¬°\Ó�¯n³»½Ç©®«®³»ñn°n©¬³¥4§�É¼_¸´Ó24¶»µ²±¡°\¶¥µÕ½¬¸¤Ó2Ê\¶¥µ(±¡«ÇµE¸É©®µ¡¯�ñlÍÈ¸¤ÊnÊ\¶¥Íi³»§nÖ2¸´Ó�¸¤Ö4§nµ²©¬³¥±ºÃ
Ú�µ²¶»¯ «®¸¤Ó2Ê0©¬�¸¤§&¸É©®4Ó2³»±MÔ�µ¡«®Ó2³�Öª¸¤½ëêX³À©¬¹ ¸¤§ ³¥§\³¥©®³»¸¤¶�©®µ¡Ó2Ê�µ¡«®¸É©¬°\«ÇµC¤¼

0.19TF
p
0.06TF

qX¼Ð4«ð©®¹\µ
¶»µº¼�©OpÐ«®³»Ö¤¹l©�qRÊ\³»±º©¬°\«Çµ¤£_¦¨§�©¬¹nµð«®³»Ö¤¹l©e½¬¸ÉÓ�Ê\¶¥µZ©¬¹\µðÓ24¶¥µ¡±¡°n¶»µ¡½k¼Ð4«ÇÓ�¸MÁÂ4½ÇµºÃÆÅk³¥§\½Ç©®µ¡³¥§ ±²4§\¯\µ²§\½¬¸É©®µ¤£AîZ¹nµ
¶»³¥§\µ¡½F³»¶»¶À°\½Ç©®«¬¸É©®µë©¬¹\µt«Çµ¡½®°n¶¥©X¤¼Rñ\³¥Ó2`¯\¸¤¶�Ún©¬½¡£eÔ�«®¤ÓÉ}Øã�����£

p�½Çµ¡µMÔR³¥Ö\£d|4£Î}¤¿ qÄ£
CW%Ò�¡�l���\�`��������� ù� 	 ���²�ªü � ���Ò�²�E�`���z�4���Ò�â�`���¡�n�E� ù �J��� �å���l�J�U�r� ����Å ¦¨§ }����¤¿21D^¤³»§P�Ø½Ö4«®¤°\Ê8Ên«®µ¡Ê\¸¤«®µ²¯�¸ 40 Ï!Ó24¶»µ²±¡°\¶»¸¤«CÁFÅeÙ ³¥§8¸ ½®³»§nÖ4¶»µ ¼Ði±¡°n½®µ¡¯<¶»¸¤½®µ²«C©¬«®¸¤Ê8ñªÍ ¶¥�êÂµ²«®³¥§\Ög©¬¹\µ�©®«¬¸¤ÊÊ��êHµ¡«F¸¤§\¯ 4ñn©¬¸¤³»§nµ¡¯

2.4× 104
Ó24¶»µ²±¡°\¶¥µ¡½e¤¼ 40 Ï÷}Øã��Z� £_¦¨§ ©¬¹n³»½HµÄænÊ�µ²«®³¥Ó�µ²§l©C�t«Çµ¡³¥§\µ¡«H[xzKh�j|{kêX³À©¬¹¸«®µ²¶ò¸É©®³¥·4µ²¶¥Í´½®¶¥�ê$½ÌêÂµ¡µ²Ê�É¼�¸¤§�¸¤Ê\Ê\¶¥³»µ²¯ Ó ¸ÉÖ4§\µ²©®³»±XÚ�µ¡¶¥¯ ©¬¹�¸J©F±¡4§ª·4µ¡«Ì©¬½ZÓ24½Ì©FÉ¼�©¬¹\µð¼Ðµ¡«ÇÓ�³¥4§\³¥±ð¸É©®4Ó�½³»§ª©¬ñ�4½Ç4§\³¥±CÓ24¶»µ²±¡°\¶¥µ¡½Õ¸¤§n¯.¸É§ ³»§\³À©¬³»¸É¶Ò¸É©®4Ó2³»±MÖ4¸¤½Õñ�µ¡¶¥�ê

T/TF = 0.17
1�4ñ\½Çµ¡«Ì·4µ¡¯,¸Ó24¶»µ²±¡°\¶»¸¤«±¡¤§\¯\µ¡§n½¬¸É©®µ�³¥§U©®³»Ó2µºÃé¤¼òÃ Ë�³ÀÖ4¹ª©C¸¤ñ\½Ç4«®Ên©®³»4§U³»Ó�¸¤Ö4µ²½M©]¸�4¤µ¡§O³»Ó2Ó2µ²¯\³»¸É©®µ¡¶ÀÍ&¼Ð4¶¥¶»�êX³¥§\Ö�©®¹\µ�Ó�¸¤Ö4§nµ²©¬³¥±ºÃÚ�µ²¶»¯�½ÌêÂµ¡µ²Ê�£ÔÒ³»Ö\£\|4£Î}Éß�½®¹\�êX½F¸�ñ\³¥Ó�i¯\¸¤¶\¯\³¥½Ç©¬«Ç³»ñ\°n©®³»¤§r¼Ð4«e¸¤§�µºæ`Ê�µ¡«Ç³»Ó2µ¡§ª©Â½Ì©]¸¤«Ì©¬³¥§\ÖtêX³¥©®¹ ¸¤§�³»§n³¥©¬³¥¸¤¶`©¬µ¡Ó2Ê�µ¡«ÆÃ¸É©¬°n«®µ�É¼

0.19TF (0.06TF)
¼Ð4«Z©¬¹nµ�¶»µ²¼�©�p�«Ç³»Ö4¹ª©�qÂÖ4«®¸¤Ê\¹ÈêX¹\³»±]¹�³»§n¯\³»±¡¸É©¬µ²½Z©¬¹�¸É©X©®¹\µ�±¡¶¥4°\¯�¤¼ÒêÂµE¸�4i¶ÀÍñ�4°\§\¯ 40 ÏÞÓ24¶»µ²±¡°\¶¥µ¡½eµÄænÊ�µ²«®³¥µ¡§\±²µ¡¯�¸MÊ\¹\¸¤½®µð©¬«¬¸É§\½®³À©¬³¥4§2©®CÁFÅeÙ�êX³¥©®¹¸¤§�©¬µ¡Ó2Ê�µ¡«®¸É©¬°n«®µëñ�µ²¶»�ê=©®¹\µ±¡«Ç³¥©¬³¥±E¸É¶�©®µ¡Ó2Ê�µ¡«¬¸J©¬°\«®µ

Tc
£MîF¹\µrÚn©¬½¿p�¶¥³»§\µ²½GqXÍi³»µ²¶»¯g§\�±¡4§\¯nµ¡§\½®¸É©¬µr¼Ð«®¸¤±²©®³»4§ ¸É§\¯.¸ ©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µC¤¼¤¼

T = 0.90Tc
¼Ð4«ë©¬¹\µr¶»µº¼�©(Ö4«¬¸¤Ên¹�1â¸¤§\¯.¸

12%
±¡4§n¯\µ¡§\½®¸É©¬µr¼Ð«¬¸¤±º©¬³»¤§&¸¤§n¯,¸©®µ¡Ó2Ê�µ¡«®¸É©¬°\«Çµr¤¼e©®¹\µ©¬¹\µ²«®Ó�¸¤¶H±²4Ó�Ê�¤§\µ¡§ª©r¤¼

T = 0.49Tc
¼Ð4«M©¬¹nµ�«Ç³»Ö4¹ª©CÖ¤«¬¸¤Ê\¹d£.ïðµ²«®µ�1

Tc
³¥½ ©®¹\µ±E¸¤¶¥±¡°\¶»¸É©¬µ²¯U±¡«Ç³¥©¬³¥±E¸¤¶©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µ´¼Ð4«�¸�§\4§iÃ¨³»§ª©¬µ²«¬¸¤±º©¬³»§nÖ�ÁFÅeÙ�³¥§.©®¹\µ¡«ÇÓ ¸¤¶kµ²Ûi°n³»¶»³¥ñ\«®³¥°nÓ�£2îÒ�4ñn©¬¸¤³»§&©®¹\µ�±²4§\¯nµ¡§\½®¸É©¬µ³»§`¼Ð4«®Ó�¸É©®³¥¤§ÈÉ¼Ò©¬¹\µtÓ�4¶¥µ¡±²°\¶ò¸É«F±¡¶¥4°\¯�1b�t«Çµ¡³¥§\µ¡«[xzDh�j|{R}Øã����â½Ì©¬°\¯\³¥µ¡¯�¯\µ¡Ê�µ²§\¯\µ¡§n±¡µ ¤¼Ò©¬¹\µtÓ�¤¶»µ¡±²°\¶»¸¤«±¡¤§\¯\µ¡§n½¬¸É©®µC¼Ð«®¸¤±²©®³»4§

N0/N
4§�©¬¹\µ ½Ç±E¸¤¶¥µ¡¯0©®µ¡Ó2Ê�µ¡«¬¸J©¬°\«Çµ

T/Tc
4«Ñ©¬¹\µ Ó�¸¤Ö¤§\µ²©®³»±tÚ�µ²¶»¯0«¬¸¤Ó2Ê0«®¸É©¬µ4«C©¬¹nµÈ³»§\³À©¬³»¸É¶H½®±¡¸¤¶»µ²¯O©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µ

T/TF
¤¼Ñ©¬¹\µÈÔ�µ¡«®Ó2³ÂÖª¸¤½¡£UîZ¹\µ²ÍU¼Ð4°\§\¯O©®¹�¸É©¡äapÌ|\q�êX³¥©¬¹ ©®¹\µ«®µ²¯\°\±º©¬³»¤§�¤¼R©®¹\µ�½®±¡¸¤¶»µ²¯�©¬µ¡Ó2Ê�µ¡«®¸É©¬°n«®µ

T/Tc
½Ç©]¸É«Ç©¬³¥§\Ö´¼Ð«Ç4Ó

0.8
1�êX¹\³¥±Ä¹�êF¸É½ð«®µ¡¸¤¶¥³»ç¡µ²¯�ñlÍÈ¶¥�êHµ¡«®³¥§\Ö©¬¹\µ2©®«¬¸¤Ê,¶ò¸¤½Çµ¡«�Ê��êHµ¡«�1R©®¹\µ�Ó�¤¶»µ¡±²°\¶ò¸É«(±¡4§\¯nµ¡§\½®¸É©¬µ�¼Ð«¬¸¤±º©¬³¥4§

N0/N
êÂ¤°\¶»¯,ñ�µ�Ûi°n³»±G4i¶ÀÍ&³»§\±²«®µE¸É½®µ¡¯

ón|



¼Ð«®4Ósç¡µ²«®�©¬È©¬¹nµ2Ó ¸�æn³¥ÓC°\Ó!¤¼ ∼ 16%
1Ò¸É§\¯�¸¤§,¸¤±²©®°�¸¤¶k±¡«®³À©¬³¥±E¸¤¶Ò©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µrêF¸¤½

0.8Tc
£�îZ¹\³¥½¯\µ²±¡«®µ¡¸¤½®µF³»½Ò¯\°\µH©¬ð©¬¹\µÂ«®µ²Ê\°\¶¥½®³À·4µÂ³»§ª©¬µ¡«®¸¤±²©®³»4§n½Ò³¥§C¸ð©¬«®¸¤Ê\Ê�µ²¯rÓ24¶»µ²±¡°\¶»¸¤«âÖª¸¤½��»p�}�q�©¬¹\µÂ¶ò¸É«®Ö4µ²½Ç©RÓ24¶¥µ¡±ºÃ°\¶»¸¤«A±¡4§n¯\µ¡§\½®¸É©¬µð¼Ð«®¸¤±²©®³»¤§

N0/N
êF¸¤½H¤ñn©]¸¤³¥§\µ²¯2êX³¥©®¹\³»§´©®¹\µ

B
Ã Ú�µ¡¶¥¯�«®¸¤Ó�Ê´©®³»Ó2µX¤¼�¿�Ã]|��tÓ2½J1ªêX¹\³»±]¹½®¹\�êX½H©¬¹�¸É©e©¬¹\µð±¡«ÇµE¸É©®³»4§�¤¼�¸MÓ�¤¶»µ²±¡°\¶»¸¤«eÁÂÅHÙ�«Çµ¡Ûl°\³»«Çµ¡¯¸¤§ µ�E2±²³»µ¡§ª©¬¶ÀÍ2½®¶¥�ê

B
Ã Ú�µ¡¶¥¯2©¬°\§\³¥§\Ö6�Pp�¿�qe¸Ó24¶»µ²±¡°\¶»¸¤«HÁÂÅHÙ�êF¸¤½H¼Ð4«®Ó2µ¡¯�êX¹\µ²§�©¬¹nµÕ³¥§\³¥©®³»¸¤¶\©¬µ¡Ó2Ê�µ¡«®¸É©¬°n«®µðêF¸¤½Âñ�µ²¶»�ê

0.17T/TF
1n¸¤§n¯êX³À©¬¹ ©®¹\µ¯\«®¤Ê\Ê\³¥§\Ö´¤¼�©®¹\µt³¥§\³¥©®³»¸É¶�½®±¡¸¤¶»µ²¯È©®µ¡Ó2Ê�µ¡«¬¸J©¬°\«Çµ

T/TF
¤¼�©¬¹nµ�Ô�µ¡«ÇÓ�³dÖ4¸¤½J1n©®¹\µtÓ24¶»µ²±¡°\¶»¸¤«Â±²4§\¯nµ¡§\½®¸É©¬µ¼Ð«¬¸¤±º©¬³¥4§

N0/N
êÂ¤°\¶»¯È³»§n±¡«®µ¡¸¤½®µt«¬¸ÉÊ\³»¯n¶¥Í¸¤§n¯�«®µE¸É±Ä¹nµ¡¯�©¬¹\µtÓ�¸Jæ`³»ÓC°nÓ ·É¸É¶»°\µt¸É©

T/TF = 0.05
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ti,i+1 =

ti+1,i
³»½R©¬¹nµX¹\¤Ê\Ê\³»§nÖtµ²§\µ¡«ÇÖ¤Írñ�µº©ÆêÂµ²µ¡§2©®¹\µ

i
Ã ©¬¹´¸¤§\¯r©¬¹\µ

(i+1)
Ã ©¬¹CêÂµ¡¶¥¶ £Ò¦¨§r©¬¹\µF¼Ð4¶»¶¥�êX³¥§\ÖëêHµZ¼Ði±¡°\½4§�©¬¹n«®µ¡µt©ÆÍiÊ�µ²½ë¤¼_¶¥³»§\µ¡¸¤«X¸¤«Ç«¬¸EÍ�¸É½ð½Ç±Ä¹nµ¡Ó�¸É©¬³¥±E¸¤¶¥¶¥Í ³»¶¥¶¥°\½Ç©®«¬¸É©®µ¡¯È³»§�ÔR³¥Ö\£F}`£À|2£FîZ¹\µ�Ú\«®½Ç©ð³»½Ñ¸¤§0¸¤«Ç«¬¸EÍ¤¼�³»¯nµ¡§l©®³»±¡¸¤¶`êÂµ²¶»¶»½�14êX¹\³¥¶»µF³»§C©¬¹\µX½Çµ¡±²4§\¯2©ÆêH�¯\³|�dµ²«®µ²§l©K4l³»§\¯\½k¤¼�êÂµ¡¶¥¶»½½p

A
¸¤§\¯

B
½¬¸EÍ2qk¸¤¶¥©®µ¡«®§\¸É©¬µÉ£R¦¨§©¬¹\µH©®¹\³»«Ç¯M©¬¹\µH©¨êÂO4l³»§n¯\½R¤¼�êHµ¡¶»¶¥½R¸¤«ÇµF¸¤«®«®¸¤§\Ö4µ²¯r¸¤±²±¡¤«®¯\³¥§\Öð©¬ð©¬¹\µFÔR³¥ñ�4§�¸¤±²±¡³i½Çµ¡Ûl°\µ²§\±¡µ

Fn
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±¡¸¤§�ñ�µ(êX«®³¥©Ç©¬µ²§�¸¤½
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Q,µC«®µºêX«®³¥©®µM©¬¹\µCïë¸¤Ó2³¥¶À©¬¤§\³»¸É§ H = H̃ ^ +H ��� 2 +H �E� � É¼k©¬¹\µ µ���µ¡±º©¬³¥·4µC¯n³»Ó2µ¡«ð±²4§\§\µ²±²©®µ¡¯ ©¬ ©®¹\µ¶»µ¡¸¤¯\½ ¸¤½�©¬¹nµ ½®°nÓ ¤¼F©¨êÂ�©¬µ²«®Ó2½J1 H = H0 + HI

£�îZ¹nµ ©®µ¡«ÇÓ H0
¯\µ¡½Ç±¡«Ç³»ñ�µ¡½C¸¤§�³»§nÚ\§\³¥©®µ2Ê�µ¡«Ì¼Ðµ¡±²©±]¹�¸¤³»§CêX³¥©¬¹r½®Ê�¸É±¡³»§nÖ
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14êX¹\¤½®µXµ¡¶¥µ¡Ó2µ¡§ª©¬½

(2, 3, . . . , N−1)¹�¸E·4µ�ñ�µ¡µ²§�¯\µ¡±²³»Ó�¸É©¬µ²¯�¸É½XÊ\«®µº·i³»4°n½®¶¥Í¯\µ²½®±¡«Ç³»ñ�µ²¯�£e¦é©Ñ³¥½ZÖ4³¥·4µ²§�ñlÍ
H0 = H ��� 2 +H ��� � + Ẽ0

(
|1〉〈1|+ |N〉〈N |) + t̃0(|1〉〈N |+ |N〉〈1|

)
.
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îZ¹\µ�«Çµ¡Ó�¸¤³»§n¯\µ¡«F³»½

H = = H̃ ^ − {Ẽ0(|1〉〈1|+ |N〉〈N |) + t̃0(|1〉〈N |+ |N〉〈1|)}
p }`£À|Eß°q
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j = N − 2
ñlÍ©]¸�4l³¥§\Ö

ei = E0
¸É§\¯

ti,i+1 = t0
¼Ð4«X¸É¶»¶
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1`©®¹\µÕ°\§nÊ�µ¡«Ç©®°\«®ñ�µ²¯e�t«Çµ¡µ¡§P�Ø½¼Ð°\§\±º©¬³¥4§
G0(E) = (E − H0)

−1 1�¸¤§n¯&©¬¹\µ T ÃéÓ ¸J©¬«®³Üæ T (E) = H = ( � − G0H = )−1 ¸¤½ |ϕ〉 = |k〉 +
G0 T |k〉 1 T ¸¤½têÂµ²¶»¶A¸¤½ H = ñ�µ¡³¥§\Ö 2 × 2

Ó�¸É©®«®³¥±¡µ¡½(³»§ ©¬¹\µ2½ÇÊ�¸¤±¡µ2½®Ê�¸¤§n§\µ¡¯�ñlÍ |1〉 ¸¤§\¯ |N〉 £�îZ¹\µÊ\«®ZSÇµ²±²©¬³¥4§È¤¼ |ϕ〉 ¤§l©¬r©¬¹nµ�¶¥i±E¸É¶»³¥ç²µ¡¯¼Ð°\§\±º©¬³»¤§ |n〉 ³»½
〈n|ϕ〉 = 〈n|k〉+

∑

l,j=1,N

G0
n,l Tl,j 〈j|k〉 ,

p }i£¥|�×�q
êX¹\µ²«®µ

G0
n,l = 〈n|G0|l〉 1 Tl,j = 〈l|T |j〉 1_¸É§\¯ 〈j|k〉 = eikjd
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〈n|ϕ〉 = eiknd +

(
G0
N,1T1,N +G0

1,NTN,1e
−2ik(N−1)d +G0

N,NTN,N +G0
1,1T1,1

)
eiknd
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ρ
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〈n|ϕ〉 =
{
τeiknd (n > N)

eiknd + ρ e−iknd (n < 1)
.
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N = 4
pÐ½®4¶¥³»¯�¶»³¥§\µ�q�1
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N = 100
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Ĥ = T̂ + Ŵ + V̂ext
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³¥½ ½®³¥Ó�Ê\¶¥µ ¸É§\¯ ³¥½ ñ�¸¤½Çµ¡¯O¤§U©®¹\µ ¼�¸¤±º© ©¬¹�¸É© ©®¹\µµºæi©¬µ²«®§�¸É¶ëÊ�É©¬µ¡§ª©¬³»¸¤¶X³»½�¸,ÓC°\¶¥©®³¥Ê\¶¥³À±E¸É©®³À·4µÈ4Ê�µ¡«®¸É©¬4«²£*îZ¹\µ0½®¸¤Ó2µ�Ê\«®i¤¼ë¼Ð4«2©®¹\µ0Ó�¸¤Ê

D
°\½Çµ¡½ ©®¹\µ·É¸¤«Ç³ò¸É©®³»¤§�¸¤¶PLÑ¸�Íi¶»µ²³»Ö4¹iÃvLX³À©®çÕÊ\«Ç³»§\±²³»Ê\¶¥µÕ4§È©®¹\µtÖ4«®¤°\§\¯`Ãé½Ç©]¸J©¬µtµ²§\µ²«®Ö¤Íß}À|�}ÉóZ� £

�Z���J�²�2�²���n�E�`�,�`���2� ùX� ø �-#�� ø �`��%A�l���\üNM� ø ��� ø �l� ���i�
O ðT[C×�Ç¼XZÆ]�»ØVxz:h�zv[�[�P�ÖT[Gïxz:h�z3i:XZ�?ÀZh�jmÆT[�Xvg ����� X�õxV�[xÇ�ÀZh õJjU[ Ô iUV�h ���Ò��û��â� g�Æ]�PïxzÁi:XZ�»h�jMXvgwz�ðT[�[�P°h)ïxz
×�Ç¼XZÆ]�»ØWVxz�h�z�[Ø)[x�2VxikzÁlRQ

〈Ψ[n]|Ô|Ψ[n]〉 = O[n]. p�¿n£åã�q
îZ¹\³¥½Z¼Ð4¶»¶¥�êX½Z³¥Ó�Ó2µ²¯\³»¸É©®µ¡¶ÀÍ2¼Ð«®¤Ó ©¬¹\µ(¼�¸¤±º©X©®¹�¸É©X°\§\³»Ûl°\µt³¥§l·4µ²«®½®³¥4§È¤¼�©¬¹\µtÓ�¸¤Ê

D
³¥½ZÊ�4½®½Ç³»ñ\¶¥µ¤ä

D−1 : N 3 n( � ) −→ |Ψ[n]〉 ∈ Ψ .
p�¿n£Øõ q

îZ¹\µëÊ\¹ªÍ`½Ç³»±¡¸¤¶�³¥Ó�Ê\¶¥³À±E¸J©¬³¥¤§2¤¼�½®°n±Ä¹�¸M½Ç©¬¸É©¬µ²Ó�µ²§l©Â³»½eÊ\«®É¼Ð4°\§\¯�äR³»§�Ê\«®³¥§\±¡³¥Ê\¶¥µX©®¹\µë±¡¸¤¶»±²°\¶»¸É©¬³¥4§2É¼â¸¤§lÍ4ñ\½Çµ¡«Ç·J¸¤ñ\¶¥µM§\µ¡µ²¯\½ð©¬¹\µ�4i§n�êX¶¥µ¡¯\Ö4µMÉ¼_©®¹\µMÓ�¸¤§ªÍlÃéñ�i¯nÍ�êÂ¸�·4µº¼Ð°\§\±²©®³»4§�êX¹\³¥±]¹0³»½Ñ¸2¼Ð°n§\±²©®³»4§�É¼
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Ã·É¸¤«Ç³ò¸¤ñn¶»µ¡½²£_îZ¹\µëÊ\«®µº·`³¥4°\½Â½Ç©¬¸É©¬µ²Ó�µ²§l©F½®¸�Íi½Â©¬¹�¸J©Â©¬¹nµÕ¯nµ¡§\½Ç³¥©¨Í

n(
�
)
³»½H³»§n½Ç©¬µ¡¸¤¯½®°]E�±²³»µ²§l©¡£Hè�4«Çµ¡�·4µ¡«J1©¬¹\µ¼Ð°\¶¥¶Â³¥§l·4µ²«®½®µ�Ó ¸¤Ê

(CD)−1
©¬µ²¶»¶¥½ ©®¹�¸É©84i§n�êX¶»µ²¯\Ö4µ�¤¼Ñ©®¹\µ�Ö4«®4°n§\¯O½Ç©¬¸É©¬µ�¯\µ²§\½®³À©ÆÍU¯\µº©¬µ¡«ÇÓ�³¥§\µ¡½©¬¹\µÕµºæi©®µ¡«®§\¸¤¶�Ê�¤©¬µ²§l©®³ò¸¤¶npÐ©¬ êX³¥©®¹\³»§�¸M©¬«®³À·i³ò¸¤¶ ±¡4§\½Ì©]¸¤§ª©�q�1�¸¤§\¯©¬¹l°\½J1�¸É½Â©¬¹\µO4l³»§\µº©¬³»±ëµ²§\µ¡«ÇÖ¤Í�¸¤§\¯©®¹\µ³»§ª©¬µ²«®Ê�¸¤«Ì©¬³¥±¡¶¥µÕÊ�¤©¬µ²§l©®³ò¸¤¶�¸¤«®µ(½®Ê�µ¡±²³¥Ú\µ¡¯�1�©®¹\µ(¼Ð°\¶»¶�ïë¸¤Ó2³¥¶À©¬¤§\³»¸É§�£

���i�4�����=�²���n���i���i���´��ùZ� ø �-#�� ø �i�P%k�l���\üSM� ø � � ø �l� �J�i�
O ðT[�[�P°h)ïxzn×�Ç¼XZÆ]�»ØWVxz:h�zv[Ø)[x�2VxikzÁl"ï9h��ßõx[Ø)[xz�[xÇ�YWik��[¼Ø&õJl¿Y8ik�TikY8i|��h�z3i:XZ�ßXvg�zkðT[Kg�Æ]��ïxz3i:XZ�»h�j

EV0
[n] ≡ 〈Ψ[n] |T̂ + Ŵ + V̂0|Ψ[n]〉 , p�¿n£Øì q

önðT[xÇ¼[
V̂0

iUV&zkðT[0[�P�z�[xÇ��»h�jMÖTXZz�[x�Tz3iÁh�jDXvg&hNVxl�Vxzv[xY ö7ikz�ð�×�Ç¼XZÆ)�»ØNV�z�h�z�[?Ø)[x�2V�ikz3l
n0( T ) h��»Ø?×�Ç¼XZÆ]�»Ø

Vxz�h�z�[8[x�P[xÇ3×�l
E0

{e¦¨§�½®¹\¤«Ç©
E0 = min

n∈N
EV0

[n].
p�¿`£¥|���q

ì4¿



�ðÉ©¬³»±²µX©®¹�¸É©e©®¹\µðÓ�¸¤Ê
D−1

¯\iµ²½H§\¤©H¯nµ¡Ê�µ¡§n¯4§2©¬¹\µÑµºæi©¬µ²«®§�¸É¶�Ê�¤©¬µ²§l©®³ò¸¤¶�¤¼�©¬¹\µÑÊ�¸¤«Ì©¬³»±²°\¶ò¸É«k½ÇÍi½Ç©®µ¡Ó°\§\¯\µ²«Ñ±²4§\½®³¥¯\µ²«¬¸É©¬³¥4§�£_îZ¹i°n½J1�êX«®³À©¬³¥§\Ö
EV0

[n] = FHK +

∫
d
�
V0(
�
)n(
�
) ,

p�¿n£¥|¤|\q
êX³¥©®¹

FHK ≡ 〈Ψ[n] |T̂ + Ŵ |Ψ[n]〉 , p�¿n£À|�}�q
³¥©Z³»½ZÊ�4½Ç½®³¥ñ\¶»µÕ©¬´½Ç©¬¸É©¬µ(©®¹�¸É©Z©¬¹\µ(¼Ð°\§\±º©¬³¥4§�¸¤¶

FHK

³»½HÆ)�TikÀ�[xÇ¼VJh�jm1�iÁ{Á[J{A³»§\¯\µ²Ê�µ¡§\¯nµ¡§l©ðÉ¼
V̂0
£

à½¥A¤K¥:Ì )�þRªyÍ_¨KþR®C«7ACþw´�Ð ©)±Tþwª�ÐÑª
îZ¹\µ.·J¸¤«®³»¸É©¬³¥4§�¸É¶ð©¬¹\µ²4«®µ²Ó ¤¼Cïð4¹\µ²§iñ�µ²«®Ö ¸É§\¯ Ïð4¹\§ ¸¤¶»¶¥�êX½©¬¹\µ.¯\µº©¬µ²«®Ó2³»§�¸É©®³»¤§$¤¼M©¬¹\µ.µÄæn¸¤±²©Ö4«®¤°\§\¯�½Ç©¬¸É©¬µÑ¯\µ¡§n½®³¥©¨Í´¤¼�¸�½ÇÊ�µ¡±²³¥Ú�µ²¯Ó�¸¤§lÍªÃéñ�i¯`Í´½ÌÍ`½Ì©¬µ²Ó�£K�Ò4½Ç½®³¥ñ\¶»µÑ¸¤¯n·É¸É§l©]¸ÉÖ4µ¡½e¤¼�¸�«®µ²Ê\¶»¸¤±¡µ²Ó�µ²§l©¤¼R©®¹\µM¯\³¥«®µ²±²©Ñ·J¸¤«®³»¸É©¬³¥4§�êX³¥©®¹�«®µ²½®Ê�µ²±²©ë©®2©¬¹\µ�¯\µ²§\½®³À©ÆÍÈñlÍ�©¬¹\µ�³»§ª©¬µ²«®Ó2µ¡¯\³»¸¤«ÇÍÉ¼k¸¤§�4«®ñn³¥©]¸É¶�Ê\³¥±²©®°\«®µêÂµ²«®µMÚ\«®½Ç©ðµ¡Ó2Ê\¹�¸¤½Ç³»ç¡µ²¯0ñlÍ�Ïð4¹\§0¸¤§\½Õôi¹�¸¤Ó�£F¦¨§l©®µ¡«®µ²½Ç©®³»§\Ö¤¶¥Í�1�©¬¹n³»½ð¸¤ÊnÊ\«®ª¸É±Ä¹��êÂµ²½ë³À©¬½Ñ½Ç°\±¡±²µ¡½®½(¸¤§n¯Ê�4Ê\°\¶»¸¤«®³À©¨Í0Ê�¸¤«Ç©®¶¥Í0©®È©¬¹nµ´¼�¸¤±º©t©¬¹\¸É©�³À©t¯\iµ¡½t§\¤©�µÄæn±²¶»°\½Ç³¥·4µ²¶¥ÍgêÂ¤«94g³»§ ©¬µ¡«ÇÓ�½(¤¼H©¬¹nµ2Ê�¸É«Ç©¬³¥±¡¶¥µ0pÐ4«±]¹�¸¤«®Ö¤µ�q�¯\µ²§\½®³À©ÆÍ�1kñn°n©Cñ\«Ç³»§\Ö4½ ¸�½®Ê�µ²±¡³»¸¤¶�4l³»§\¯�¤¼FêF¸�·4µ�¼Ð°\§\±²©®³»4§n½"pÐ½®³»§nÖ4¶»µÄÃ¨Ê�¸¤«Ì©¬³À±¡¶¥µ2¤«®ñ\³À©]¸¤¶¥½GqÕñ�¸¤±G4³»§ª©¬©®¹\µrÊ\«®4ñn¶»µ¡Ó�£��ð½�¸±¡4§\½Çµ¡Ûl°\µ¡§\±¡µ�ÝÕÔRî:©®¹\µ¡§&¶»i�4l½ë¼Ð4«®Ó�¸¤¶¥¶ÀÍ�¶»³54¤µr¸�½Ç³»§\Ö¤¶»µºÃéÊ�¸¤«Ì©¬³¥±²¶¥µM©¬¹\µ²4«ÇÍ�1¸¤¶À©¬¹\4°nÖ4¹ Ó�¸¤§lÍªÃ¨ñ�i¯`Í�µx�dµ²±²©®½�¸¤«Çµg½Ç©®³»¶¥¶Ñ³»§\±²¶»°\¯\µ²¯åÀ�iÁh ©¬¹\µg½®JÃ¨±E¸É¶»¶»µ²¯�[�P]ïGð2h��)×)[xî9ïGX\ÇxÇ¼[xj|h�z3i:XZ��p�æ`±�q¼Ð°\§\±º©¬³¥4§�¸¤¶�£nQ,µtêX³¥¶»¶d§n�ê ½®µ¡µ�³¥§È½®4Ó2µ(¯\µ²©¬¸¤³»¶�¹n�ê ©¬¹\³¥½X³¥½Z¯\4§\µÉ£ÙÂ¤§\½®³¥¯\µ¡«e¸¤§�¸¤°iæn³¥¶»³»¸¤«ÌÍ ½ÌÍi½Ç©¬µ²Ó�¤¼

N
§n4§\³¥§l©¬µ²«¬¸¤±º©¬³¥§\ÖtÊ\¸¤«Ç©®³»±¡¶¥µ¡½_¯\µ¡½Ç±¡«®³¥ñ�µ¡¯�ñlÍC©®¹\µÑïë¸¤Ó2³»¶À©®4§n³»¸¤§
Ĥs = T̂ + V̂s .

p�¿n£À|�¿ q
�Z±¡±¡¤«®¯\³¥§\Ö´©®´©®¹\µ�ïð4¹nµ¡§iñ�µ²«®ÖÉÃ¨Ïð4¹\§È©¬¹nµ¡4«Çµ¡Ó01\©®¹\µ¡«Çµ�µÄæn³¥½Ç©®½ð¸r°\§\³»Ûl°\µtµ²§\µ¡«ÇÖ¤Í�¼Ð°n§\±²©®³»4§�¸É¶

Es[n] = Ts[n] +

∫
d
�
Vs(
�
)n(
�
),

p�¿n£¥|¡ß°q
¼Ð4«FêX¹\³¥±Ä¹È©®¹\µ(·É¸¤«Ç³ò¸É©®³»4§\¸¤¶�µ¡Ûl°�¸É©®³»4§

δEs[n]

δn(
�
)
= 0 ,

p�¿`£¥|�×�q
Íi³»µ²¶»¯\½Â©®¹\µ(µÄæ\¸É±²©XÖ4«®¤°\§\¯�½Ç©]¸J©¬µ(¯nµ¡§\½Ç³¥©¨Í

ns(
�
)
±¡¤«®«®µ²½®Ê�4§n¯\³»§\ÖC©¬

Vs(
�
)
£
T̂s
¯nµ¡§\¤©®µ¡½Z©®¹\µ(°n§\³¥·4µ²«®½¬¸É¶

4l³»§\µº©¬³¥±eµ¡§\µ²«®Ö¤Ít¼Ð°\§\±º©¬³»¤§�¸¤¶ª¤¼M�PXZ�Tî�ik�Tz�[xÇAh)ïxz3ik�)×ÕÊ�¸¤«Ç©®³»±²¶»µ¡½²£�îZ¹\µÂ±²µ¡§l©®«¬¸¤¶`¸É½®½®µ²«Ç©®³»4§M°\½®µ²¯C³»§Mµ²½Ç©]¸¤ñn¶»³¥½®¹`Ã³»§nÖM©¬¹\µÕÏð¤¹\§`ÃÌôi¹�¸¤Ó�½®±]¹\µ²Ó�µë³»½¡äÒ¼Ð4«Â¸É§lÍ�³¥§l©®µ¡«¬¸É±²©¬³¥§\ÖM½ÇÍi½Ì©¬µ¡Ó01`©¬¹\µ²«®µëµºæ`³»½Ì©¬½F¸ ¶¥i±E¸¤¶ ½®³¥§\Ö4¶¥µºÃéÊ�¸¤«Ç©®³¥±¡¶¥µÊ�¤©¬µ²§l©®³ò¸¤¶
Vs(
�
)
½®°\±]¹ ©¬¹\¸É©e©¬¹\µðµÄæn¸¤±²©ÂÖ4«®4°n§\¯ ½Ì©]¸É©®µð¯\µ¡§\½Ç³¥©¨Í2¤¼d©¬¹\µð³¥§l©®µ¡«®¸¤±²©®³»§\Ö�½ÌÍ`½Ì©¬µ²Ó µ²Ûi°\¸¤¶»½e©®¹\µÖ4«®¤°\§\¯�½Ì©]¸É©®µt¯\µ¡§\½Ç³¥©¨Í�¤¼Ò©®¹\µ�¸¤°`æ`³¥¶»³»¸¤«ÌÍ Ê\«Ç4ñ\¶¥µ¡Ó01

n(
�
) = ns(

�
).

p�¿`£¥|�ó�q
ì¤ß



¦é¼e©¬¹\µrÖ4«®¤°\§\¯&½Ç©¬¸É©¬µr¤¼ Ĥs
³»½Õ§\4§n¯\µ¡Ö4µ²§\µ¡«®¸É©¬µ�1â©®¹\µ´Ö¤«®4°\§n¯.½Ì©]¸É©®µ´¯nµ¡§\½Ç³¥©¨Í
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�
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}à¸¤§\¯ ©¬¹l°\½

n(
�
)
�Ê�4½®½Çµ¡½Ç½®µ¡½Õ¸r°\§\³»Ûl°\µt«Çµ¡Ê\«Çµ¡½®µ²§l©¬¸É©¬³¥4§

n(
�
) =

N∑

i=1

|ϕi(
�
)|2 p�¿n£À|�ã�q

³»§�©®µ¡«®Ó2½Z¤¼Ò©®¹\µt¶»�êÂµ¡½Ì©
N
½®³¥§\Ö4¶»µÄÃ¨Ê\¸¤«Ç©¬³À±¡¶¥µÕ¤«®ñ\³À©]¸¤¶¥½F4ñ`©]¸¤³¥§\µ¡¯�¼Ð«®¤Ó ©¬¹\µMô`±]¹\«�Ji¯\³»§\Ö¤µ¡«Xµ²Ûl°�¸É©®³»4§�ä

[
− ~

2

2m
∇2 + VKS(

�
)
]
ϕi(
�
) = εi ϕi(

�
), ε1 ≤ ε2 ≤ . . .

p�¿`£¥|Eõ q
îZ¹\µ�±¡¸¤½®µt¤¼_¸r¯\µ¡Ö¤µ¡§\µ²«¬¸É©®µ�¶»µ²·4µ²¶
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)
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�
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�
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�
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�
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p�¿n£¥|Eì q
¸¤§\¯È©®¹\µt§\4§`Ãé³»§ª©¬µ¡«®¸¤±²©®³»§\Ö�4l³»§\µº©¬³»±(µ²§\µ¡«ÇÖ¤Í
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�
)
(
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�
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�
)
¸¤§\¯0©®¹\µÖ4«®¤°\§\¯.½Ì©]¸É©®µ´¯\µ²§\½®³À©ÆÍ

n0(
�
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1�©¬¹nµ´½®³¥§\Ö4¶»µÄÃ¨Ê�¸É«Ç©¬³À±¡¶¥µCÏð4¹\§`ÃÆô`¹�¸¤ÓsÊ�É©¬µ¡§ª©¬³»¸¤¶ÒêX¹\³»±]¹.Ö4µ²§\µ¡«®¸É©¬µ²½

n0(
�
)·i³ò¸´ÅkÛl½¡£�p�¿`£¥|�ã�qF¸¤§\¯dp�¿n£À|�õ qÂ³¥½�}Ü|�}Éó���ä
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�
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�
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�
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p�¿`£å}i|\q
êX¹\µ²«®µt¼Ð4«F©¬¹\µtÊ\¸¤³»«ÆÃ¨Ê�¤©®µ¡§l©®³ò¸É¶

w(
�
,
� ′) 1\©¬¹nµ�ïë¸¤«Ì©¬«®µ²µtÊ�¤©¬µ²§l©®³ò¸¤¶ VH(

�
)
³»½ZÖ4³À·4µ¡§ÈñlÍ

VH(
�
) =

∫
d
� ′w( � , � ′)n0( � ′), p�¿`£å}4}�q

êX¹\³¥¶»µÕ©®¹\µtµºæ`±]¹�¸¤§\Ö4µÄÃ¨±²4«®«Çµ¡¶»¸É©¬³¥4§ÈÊ�¤©¬µ²§l©®³ò¸¤¶
Vxc([n0];

�
)
³»½ZÖ4³À·4µ¡§ÈñlÍ�ä

Vxc[n0](
�
) ≡ δExc[n]

δn(
�
)

∣∣∣∣
n0( U ) . p�¿n£Î}¤¿ q

ïðµ²«®µ�1�©¬¹nµ�µÄæ`±Ä¹\¸¤§\Ö4µÄÃ¨±²4«®«®µ²¶ò¸J©¬³»¤§Èµ¡§\µ²«®Ö¤Í¼Ð°\§\±º©¬³»¤§�¸¤¶
Exc[n]

³»½F¼Ð4«ÇÓ ¸É¶»¶ÜÍ ¯nµ²Ú�§\µ²¯0ñªÍ�ä
Exc[n] ≡ FHK[n]−

1

2

∫
d
� ∫

d
� ′n( � )w( � , � ′)n( � ′)− Ts[n]. p�¿`£å}Éß q

ìª×
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t
³»½ Ê\°\«®µ²¶¥Í,±¡4§ª·4µ¡§ª©¬³¥4§�¸¤¶�£ ¦é©r±E¸¤§ ñ�µ½®¹\�êX§Ó}Ü|�}¤}]1Z|�¿¤ìZ�Â©¬¹\¸É©C©®¹\µµ¡§\µ²«®Ö¤Í½®Ê�µ²±²©¬«Ç°\Ó¾¤¼kÅkÛ £np�¿n£àßlã�qF³»½X³»§ª·É¸¤«®³»¸¤§ª©Ñ°\§n¯\µ¡«Ñ©¬¹\µ�«®µ²Ê\¶ò¸¤±²µ¡Ó2µ¡§ª©

t
ñlÍ −t £ZîZ¹\µM½®µ²±¡4§n¯0©¬µ¡«ÇÓ É¼_©®¹\µïë¸ÉÓ�³¥¶À©¬¤§\³»¸É§0¯\µ¡½Ç±¡«Ç³»ñ�µ¡½Õ©¬¹nµr¶¥i±E¸¤¶RÙÂ4°\¶¥4ÓCñg³¥§l©®µ¡«¬¸É±²©¬³¥4§0ñ�µ²©¨êÂµ²µ¡§.µ¡¶¥µ¡±º©¬«®¤§\½t¸J©Õ©®¹\µC½¬¸¤Ó2µC¶»¸É©®©®³»±²µ½®³À©¬µ¤£_¦¨§�©¬¹n³»½ÂÙÂ¹�¸¤Ên©®µ¡«J1iêÂµÑ©]¸�4¤µ

U > 0
©¬M¹�¸�·4µë¸M«Çµ¡Ê\°\¶¥½®³À·4µð³»§ª©¬µ¡«®¸¤±²©®³»4§Np

U > 0
«¬¸¤³¥½®µ²½e©¬¹\µðµ¡§nµ¡«®ÖÉÍ¤¼�Ê\¶ò¸É±¡³»§nÖ ©¨êÂ´µ²¶»µ¡±º©¬«Ç4§\½Z4§©¬¹\µÕ½¬¸¤Ó2µÕ¶ò¸É©Ç©¬³¥±¡µë½Ç³¥©¬µ�1nêX¹n³»±]¹È±¡¤«®«®µ²½®Ê�4§n¯\½X©®´¸r«Çµ¡Ê\°n¶»½®³À·4µÕ¼Ð¤«®±¡µ�qº£k¦¨§ÙÂ¹�¸¤Ê`©¬µ¡«Xß´êÂµ(êX³»¶¥¶d¯\µE¸É¶�êX³¥©®¹

U < 0
êX¹n³»±]¹�±¡4«Ç«®µ¡½ÇÊ�4§\¯\½X©¬2¸¤§�¸É©Ç©¬«®¸¤±²©®³¥·4µ(³¥§l©¬µ²«¬¸¤±º©¬³¥4§�£

|��4}



¦é¼�êHµ&±²4§\½®³¥¯\µ¡«È¸É¶»½® ¸¤§$µÄæ`©®µ¡«Ç§�¸¤¶(½Ì©]¸É©®³»±gÊ�¤©®µ¡§ª©¬³ò¸É¶Õ¸¤ÊnÊ\¶»³¥µ¡¯�©¬U©¬¹\µ Ó2�·i³¥§\Ö�¼Ðµ¡«®Ó2³»¤§\½ 4§*¸Ê�µ¡«Ç³»i¯\³¥±t¶»¸É©®©®³»±²µ(êZ³¥©¬¹�¶»µ²§\Ö¤©®¹
L
1�êÂµ�±E¸¤§�¯\µ²½®±¡«Ç³»ñ�µ�©®¹\µ�½ÇÍi½Ç©®µ¡Ó ñlÍ�¸2½Ç³»§\Ö¤¶»µÄÃ¨ñ�¸¤§n¯�³»§n¹\4Ó24Ö4µ²§\µ¡¤°\½ïð°nñ\ñ�¸¤«Ç¯�Ó2i¯\µ¡¶�ä

Ĥ = −t
∑

i,σ

ĉ†σ(zi) ĉσ(zi+1) + U
∑

i

n̂↑(zi)n̂↓(zi) +
∑

i,σ

V σ
ext(zi) n̂σ(zi),

p�¿`£å×���q
êX³¥©®¹

V σ
ext(zi)

¯\µ²§\¤©¬³¥§\Ö ©¬¹\µÈµºæi©¬µ²«®§�¸¤¶Z±¡4§nÚ\§\³»§\Ö&Ê�É©¬µ¡§ª©¬³»¸¤¶ £U¦¨§8©®¹\³»½C©¬¹\µ²½®³¥½´êÂµÈ±¡4§\½Ç³»¯\µ²«2¤§\¶¥Í ¸Ê\°\«Çµ¡¶ÀÍ�¹�¸¤«ÇÓ�¤§\³»±Õ±²4§nÚ�§n³»§\Ö´Ê�¤©¬µ²§l©¬³»¸¤¶d¤¼Ò©®¹\µtÖ4µ¡§nµ¡«¬¸É¶�¼Ð4«®Ó
V σ

ext(zi) = V σ
2 (zi − L/2)2 ,

p�¿n£Î×`|\q
êX¹\µ²«®µ

V σ
2

³¥½F©¬¹\µt½Ç©®«®µ²§\Ö¤©¬¹�¤¼Ò©®¹\µ(©¬«®¸¤ÊÈ¼Ð¤«Ñ¸J©¬4Ó2½FêX³À©¬¹È½®Ê\³¥§
σ
£îZ¹nµðïð¸¤Ó2³»¶À©®4§\³¥¸¤§?p�¿`£å×���q�êX³»¶»¶`ñ�µZ©®¹\µX¤ñ]SÇµ²±²©A¤¼�4°n«_©¬¹\µ²4«®µº©¬³¥±E¸¤¶n³»§ª·4µ¡½Ç©®³»Öª¸J©¬³»¤§C³»§C©¬¹\µF¼Ð4¶»¶¥�êX³¥§\Ö½®µ²±²©¬³¥4§\½²£ ¦¨§ ©¬¹nµ ¸¤ñn½®µ¡§n±¡µ ¤¼(µºæi©¬µ²«®§�¸¤¶ëÊ�É©¬µ¡§ª©¬³»¸¤¶:1H©¬¹\µgïð°nñ\ñ�¸¤«Ç¯$ïë¸¤Ó2³»¶Ü©¬¤§\³»¸É§<«®µ¡¯n°\±¡µ²½©¬�©®¹\µ¹\4Ó24Ö4µ²§\µ¡¤°\½2Ó�i¯\µ²¶ZêX¹\³¥±Ä¹<¹�¸¤½2µºæn¸¤±º©½Ç4¶»°`©¬³»¤§<¸¤½2Ê\«®�·i³»¯\µ²¯�ñªÍ<á�³»µ²ñ�¸¤§\¯BQ,°y}Ü|�}4}\� £ îZ¹nµ¡½®µ«®µ²½®°\¶À©¬½FêX³»¶¥¶�ñ�µ(µºæ`Ê\¶ò¸É³»§\µ²¯È³¥§©¬¹\µ�ô`µ²±²©®³»4§È¿n£àß2¸¤§n¯�êÂµ(êX³¥¶»¶�°\½Çµ(©®¹\µ¡Ó ©®´±²4§\½Ç©®«®°\±º©X©¬¹\µ(µÄæ`±Ä¹�¸É§\Ö4µÄÃ±¡¤«®«®µ²¶ò¸É©®³»4§2µ²§\µ²«®Ö¤Í�É¼�©¬¹\µð¹\4Ó24Ö¤µ¡§\µ²4°\½H±E¸É½®µ¤£kîZ¹\³¥½Hµ¡§�¸¤ñn¶»µ²½Â°\½e©¬M©®«®µ¡¸É©H©¬¹nµð©®«¬¸¤Ê\Ê�µ²¯Öª¸É½eêX³¥©®¹\³»§¸´¶¥i±E¸¤¶ÜÃé½®Ê\³¥§`Ãé¯\µ²§\½®³À©ÆÍ ¸¤Ê\Ê\«Ç�æ`³»Ó�¸É©¬³¥¤§�£

à½¥3à½¥Áà AC�¯]ª�«Z¨C±�±P¶r·O´=¯]¦¨K®²ÏG¶R®R±b¯]v¨`®w´Ké8¯]þRªM¨7¸2º
îZ¹\µC¸¤³»Ó�¤¼_©¬¹n³»½Õô`µ²±²©®³»4§0³»½X©¬ Ên«®µ¡½Çµ¡§ª©t¸�½®°\Ó2Ó�¸¤«ÇÍÈ¤¼_©®¹\µM©¨êÂ&4¤µ²Í�«®µ²½®°\¶À©¬½ð¤¼eô6�(ÔRî÷}Ü|�¿Éß61�|�¿ª×)1|Eß �]1�|¡ß\|�� äDpÐ³kqâ©¬¹\µXïð¤¹\µ¡§lñ�µ¡«®ÖJÃÆÏð4¹n§´©®¹\µ¡4«Çµ¡Ó
¸¤§\¯epÐ³»³sqâ©®¹\µXÏð4¹\§`ÃÆô`¹�¸¤Ó�Ó�¸¤Ê\Ê\³¥§\Öë©¬t¸¤§2¸É°`æ`³»¶»³»¸É«ÇÍ§\4§n³»§l©®µ¡«®¸¤±²©®³»§\Ör½ÇÍi½Ç©®µ¡Ó�£îZ¹nµ ñ�¸É½®³»±´·J¸¤«®³»¸¤ñ\¶¥µ´¤¼Xô6�(ÔRî�³»½(©¬¹\µ2½®³¥©®µºÃéi±¡±¡°nÊ�¸É©¬³¥4§

n(zi) = 〈Ψ|n̂(zi)|Ψ〉
1âêX¹\µ¡«Çµ |Ψ〉 ³»½�¸Ö4µ²§\µ¡«Ç³»±ZÓ�¸¤§ªÍªÃ¨ñ�i¯nÍ ½Ì©]¸É©®µ¤£=�ð½k³»§C½Ç©]¸¤§n¯�¸¤«®¯2ÝëÔRîH1¤©¬¹\µF±¡µ¡§ª©¬«®¸¤¶\«®µ²½®°\¶À©AÉ¼�ô2�(ÔRî8³»½R©®¹\µXïð¤¹\µ¡§lñ�µ¡«®ÖJÃÏð4¹\§8©¬¹\µ²4«®µ²Óe1HêX¹\³»±]¹�±E¸É§ ñ�µ�½Ç°\Ó�Ó�¸¤«Ç³»ç²µ¡¯8³»§8©¬¹n«®µ¡µe4¤µºÍ<½Ç©¬¸É©¬µ²Ó�µ²§l©¬½²ä�p�¸ qC©®¹\µ�Ö4«Ç4°\§\¯�½Ì©]¸É©®µµºæ`Ê�µ¡±º©]¸J©¬³»¤§ ·É¸¤¶¥°\µ¤¼ð¸¤§ªÍ�4ñ\½®µ²«Ç·J¸¤ñ\¶»µ Ô ³»½C¸g°\§\³¥Ûi°nµ¼Ð°\§\±º©¬³¥4§�¸¤¶ O = 〈GS|Ô|GS〉 = O[n] ¤¼©¬¹\µrÖ4«®¤°\§\¯&½Ç©¬¸É©¬µr½®³À©¬µºÃéi±¡±²°\Ê�¸É©®³»4§

n(zi)
��p�ñbqð©¬¹nµ´Ö4«Ç4°\§\¯&½Ì©]¸É©®µ´½®³À©¬µÄÃ¨i±¡±²°\Ê�¸J©¬³»¤§ Ó�³¥§\³¥Ó2³Àç¡µ¡½ë©®¹\µ©¬¤©¬¸¤¶ÜÃ¨µ¡§nµ¡«®ÖÉÍ ¼Ð°n§\±²©®³»4§�¸É¶

EGS[n]
� ¸É§\¯dp�±�q

EGS[n]
±E¸¤§�ñ�µ(êX«®³À©®©¬µ²§�¸¤½

EGS[n] = FHK[n] +
∑

i

Vext(zi) n(zi) ,
p�¿`£å×4}�q

êX¹\µ²«®µ
FHK[n] = 〈Ψ|Ĥhop + Ĥint|Ψ〉

³»½ ¸uÆ]�TikÀ�[xÇ¼VJh�jd¼Ð°\§\±º©¬³¥4§�¸¤¶A¤¼Z©®¹\µ ½®³À©¬µ�i±¡±¡°nÊ�¸É©¬³¥4§�1R³»§,©®¹\µ½®µ²§\½®µ�©®¹�¸É©X³¥©Z¯\iµ¡½X§\¤©X¯\µ¡Ê�µ²§\¯0¤§È©¬¹\µtµÄæi©¬µ¡«Ç§�¸¤¶âÊ�É©¬µ¡§ª©¬³»¸¤¶ £
�R¸É«Ç©0p�ñbqM¤¼X©®¹\µÈïðÏ ©¬¹nµ¡4«Çµ¡Ó ½Ç°\Ö4Ö4µ²½Ç©®½r©¬¹�¸J©r³¥¼Z©¬¹\µµºæn¸¤±º©�¸É§�¸¤¶ÀÍi©®³»±¡¸¤¶eµºæ`Ê\«®µ²½®½®³¥4§8¤¼

FHK[n]³»½w4l§\�êX§�1d©®¹\µCÖ¤«®4°\§n¯ ½Ì©]¸É©®µCµ²§\µ¡«ÇÖ¤Íg¸¤§\¯0©¬¹nµCÖ4«Ç4°\§\¯g½Ì©]¸É©¬µ ½®³À©¬µ i±²±¡°\Ê\¸É©¬³¥4§g±²4°\¶»¯0ñ�µ ¼Ð4°\§n¯ ñªÍ
|��¤¿



½®4¶À·i³»§\ÖC©¬¹\µ�Åk°\¶¥µ¡«ÌÃ¨áâ¸¤Ö4«®¸¤§\Ö4µÕµ¡Ûl°�¸É©®³»¤§
δFHK[n]

δn(zi)
+ Vext(zi) = const ,

p�¿n£å×É¿ q
©¬¹\µ´±¡¤§\½Ç©¬¸¤§l©�¹�¸�·i³¥§\ÖÈ©®¹\µ´Ó�µ¡¸¤§\³¥§\ÖÈÉ¼F¸�áâ¸¤Ö4«®¸¤§\Ö4µrÓC°\¶¥©®³¥Ê\¶¥³Àµ¡«ë©®�µ¡§`¼Ð4«®±²µ2Ê�¸¤«Ì©¬³¥±¡¶»µÄÃ¨§l°\ÓCñ�µ¡«Õ±²4§`Ã½®µ²«Ç·É¸J©¬³»¤§�£îZ¹nµ�Ïð4¹\§iÃÌô`¹�¸ÉÓ Ó�¸¤Ê\Ê\³¥§\Ö61Ò¸¤Öª¸¤³¥§,³»§�¸¤§�¸¤¶¥4Ö¤ÍgêX³¥©¬¹�½Ì©]¸¤§\¯\¸¤«®¯ ÝëÔRîH1ÒÊ\«Ç�·i³»¯\µ²½C¸¤§�µ¡½Ç½®µ¡§ª©¬³»¸¤¶½®³¥Ó�Ên¶»³ÀÚ�±¡¸É©¬³À4§�£��Õ§\µe±¡¤§\½®³¥¯\µ¡«Ç½R¸X§\¤§\³»§ª©¬µ¡«®¸¤±²©®³»§\ÖÑ¸É°`æ`³»¶¥³ò¸É«ÇÍë½ÌÍ`½Ì©¬µ²Ó:¯\µ²½®±²«®³»ñ�µ²¯ ñªÍ(©¬¹\µeïë¸¤Ó2³»¶À©®4§n³»¸¤§

Ĥs = −
∑

i,j

∑

σ

tij

[
ĉ†σ(zi)ĉσ(zj) + H.c.

]
+
∑

i

VKS(zi) n̂(zi) .
p�¿`£å×Éß q

îZ¹\µ�±²µ¡§ª©¬«®¸¤¶F¸¤½®½Çµ¡«Ì©¬³»¤§ °\½Çµ¡¯O³»§�µ¡½Ì©]¸¤ñ\¶¥³»½Ç¹\³»§\Ö�©¬¹\µÓ�¸¤Ê\Ê\³¥§\Ö0³¥½M©¬¹�¸J©C¼Ð¤«C¸¤§ªÍ�³»§ª©¬µ²«¬¸¤±º©¬³¥§\Ö0½ÇÍi½Ç©®µ¡Ó©¬¹\µ²«®µ�µÄæn³¥½Ç©®½¸.¶¥i±E¸¤¶Z½Ç³»§\Ö4¶¥µºÃéÊ�¸¤«Ì©¬³¥±¡¶ÀµÈÊ�¤©®µ¡§ª©¬³ò¸É¶
VKS(zi)

½Ç°\±]¹�©¬¹�¸J©2©¬¹\µ�µÄæn¸¤±²© Ö4«Ç4°\§\¯`Ãé½Ç©¬¸É©¬µ�½®³À©¬µi±¡±²°\Ê�¸É©®³»4§
n(zi)

¤¼Ñ©®¹\µÈ³¥§l©®µ¡«®¸¤±²©®³»§\Ög½ÇÍi½Ç©®µ¡Ó µ¡Ûl°�¸É¶»½C©¬¹\µ�Ö4«®¤°\§\¯`Ãé½Ç©]¸É©®µ�½®³À©¬µ�i±²±¡°\Ê\¸É©¬³¥4§O¤¼Ñ©®¹\µ¸¤°`æ`³¥¶»³»¸¤«ÌÍ Ê\«Ç4ñ\¶»µ²Ó
n(zi) = n(s)(zi)

pÐ§\4§\³¥§l©®µ¡«¬¸É±²©¬³¥§\Ö
v
Ã¨«Çµ¡Ê\«Çµ¡½®µ²§l©¬¸¤ñ\³»¶¥³¥©¨Í2qº£_�X±²±¡4«Ç¯\³»§nÖ,©¬�Ê\¸¤«Ç©

p�±�qMÉ¼Z©¬¹\µïð¤¹\µ¡§lñ�µ¡«ÇÖÉÃÆÏð4¹n§U©¬¹nµ¡4«Çµ¡Ó ©¬¹\µ²«®µ ©®¹\µ¡§ µÄæ`³»½Ç©®½r¸0°\§n³»Ûl°\µ µ¡§\µ²«®Ö¤Í,¼Ð°n§\±²©®³»4§�¸É¶
Es[n] =

Ts[n]+
∑

i VKS(zi)n(zi)
1É¼Ð4«âêZ¹\³»±]¹M©¬¹\µe·J¸¤«®³»¸É©¬³¥4§�¸É¶ªµ²Ûl°�¸É©®³»4§

δEs[n] = 0
Íi³»µ¡¶¥¯\½â©¬¹\µHµÄæn¸¤±²©RÖ4«®4°n§\¯`Ã½Ç©¬¸É©¬µÑ½®³À©¬µÑi±¡±²°\Ê�¸J©¬³»¤§

n(s)(zi)
±²4«®«Çµ¡½ÇÊ�4§\¯\³¥§\ÖM©® Ĥs

£
Ts[n]

¯nµ¡§\¤©®µ¡½e©¬¹\µÑ°\§\³¥·¤µ¡«®½®¸¤¶b4i³¥§\µ²©®³»±Xµ¡§\µ²«®Ö¤Í¼Ð°\§\±º©¬³¥4§�¸¤¶�É¼R§\¤§\³»§ª©¬µ¡«®¸¤±²©®³»§\ÖrÊ\½Çµ¡°\¯n4½®Ê\³¥§`Ã 1
2

¼Ðµ²«®Ó2³»¤§\½¡£ô`°nÊ\Ê�4½®µë©®¹�¸É©H©¬¹nµëÖ4«®¤°\§\¯½Ì©]¸É©®µë¤¼ Ĥs
³»½H§\4§n¯\µ¡Ö¤µ¡§\µ²«¬¸É©®µ¤£AîZ¹\µëÖ4«®4°n§\¯½Ì©]¸É©¬µð½®³¥©®µði±¡±¡°nÊ�¸É©¬³¥4§

n(s)(zi)
p�¸¤§n¯È©¬¹l°\½J1�ñlÍÈ¸¤½Ç½®°\Ó2Ên©®³»4§�1

n(zi)
qFÊ�4½Ç½®µ¡½Ç½®µ¡½Õ¸r°\§\³¥Ûl°\µt«®µ¡Ên«®µ¡½Çµ¡§ª©]¸É©®³»4§

n(zi) =
∑

α,occ.

|ϕα(zi)|2 ,
p�¿n£Î×4×�q

³»§�©¬µ¡«ÇÓ�½X¤¼Ò©®¹\µ�¶»�êÂµ²½Ç©
N
½®³¥§\Ö4¶»µÄÃ¨Ê�¸É«Ç©¬³À±¡¶¥µÕ4«®ñ\³À©]¸É¶»½F4ñn©¬¸¤³»§\µ²¯È¼Ð«®¤ÓT©¬¹nµMÏð4¹\§`ÃÆô`¹�¸ÉÓ´ÃÆô`±Ä¹n«LJi¯\³¥§\Ö4µ¡«µ¡Ûl°�¸J©¬³»¤§
∑

j

[−tij + VKS(zi) δij]ϕα(zj) = εαϕα(zi) .
p�¿`£å×¤ó�q

�Õ§\±¡µr©¬¹\µ´µºæ`³»½Ì©¬µ²§\±¡µ2¤¼F¸ÈÊ�¤©®µ¡§ª©¬³ò¸É¶
VKS(zi)

Ö¤µ¡§\µ²«¬¸É©®³»§\Ö
n(zi)

À�iÁh2ÅkÛl½¡£�p�¿n£Î×4×�qÕ¸É§\¯êp�¿n£Î×¤ó që³¥½t¸¤½ÌÃ½®°\Ó2µ²¯�1�°\§\³¥Ûl°\µ¡§nµ¡½®½MÉ¼
VKS(zi)

¼Ð4¶»¶¥�êX½ë¼Ð«®4Ó!©®¹\µ2ïð4¹nµ¡§iñ�µ²«®ÖÉÃ¨Ïð4¹\§&©¬¹nµ¡4«Çµ¡Ó�£rîZ¹i°\½t©¬¹nµ2½Ç³»§\Ö¤¶»µÄÃÊ�¸¤«Ì©¬³»±²¶»µ24«Çñ\³¥©¬¸¤¶¥½
ϕα(i) = ϕα[n](zi)

¸É«®µ °\§n³»Ûl°\µ�¼Ð°\§\±²©®³»4§\¸¤¶»½�¤¼
n(zi)

1k¸¤§n¯U©®¹\µ §\4§\³¥§l©®µ¡«¬¸É±²©¬³¥§\Ö
4l³»§\µº©¬³¥±tµ²§\µ²«®Ö¤Í

Ts[n] = −
∑

i,j

∑

α

ti,j

(
ϕ?α(zi)ϕα(zj) + c.c.

)
,

p�¿n£Î×4ã�q
³»½X¸r°\§\³»Ûl°\µ(¼Ð°\§n±²©¬³¥4§�¸É¶�¤¼

n(zi)
¸¤½ZêÂµ²¶»¶ £

|��Éß



¦é©Z³»½F±²4§l·4µ²§\³»µ²§l©Ñ¸É©F©¬¹\³¥½FÊ�4³»§ª©F©¬CêX«Ç³¥©¬µë©®¹\µÕ©¬¤©¬¸¤¶dµ²§\µ²«®Ö¤Í ¼Ð°\§\±º©¬³»¤§�¸¤¶
EGS[n]

³»§ÈÅkÛ £�p�¿n£Î×4}�qHñªÍ³»§ª©¬«®i¯n°\±¡³¥§\Ö
Ts[n]

¸¤§\¯�¸´ïë¸É«Ç©¬«Çµ¡µ(©¬µ²«®Ó
EH = U

∑
i n

2(zi)/4
1�iÁ{Á[J{

EGS[n] = Ts[n] + EH[n] + Exc[n] +
∑

i

Vext(zi)n(zi) ,
p�¿`£å×¤õ�q

4«ZÊ\«¬¸É±²©¬³¥±E¸¤¶¥¶ÀÍ ½Ç³»Ó2³»¶¥¸¤«H©¬r©¬¹nµMÅkÛ £�p�¿n£Î}4ã�qÂ¸¤½
EGS[n] =

∑

α

εα −
∑

i

Vxc(zi)n(zi)−
∑

i

VH(zi) + Exc .
p�¿n£Î×¤ì q

êX¹\µ²«®µ´©¬¹nµ´µºæ`±]¹�¸¤§\Ö¤µºÃ¨±²4«Ç«®µ¡¶»¸É©¬³¥4§g¼Ð°\§\±²©®³»4§\¸¤¶R³»½Õ¼Ð4«ÇÓ ¸É¶»¶ÜÍ�¯\µºÚ�§\µ¡¯�¸¤½
Exc[n] ≡ FHK[n] − Ts[n] −

EH[n]
£ÕîZ¹\µrïëÏ
·É¸¤«®³»¸É©¬³¥4§\¸¤¶âÊ\«Ç³»§\±²³»Ê\¶¥µ�µ¡§\½Ç°\«®µ²½(©¬¹\¸É©

E[n]
³¥½ë½Ç©¬¸É©¬³¥4§�¸É«ÇÍ�°\§n¯\µ¡«Õ½®Ó�¸¤¶¥¶â·J¸¤«®³»¸É©¬³¥4§\½

δn(zi)
¸É«®4°\§n¯

n(zi)
ä

EGS[n+ δn]− EGS[n] = δTs +
∑

i

δn(zi)

[
Vext(zi) +

U

2
n(zi) + Vxc[n](zi)

]
= 0 ,

p�¿`£Îó���q
êX¹\µ²«®µ

Vxc[n](zi)
¯\µ²§\¤©®µ¡½X©¬¹\µtµÄæ`±Ä¹�¸É§\Ö4µºÃé±¡¤«®«®µ²¶ò¸É©®³»4§�Ê�¤©¬µ²§l©¬³»¸¤¶:1

Vxc[n](zi) =
δExc[n]

δn(zi)

∣∣∣∣
n(zi)

.
p�¿n£Øón|\q

�ð½Ç³»§\Ö
δTs = −

∑
i VKS(zi) δn(zi)

1\êÂµ(Ú�§\¯È©¬¹�¸J©X©®¹\µ�Ïð4¹\§`ÃÆô`¹�¸¤ÓTÊ�¤©®µ¡§ª©¬³ò¸É¶�³¥½XÖ¤³¥·4µ²§�ñlÍ
VKS(zi) = VH[n](zi) + Vxc[n](zi) + Vext(zi) ,

p�¿`£Îóª}�q
êX¹\µ²«®µ

VH[n](zi) = U n(zi)/2
£

%&�£¢ LÄ¡"� gÑ�D��¡"� �Kh²�?£��H�¤ £������"������ ��¢Â��¡?� �X� ¡"� � �����½�?�C���?£
i ��[�[0���n� � �¿�?�C�

¦¨§g|�ì¤ó4õMá�³»µ¡ñ ¸¤§\¯$Q�° ¯\³»½Ç±¡�·4µ¡«Çµ¡¯ß}Ü|�}4}\��©®¹�¸É©H©®¹\µÕÁHµ²©¬¹nµºÃ��ð§\½¬¸J©¬çë±E¸¤§ ñ�µÕ¸¤Ê\Ên¶»³»µ²¯2©¬M©®¹\µÕïÑ°\ñ\ñ\¸¤«®¯Ó2`¯nµ¡¶�£ZîZ¹\µ²Í�«®µ²¯\°\±²µ¡¯g©®¹\µ ½ÇÊ�µ¡±º©¬«¬¸É¶ÒÊ\«®4ñn¶»µ¡Ó ¤¼R©¬¹\µ ïë¸¤Ó2³¥¶À©¬¤§\³»¸É§È©¬ ½Ç4¶¥·i³¥§\Ö ¸�½Çµ²©ÕÉ¼A¸¤¶»Ö¤µ¡ñ\«®¸¤³»±µ¡Ûl°�¸J©¬³»¤§\½J1�4l§\�êX§2¸É½R©¬¹\µZá�³»µ²ñ`Ã:Q�°?p�á�QÓq�µ¡Ûl°�¸É©®³»¤§\½¡£R¦¨§C©¬¹\³¥½kô`µ¡±º©¬³»¤§CêÂµFÓ2µ¡§l©®³»¤§ ©®¹\µ¡½ÇµZµ¡Ûl°�¸É©®³»4§êX¹\³¥±Ä¹�Ö4³À·4µ¡½Z©®¹\µtÖ4«®¤°\§\¯`Ãé½Ç©]¸J©¬µtµ²§\µ¡«ÇÖ¤Í�¤¼Ò©®¹\µt¹\4Ó24Ö4µ²§\µ¡¤°\½Ñïð°\ñnñ�¸¤«®¯�Ó2i¯\µ¡¶�£Ô�4«Z©¬¹\µ�|EÝ�ïð°\ñ\ñ\¸¤«®¯0Ó2i¯\µ¡¶�ÅkÛ £np�¿n£Î×�� qF³»§�©®¹\µ ¸¤ñ\½Çµ¡§\±²µC¤¼_µºæi©®µ¡«®§\¸¤¶ÒÊ�É©¬µ¡§ª©¬³»¸¤¶:1\©®¹\µM±¡¤Ó�ÓC°`Ã©]¸É©®³»¤§È«Çµ¡¶ò¸J©¬³¥4§\½
[ ∑

i

n̂↑(zi), Ĥ
]
=
[ ∑

i

n̂↓(zi), Ĥ
]
= 0 ,

p�¿`£Îó4¿�q

|��4×



³»Ó2Ê\¶ÀÍë©®¹�¸É©â©¬¹\µe§l°\ÓCñ�µ¡«®½�¤¼n½®Ê\³¥§`Ã¨¯n�êX§�¼Ðµ¡«ÇÓ�³¥4§\½
N↓
¸¤§\¯M½ÇÊ\³»§`Ãé°\Ê�¼Ðµ²«®Ó2³»4§n½

N↑
¸¤«ÇµeÖ4ii¯�Ûl°�¸¤§l©®°\Ó§i°nÓrñ�µ²«®½²£_îZ¹\µ²«®µ²¼Ð¤«®µFêHµZ±]¹�¸¤«®¸¤±²©®µ¡«Ç³»ç¡µH©¬¹\µFµ²³»Ö4µ²§\½Ç©¬¸É©¬µ²½kñªÍ

N↓
¸¤§n¯

N↑
1ª¸¤§\¯ êX«®³¥©®µH©¬¹\µXôi±Ä¹\«�Ji¯\³»§nÖ4µ¡«µ¡Ûl°�¸J©¬³»¤§�¸¤½

Ĥ |N↓, N↑〉 = E(N↓, N↑) |N↓, N↑〉 .
p�¿n£Øó¤ß q

¦¨§U©¬¹\µ ©®¹\µ¡«ÇÓ�i¯`Í`§\¸¤Ó2³»±�¶»³¥Ó2³Ü©�êX¹\µ¡«Çµ©¬¹\µ¶»¸É©®©®³¥±¡µ�¶¥µ¡§\Ö¤©®¹
L
¸É§\¯U©¬¹nµ ©¬¤©¬¸¤¶H§l°\ÓCñ�µ¡« ¤¼Z¼Ðµ¡«®Ó2³¥4§\½

N
ñ�µ²±¡4Ó2µg¶»¸¤«ÇÖ4µ@p

L,N → ∞ qx1Z©®¹\µgÊn«®4Ê�µ²«Ç©¬³¥µ¡½ ¤¼(©®¹\µU|EÝ�ïÑ°\ñ\ñ�¸¤«Ç¯=Ó�i¯nµ¡¶ð¸¤«®µ0¯\µº©¬µ²«®Ó2³»§\µ²¯ñlÍ&©¬¹\µ ñ\¸¤§\¯�Ú�¶¥¶»³¥§nÖ
n
êX¹\³¥±Ä¹�³»½�©®¹\µ §i°nÓCñ�µ¡«M¤¼F¼Ðµ¡«®Ó2³»¤§\½�Ê�µ¡«M¶ò¸É©Ç©¬³¥±¡µ2½Ç³¥©¬µ�1Ò©¬¹\µ�½®Ê\³¥§

s
¸É§\¯�©®¹\µ¯\³¥Ó�µ²§\½®³¥4§\¶¥µ¡½®½F±¡4°nÊ\¶»³¥§\Ö

u
£AîZ¹nµ²Í�¸¤«Çµt¯\µºÚ�§\µ¡¯0¸¤½

n =
N↑ +N↓

L
=
N

L
,

p�¿n£Øóª×�q
s =

N↑ −N↓
2L

,
p�¿n£Øó4ó q

u =
U

t
,

p�¿n£Øóªã�q
³»§.êX¹\³¥±]¹

0 ≤ n ≤ 1
¸É§\¯

0 ≤ s ≤ n

2

£ÈîZ¹nµ ¶»³¥Ó2³À©®³¥§\ÖÈ±E¸É½®µ¡½
n = 0

¸¤§n¯
n = 1

±¡4«Ç«®µ¡½ÇÊ�4§\¯�©¬µ¡Ó2Ên©¨ÍÈ¸¤§n¯�¹�¸¤¶À¼òÃéÚ�¶¥¶¥µ²¯�ñ�¸¤§\¯n½Ñ«®µ²½®Ê�µ²±²©¬³À·4µ¡¶ÀÍ4£
�Z±¡±²4«®¯n³»§\ÖU©¬ áâ³¥µ¡ñ$¸É§\¯/Q,°Ä}Ü|�}4}\�31X©¬¹\µgÖ4«®¤°\§\¯=½Ç©]¸J©¬µ É¼t©¬¹\µg«®µ¡Ên°\¶»½Ç³¥·4µU|�Ý�¹n4Ó24Ö4µ¡§nµ¡4°\½ïð°nñ\ñ�¸¤«Ç¯$Ó�i¯nµ¡¶ð³»§�©¬¹\µ0©¬¹nµ¡«®Ó2i¯nÍi§�¸¤Ó2³¥±0¶¥³»Ó2³Ü© ³¥½¯nµ¡½®±²«®³¥ñ�µ¡¯$ñlÍ<©ÆêH ±¡4§ª©¬³»§l°\4°n½¯\³»½Ì©¬«®³¥ñ\°n©¬³¥4§¼Ð°\§\±º©¬³¥4§\½

ρ(x)
¸É§\¯

σ(y)
êX¹\³»±]¹�½¬¸É©®³»½Ç¼�Í ©¬¹nµgÁHµ²©¬¹nµºÃ��ð§\½¬¸J©¬ç~p�Á��Hq´±²4°\Ê\¶¥µ¡¯ Ô�«®µ²¯\¹\4¶¥Ó ³»§ª©¬µ²Ö4«¬¸É¶µ¡Ûl°�¸J©¬³»¤§\½J1

ρ(x) =
1

2π
+

cos x

π

∫ +B

−B

u/4

(u/4)2 + (y − sin x)2
σ(y) dy,

p�¿n£Îó¤õ q

σ(y) =
1

π

∫ +Q

−Q

u/4

(u/4)2 + (y − sinx)2
ρ(x) dx

− 1

π

∫ +B

−B

u/2

(u/2)2 + (y − y′)2 σ(y
′) dy′ .

p�¿n£Øó4ì q
îZ¹\µ�Ê\¸¤«¬¸¤Ó2µ²©®µ¡«

Q
³¥½Z¯\µ²©®µ¡«ÇÓ�³¥§\µ¡¯ÈñlÍ©¬¹nµ�§n4«®Ó�¸¤¶¥³¥çE¸J©¬³À4§�±²4§\¯\³À©¬³¥4§

∫ Q

−Q
ρ(x) dx = n ,

p�¿n£Îã�� q
êX¹\³¥¶»µ

σ(y)
³¥½Z§\4«®Ó�¸¤¶¥³¥ç²µ¡¯�¸É±¡±¡¤«®¯\³¥§\Ör©¬

∫ B

−B
σ(y) dy =

n

2
− s . p�¿`£åã`|�q

|��¤ó



îZ¹\µ�Ö¤«®4°\§n¯�½Ç©]¸J©¬µtµ¡§nµ¡«®ÖÉÍÈ¤¼�©¬¹\µt½ÌÍ`½Ì©¬µ²Ó p�Ê�µ²«X½®³À©¬µ�qÂ³»½ZÖ¤³¥·4µ¡§ÈñlÍ
εGS(n ≤ 1, s, u) = −2t

∫ Q

−Q
dx ρ(x) cos x.

p�¿n£Îã4}�q
Ô�«Ç4ÓT«®³¥Ö4¹l©ÌÃ¨¹�¸É§\¯`Ã¨½Ç³¥¯\µÕ¤¼RÅAÛ £�p�¿n£Îã`|\qÂ¸¤§�³¥Ó�Ê�4«Ì©]¸¤§ª©Z±²4§\½Ì©¬«¬¸É³»§ª©Ñµ²§l©®µ¡«®½X©®¹\µt½®4¶¥°n©¬³¥4§êX¹\³¥±Ä¹�³¥½

n > 2s .
p�¿`£åã¤¿�q

îZ¹\³¥½(±¡4§n¯\³¥©®³»4§g±¡¸¤§&ñ�µr°\§\¯\µ²«®½Ç©®ii¯&¼Ð«®¤Ó¾©¬¹\µ´ÅkÛl½¡£`p�¿n£Øóª×�që¸É§\¯Ýp�¿`£Îó4ó�qºäðñ�¤©¬¹gÚ�¶»¶¥³¥§\Ö
n
¸¤§\¯&½ÇÊ\³»§

s
¸¤«®µÕ¶»³¥§\µE¸¤«H±¡4ÓCñ\³¥§�¸É©®³»¤§\½Â¤¼�½®Ê\³¥§`Ã¨°nÊ�¸¤§\¯È½ÇÊ\³»§iÃ¨¯\�êX§È§i°\ÓCñ�µ²«Z¤¼â¼Ðµ¡«®Ó2³»¤§\³¥±Õ¸É©®4Ó2½J1n½ÇrêX¹\µ¡§ÈêÂµÚnæÈ4§\µtÉ¼Ò©®¹\µ¡ÓTêÂµt±E¸¤§�§\É©ð¸¤«Çñ\³¥©®«¬¸¤«Ç³¥¶ÀÍ2·É¸¤«ÌÍ©¬¹\µt¤©®¹\µ¡«Z4§\µ¤£Ô�4«M©¬¹nµ�«®µ²Ê\°\¶»½Ç³¥·4µ½®³¥¯\µ ©¬¹\µ�½Ì©¬°\¯nÍUÓ�¸¤¯\µ ñlÍOôi±Ä¹l°\¶»ç�}À|Eßª}\�Z½Ç¹\�êX½C©¬¹�¸É©�|EÝ ïð°nñ\ñ�¸¤«Ç¯OÓ�i¯\µ²¶¯\µ²½®±¡«Ç³»ñ�µ¡½´¸gá�°n©Ç©¬³»§nÖ4µ¡«M¶»³¥Ûi°n³»¯,³¥¼

n 6= 1
4«r}i£��F©r¹\¸¤¶¥¼òÃ Ú�¶¥¶¥³À§\ÖuiÁ{Á[J{

n = 1
1R©¬¹\µÖ¤«®4°\§n¯ ½Ç©¬¸É©¬µ ³»½¸�è�¤©Ç©�³»§\½Ç°\¶ò¸J©¬4«ë¼Ð4«(µ²·4µ²«ÇÍ

u 6= 0
pÐ½®µ¡µ2ñ�µ²¶»�êwq�1�êX¹\³»¶¥µC¼Ð4«

n = 2
³¥©t³¥½�¸Èñ\¸¤§\¯,³¥§\½®°n¶ò¸É©®4«¡£Cî�êHÓ2µ²©]¸É¶»¶¥³¥±eÖ4«®4°n§\¯r½Ç©]¸J©¬µFñ\«¬¸É§\±Ä¹nµ¡½k¼Ð¤«

n > 1
¸¤§\¯

n < 1
¸¤«®µÂ±¡4§\§nµ¡±º©¬µ¡¯2ñªÍCÊ\¸¤«Ç©®³»±¡¶¥µºÃé¹\4¶¥µe½ÇÍiÓ�Ó2µ²©®«ÇÍ�1

εGS(n > 1, s;u) = (n− 1)u+ εGS(2− n, s;u),
p�¿n£ÎãÉß°q

�ðÉ©¬³»±²µ�©¬¹�¸É© ©¬¹nµÊ\«®µ²½®µ¡§n±¡µÈ¤¼Ñ¸&è�É©®©C³»§\½Ç°\¶ò¸É©®³¥§\Ö0Ö¤«®4°\§n¯ ½Ç©¬¸É©¬µ�¸É©C¹�¸É¶¥¼òÃ Ú�¶¥¶¥³À§\Ö0³¥½ ½®³¥Ö4§�¸¤¶¥µ¡¯�ñlÍU¸±¡°n½®Ê�³¥§�©®¹\µ(Ö4«®4°n§\¯È½Ç©]¸J©¬µt¸É©
n = 1

1\³»§\¯\°n±¡µ¡¯ÈñlÍ ©¬¹\µ(¶»³¥§\µE¸É«Â©®µ¡«ÇÓ�³¥§©¬¹\³¥½Z«Çµ¡¶ò¸J©¬³»¤§ßp�½®µ²µ�ÔR³»Ön£\¿`£å}�qÄ£ÙÂ4«Ç«®µ¡½ÇÊ�4§\¯\³¥§\Ö4¶ÀÍ©®¹\µt±]¹�¸¤«®Ö¤µ�µÄæ`±¡³À©]¸É©®³»4§\½Z½ÇÊ�µ¡±º©¬«®°nÓ Ê�¤½®½®µ²½®½®µ¡½ë¸´Ö4¸¤Ê�£îZ¹nµÕÅkÛl½¡£Pp�¿n£Îó¤õ q¨Ã�p�¿n£Îã4}�qR¸¤«®µZ©¬¹\µÑÓ ¸É³»§´«®µ²½®°\¶À©¬½eñlÍ2á�Q ½®4¶¥°n©¬³¥4§r¼Ð4«k©¬¹\µÑ«®µ²Ê\°\¶¥½®³¥·4µt|�Ý ïÑ°\ñ\ñ\¸¤«®¯Ó2`¯nµ¡¶�£_îF¹\³»½Â½Çµ²©F¤¼�µ¡Ûl°�¸É©®³»4§n½ÂÊ\¶»°n½H©¬¹nµëÊ�¸¤«Ç©®³»±²¶»µÄÃ¨¹\4¶ÀµÑ½ÇÍiÓ2Ó2µ²©¬«ÌÍ�«Çµ¡¶»¸É©¬³¥4§ ÅkÛ £rp�¿n£ÎãÉß°qA±²4§\½Ç³»½Ì©F4°\«Ó�¸¤³»§r©¬i¤¶�©®M4ñ`©]¸¤³¥§´©¬¹\µÑ«®µ²½®°\¶À©¬½A¼Ð4«AÖ4«®¤°\§\¯�½Ç©¬¸É©¬µÑµ¡§nµ¡«®ÖÉÍ2³»§´©®¹\µð¹n4Ó�¤Ö4µ¡§nµ¡4°\½e±¡¸¤½®µÉ£k¦¨§�©®¹\µð±¡¸¤½®µ
s = 0

êÂµ´¹\¸�·4µ
Q = π

¼Ð4«(¸¤¶¥¶Ò·J¸¤¶»°\µ²½(¤¼
u, t
¸¤§\¯

n
£CÔR³¥Ö4½¡£d¿n£À|2¸¤§\¯.¿`£å} ½®¹\�ê�©®¹\µrÖ4«®4°n§\¯`Ã¨½Ì©]¸É©®µµ¡§nµ¡«®ÖÉÍÈ¤¼�©¬¹\µt¹\¤Ó�4Ö¤µ¡§\µ²4°\½ÑïÑ°\ñ\ñ�¸É«®¯�Ó2i¯\µ²¶d¼Ð4«

s = 0
¸¤§\¯

s 6= 0
«Çµ¡½®Ê�µ²±²©®³¥·4µ²¶¥Í¤£�d���������Ð��� � ùF� ø � ø �\��ù�üA!R���Ð�`��%������`Å ¦¨§©¬¹\µÕ±E¸É½®µ(¤¼â¹�¸¤¶¥¼òÃ Ú�¶¥¶¥µ²¯ñ\¸¤§\¯êÂµ(¹�¸E·4µ

N = L
£kîZ¹\³¥½±¡¤§\¯\³¥©®³»4§È³»Ó2Ê\¶¥³¥µ²½

Q = π
¸¤§n¯

B =∞ £F¦¨§�©¬¹n³»½Ñ±¡¸¤½®µ�©®¹\µMµÄæ\¸É±²©ð¼Ð4«ÇÓ�¼Ð4«X¯\³¥½Ç©¬«Ç³»ñ\°n©®³»¤§�¼Ð°\§\±º©¬³»¤§\½
ρ(x)

¸É§\¯
σ(y)

±¡¸¤§ñ�µë¯\µ²«®³¥·4µ²¯�}À|�¿¤ìZ� £nQ�µë°n½®µë©®¹\µë§\¤©¬¸É©¬³¥4§
ρ0(x)

¸¤§\¯
σ0(y)

¼Ð¤«e©¬¹\µ²½®µÕ½Ç4¶»°`©¬³»¤§\½¡£îZ¹\µºÍ�±¡¸¤§�ñ�µt«®µE¸É¯�¸¤½
σ0(y) =

1

2π

∫ ∞

0

J0(x) cos(x y)

cosh (xu/4)
dx ,

p�¿`£åã4×�q
¸¤§\¯

ρ0(x) =
1

2π
+

cosx

π

∫ ∞

0

J0(y) cos(y sin x)

1 + exp (y u/2)
dy .

p�¿`£åã¤ó�q
îZ¹\µ(½Ç°\ñ\½Ì©¬³¥©®°n©¬³¥4§¤¼�©¬¹nµ¡½®µ(¯n³»½Ç©®«®³¥ñ\°n©¬³¥4§2¼Ð°\§\±º©¬³»¤§\½ÂÚ\§�¸¤¶»¶ÀÍ´Íi³»µ²¶»¯n½Â©®¹\µÕÖ4«Ç4°\§\¯½Ç©]¸J©¬µÕµ¡§nµ¡«®ÖÉÍÉ¼â©®¹\µ¹�¸¤¶À¼òÃéÚ�¶¥¶Àµ¡¯�ñ�¸¤§n¯0¸É½

εGS (n = 1, u) = −4t
∫ ∞

0

J0(x)J1(x)

x
[
1 + exp(xu/2)

] dx , p�¿`£åã4ã�q
êX¹\µ²«®µ

J0(x)
¸É§\¯

J1(x)
¸¤«Çµ�1\«®µ¡½ÇÊ�µ¡±º©¬³¥·4µ²¶¥Í�1�©¬¹nµ�ÁÂµ¡½Ç½®µ¡¶�¼Ð°\§\±º©¬³»¤§\½XÉ¼R4«Ç¯\µ¡«Xç²µ¡«Ç ¸É§\¯�4§\µÉ£

|��4ã



-1

0

1

2

3

4

5

6

0 0.5 1 1.5 2

ε
G

S
(n

,
s
;u

)

n

s = 0u = +2

u = +4

u = +6

ÔR³¥Ö4°\«®µ ¿n£À|4äw�t«Ç4°\§\¯g½Ì©]¸É©®µCµ¡§nµ¡«®ÖÉÍgÉ¼e«Çµ¡Ê\°n¶»½®³À·4µ |�Ý
¹\4Ó24Ö¤µ¡§\µ²4°\½(ïÑ°\ñ\ñ\¸¤«®¯ Ó2i¯\µ¡¶DpÐ³»§0°\§\³À©¬½ë¤¼
¹\4ÊnÊ\³»§\Ö Ê�¸É«¬¸¤Ó2µ²©®µ¡«

t
qð¸É½Õ¸�¼Ð°\§n±²©¬³¥4§0¤¼_©¬¹\µMÚ�¶¥¶»³¥§\Ö´¼�¸¤±º©¬4«

n
¼Ð¤«Ñ·É¸¤«Ç³»4°\½Ñ·É¸É¶»°\µ²½ë¤¼k©®¹\µ ±¡¤°\Ê\¶»³¥§\Ö

Ê�¸¤«®¸¤Ó2µ²©¬µ²«
u
£kîZ¹\µ�±¡°n½®Ê0¸É©

n = 1
½®³¥Ö4§�¸¤¶¥½Â©¬¹\µMè�¤©Ç©ÇÃé³»§\½Ç°\¶ò¸É©®³¥§\ÖCÊ\¹�¸É½®µ¤£

|��¤õ



-1

0

1

2

3

4

5

6

0.4 0.8 1 1.2 1.6 2

ε
G

S
(n

,
s
;u

)

n

u = +6s = 0

s = 0.2

s = 0.4

ÔR³¥Ö4°\«®µ ¿n£Î}`äw�t«Ç4°\§\¯g½Ì©]¸É©®µCµ¡§nµ¡«®ÖÉÍgÉ¼e«Çµ¡Ê\°n¶»½®³À·4µ |�Ý
¹\4Ó24Ö¤µ¡§\µ²4°\½(ïÑ°\ñ\ñ\¸¤«®¯ Ó2i¯\µ¡¶DpÐ³»§0°\§\³À©¬½ë¤¼
¹\4ÊnÊ\³»§\Ö�Ê�¸¤«®¸¤Ó�µº©¬µ²«

t
q�¸¤½ ¸�¼Ð°\§\±º©¬³»¤§�¤¼F©®¹\µ�Ú�¶¥¶»³¥§nÖÈ¼�¸¤±²©®4«

n
¼Ð4«t·É¸¤«Ç³»4°n½M½®Ê\³¥§

s
£ÈîZ¹\µ ±¡°\½ÇÊO¸É©

n = 1
½Ç³»Ö4§�¸É¶»½Â©¬¹\µMè�É©®©ÇÃé³»§\½Ç°\¶ò¸J©¬³¥§\ÖCÊ\¹�¸É½®µÉ£

|��¤ì



à½¥Áçr¥¦¤ è�¶r¯°¯]v®RÔKª�¸êévvãD¶Rv³ ,�ªMþw´��Cv¨7¸ê´K®R³Þ¯]þRªyÐÑªP¯2´Ké:«Zv®R©)¶Rév´=¯]¨7¸B¯)¸6´K®R©)�¯2v¨K®
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îZ¹\µrá�³»µ¡ñiÃ�Q,°gµ²Ûi°\¸É©¬³¥4§\½8p�¿n£Øó4õ qéÃxp�¿`£åã4}�qZÊ\«®�·i³»¯\µC¸ ±²4Ó2Ê\¶»µº©¬µMÊ\³»±º©¬°\«Çµ ¤¼k©¬¹\µ µ¡§\µ²«®Ö¤Í0½ÇÊ�µ¡±º©¬«®°nÓs¤¼©¬¹\µ(|�Ý$ïð°\ñnñ�¸¤«®¯´Ó�i¯\µ²¶ £=�Õ§r©¬¹nµX¤©®¹\µ¡«k¹�¸É§\¯�1ª©®¹\µZ«®µ¡¶¥µ²·J¸¤§\±¡µXÉ¼�±¡4«Ç«®µ²¶ò¸É©®³»4§Cµx�dµ²±²©®½e³»§r³»§ª©¬µ²«¬¸¤±º©¬³¥§\Ö¼Ðµ¡«ÇÓ�³¥4§r½ÇÍi½Ì©¬µ¡Ó2½A©¬t¹\³¥Ö4¹`Ã

Tc
½®°\Ê�µ²«®±¡¤§\¯\°\±²©®³¥·i³¥©¨Í?}À|E¿4õZ� ¹\¸¤½A¶»µ²¯´©®�Ö¤«®�êX³¥§\Ö(³»§l©®µ¡«Çµ¡½Ç©A³»§r©®¹\µX±¡4Ó2Ê\°`Ã©]¸É©®³»¤§�¤¼�±¡4«Ç«®µ¡¶»¸É©¬³¥4§´¼Ð°\§\±²©®³»4§n½H¼Ð¤«e©¬¹\µM|�Ý ïð°nñ\ñ�¸¤«Ç¯�Ó2i¯\µ²¶:1l½®³»§n±¡µë³À©H±¡4ÓCñ\³¥§\µ¡½e©®¹\µëµ¡½Ç½®µ²§l©¬³»¸¤¶¥½Â¤¼±¡¤«®«®µ²¶ò¸É©®µ¡¯�µ²¶»µ²±²©¬«Ç4§\½ZêX³¥©¬¹�©¬¹\µ�¸É©®©®«¬¸¤±º©¬³¥·4µÕ¼ÐµE¸J©¬°\«Çµ�¤¼Ò±¡4Ó2Ê\¶»µº©¬µ(³»§ª©¬µ²Ö4«¬¸¤ñn³»¶¥³Ü©ÆÍ¤£K�ð§`¼Ð4«Ç©®°\§�¸É©®µ¡¶¥Í ©®¹\µêF¸E·4µ²¼Ð°\§\±º©¬³¥4§\½X¤ñn©]¸¤³¥§\µ²¯�ñlÍ�á�Q ¸¤«Çµ(Ên«®4¹\³¥ñ\³¥©®³À·4µ¡¶ÀÍ2±¡4Ó2Ê\¶¥³»±¡¸É©¬µ²¯�}À|¡ß4ß��:1\¸¤§\¯È§n´Ê\«®¸¤±²©®³»±¡¸¤¶d½Ç±Ä¹\µ²Ó2µ¼Ð4«F©¬¹nµ�µº·É¸¤¶¥°�¸É©®³»4§�¤¼Òµºæ`Ê�µ¡±º©]¸É©®³»4§È·É¸É¶»°\µ²½X4«Z±¡4«Ç«®µ¡¶»¸É©¬³¥4§¼Ð°n§\±²©®³»4§n½X¹�¸¤½Xñ�µ²µ¡§�¼Ð4°\§\¯u}Ü|Eßª×Z��£
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s = 1
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ïðµ¡³¥½®µ²§iñ�µ²«®ÖÉÃé¦Æ½Ç³»§\ÖJÃ�>rÊ ½ÇÊ\³»§�±Ä¹\¸¤³»§-p�¤«
XXZ

Ó2i¯\µ¡¶sq_³»§ ¸tÚ�µ²¶»¯�ñ�µ¡¶»¤§\Ö4½A©¬©¬¹\³¥½e°n§\³¥·4µ²«®½¬¸É¶»³¥©¨ÍC±¡¶»¸¤½®½H¸¤§n¯ ±¡¸¤¶»±²°\¶ò¸J©¬µ¡¯´©®¹\µÑÊ\¹�¸¤½Çµð¯\³ò¸¤Ö¤«¬¸¤Ó
¸¤§n¯�©®¹\µÑ±¡4«Ç«®µ¡¶»¸É©¬³¥4§´µºæ`Ê�4§nµ¡§ª©¬½O}À|¡ßªóZ� £ÁHÍ�¸r½Ì©¬«®¸¤³»Ö4¹ª©®¼Ð¤«ÇêF¸¤«Ç¯�Ö4µ²§\µ¡«®¸¤¶»³¥ç¡³¥§\ÖC¤¼Òïë¸¤¶¥¯�¸¤§\µ��Ø½Z³¥¯\µE¸]1 ô`±]¹l°\¶»ç(¯\µ¡Ó24§\½Ì©¬«®¸É©¬µ²¯È©®¹�¸É©Z©®¹\µ�ïÑ°\ñ`Ãñ�¸¤«Ç¯,Ó2i¯\µ²¶k«ÇµE¸¤¶¥³»ç²µ¡½t¸�á�°n©®©®³»§\Ö¤µ¡«(¶»³¥Ûl°\³»¯�£rïÑµ2Ó�¸¤¯\µ´¸È±¡¤§\§\µ¡±º©¬³¥4§ê}Ü|Eßl}\�kñ�µ²©¨êÂµ¡µ²§�©®¹\µ�ïÑ°\ñ\ñ\¸¤«®¯Ó2`¯nµ¡¶�¸¤§\¯È©®¹\µ�á�°n©®©®³»§\Ö¤µ¡«Z¶¥³»Ûl°\³»¯�ïë¸¤Ó2³»¶Ü©¬¤§\³»¸É§�³»§�ÅkÛ £RpÆ|4£Îã4ã�qx1
H = Hρ +Hσ +

2g1
(2πA)2

∫
dx cos

(√
8φσ(x)

)
,

p�¿n£Îã¤õ q
êX¹\µ²«®µ

Hi = ρ, σ
³¥½�Ö4³À·4µ¡§M³¥§ ÅkÛ £CpÌ|4£Îã¤õ qÄ£�îZ¹\µH½®ÉÃé±E¸¤¶¥¶»µ²¯MÁÂ4½Ç4§\³¥çE¸É©®³»4§t½®±]¹\µ¡Ó2µHÖ4³¥·4µ²½â©¬¹\µHá�°n©®©¬³¥§\Ö4µ²«¶»³¥Ûl°\³»¯.Ê�¸É«¬¸¤Ó2µ²©®µ¡«t¼Ð4«�©®¹\µïÑ°\ñ\ñ\¸¤«®¯UÓ2i¯\µ¡¶kêX¹\³¥±Ä¹U¸¤«®µ ¸É¶»¶_¼Ð°\§\±²©®³»4§n½M¤¼Z½®³¥§\Ö4¶¥µ´·É¸¤«Ç³ò¸¤ñn¶»µ

U
êX³À©¬¹
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}àß¤ß��
uρKρ = uσKσ = vF,

uρ/Kρ = vF(1 +
U

πvF
),

uσ/Kσ = vF(1−
U

πvF
),

g1 = U.
p�¿`£åã¤ì�q

Ô�4«(©¬¹\µ2«®µ²Ê\°\¶»½Ç³¥·4µ2½®³¥¯\µ2¤¼Â©®¹\µ ïÑ°\ñ\ñ�¸É«®¯�Ó2i¯\µ¡¶rp
Kρ < 1

qÕ©®¹\µ�4«Ç³»Ö¤³»§\¸¤¶_½Ì©¬°\¯nÍ.Ó�¸¤¯\µ´ñlÍ,ô`±]¹i°\¶¥çµºæi©¬«®¸¤±º©¬µ¡¯ ©®¹\µÑ·4µ²¶»i±²³¥©¬³¥µ¡½
uρ
¸¤§\¯

uσ
¯\³¥«®µ²±²©¬¶ÀÍC¼Ð«®4Ó�©¬¹\µðÁÂµ²©®¹\µºÃ¨¸¤§\½¬¸J©¬ç�1n¸É§\¯ ¤ñn©]¸¤³¥§\µ¡¯

Kρ
¼Ð«®¤Ó
©®¹\µ±¡¤Ó�Ê\«Çµ¡½Ç½®³»ñn³»¶»³Ü©ÆÍ¤£�¦¨§�Ê\¸¤«Ç©®³»±¡°n¶ò¸¤«

Kρ
¯\µº©¬µ¡«ÇÓ�³¥§\µ²½�©®¹\µ�¶¥4§\ÖJÃ¨¯\³¥½Ç©¬¸¤§\±²µ´¯\µ¡±¡¸�Í.¤¼F¸¤¶»¶R©¬¹\µ2±¡4«Ç«®µ²¶ò¸É©®³»4§¼Ð°\§\±º©¬³¥4§\½XÉ¼Ò©¬¹nµ�½ÌÍi½Ç©¬µ²Ó�£eÔ�4«ZµÄæ\¸ÉÓ�Ê\¶¥µÕ©¬¹\µt±]¹�¸¤«ÇÖ4µt±¡¤«®«®µ²¶ò¸É©®³»4§ ¼Ð°\§\±º©¬³»¤§�³¥½�}À|Eßª}\�

〈n(x)n(0) 〉 = Kρ

(πx)2
+ A1 cos(2kFx)x

−1−kρ ln−3/2(x) + A2 cos(4kF)x
−4Kρ ,

p�¿n£Øõ�� q
êX³¥©®¹È©®¹\µtÓ�i¯nµ¡¶ÀÃé¯\µ¡Ê�µ²§\¯\µ²§l©Ñ±²4§\½Ç©¬¸¤§l©®½

A1
1
A2
£îZ¹nµë·J¸¤¶»°\µ²½ÂÉ¼�©¬¹\µëá�°n©®©®³»§\Ö4µ²«e¶»³¥Ûi°n³»¯2Ê�¸¤«®¸¤Ó2µ²©¬µ²«®½Â¸¤«Çµð½®¹\�êX§�³¥§ ÔR³»Ö4½²£i¿n£Ø¿ ¸¤§n¯�¿n£àß\£7LXµ¡½Ç°\¶¥©®½H¼Ð¤«·4µ¡¶¥i±¡³À©¬³»µ²½

uρ,σ
¸É«®µt½®¹\�êX§�¼Ð4«F·É¸¤«Ç³»4°n½Z·É¸¤¶¥°\µ¡½X¤¼

U/t
£��F©X·4µ¡«ÌÍ�½ÇÓ ¸É¶»¶�Ú�¶»¶¥³¥§\Ö61`©®¹\µ�±]¹�¸¤«ÇÖ4µt·4µ²¶»i±²³¥©¨ÍÖ4iµ²½Z¶»³»§nµE¸¤«Ç¶ÀÍ2©®rç¡µ¡«Ç2¸¤§\¯�©®¹\µ(½®Ên³»§�·¤µ¡¶»i±²³¥©¨Í Ö¤iµ¡½F©¬´¸C±¡¤§\½Ç©]¸É§l©XÖ4³À·4µ¡§�ñlÍ

J = 4t2/U
}àß¤ß���£K�ð¤©®µ©¬¹�¸J©X¼Ð4«

U = 0
4§\µt¹�¸É½

uρ = uσ = 2t sin(π n
2
)
1nêX¹\µ¡«ÇµE¸¤½X¼Ð4«

U →∞

uρ = 2t sin(πn),
p�¿n£Øõn|\q

uσ = 2π
t2

U

[
1− sin(2πn)

2πn

]
.

p�¿n£Øõª}�q
¦¨§È©¬¹\µt§\4§iÃ¨³»§ª©¬µ²«¬¸¤±º©¬³¥§\Ör±¡¸¤½®µ

uσ ∝ n
¼Ð¤«X½ÇÓ ¸É¶»¶

n
1\ñ\°n©X¼Ð¤«�h��6l Ê�4½®³À©¬³À·4µ

U uσ ∝ n2
}Ü|Eßl×\��£îZ¹nµCÊ�¸É«¬¸¤Ó2µ²©®µ¡«
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¸¤¶»½Ç�³»½ð¤ñn©]¸¤³¥§\µ¡¯�¼Ð«®4Ó�©¬¹\µMµºæn¸¤±²©Õ½®¤¶»°n©®³»4§u}À|¡ßl}\� £ÑîZ¹\µ «®µ²½®°\¶À©¬½ð¼Ð4«

Kρ
¸É½¸M¼Ð°\§\±²©®³»4§ ¤¼âÊ�¸¤«Ç©®³»±²¶»µð¯\µ²§\½®³À©ÆÍ ¸¤«®µë½®¹n�êX§È³¥§�ÔR³¥Ö\£i¿n£Øß ¼Ð4«H¯\³5��µ¡«Çµ¡§ª©F·J¸¤¶»°nµ¡½F¤¼
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Kρ → 1
2

³¥§�¸ÉÖ4«®µ²µ¡Ó2µ¡§l©XêX³À©¬¹È©®¹\µ°\§\³À·4µ¡«Ç½¬¸¤¶�·É¸É¶»°\µ(¤¼Ò©®¹\µMè�¤©Ç©ÇÃ
δ
©¬«®¸¤§\½®³À©¬³¥4§ß} ß4ß�� £

�<%R�²�`���4�0��ùÑ�kjÞ���E�´���������E���������
¦¨§ ©¬¹\µëïð°\ñ\ñ\¸¤«®¯Ó2i¯\µ¡¶�¤§\µë³»§nÛi°n³»«®µ²½eêX¹\µ²©®¹\µ¡«Z¸Cè�É©®©H©¬«¬¸É§\½®³À©¬³»¤§�i±²±¡°\«Ç½Z¸É©Â½®¤Ó�µð±²«®³¥©®³»±¡¸¤¶�Ú�¶¥¶»³¥§nÖ\£îZ¹\µH½Ì©¬«¬¸J©¬µ¡ÖÉÍt³»½�©®ð±²4Ó2Ê\°n©¬µk©¬¹\µe±]¹\µ¡Ó2³»±¡¸¤¶ªÊ�¤©®µ¡§ª©¬³»¸¤¶

µ+
p
µ−

qd¼Ð4«�¸¤¯\¯n³»§\ÖpÐ«®µ²Ó��·`³¥§\Ö°qd4§nµeµ¡¶¥µ¡±²©®«®4§¸É©X¹�¸¤¶À¼�Ú�¶¥¶»³¥§\Ön£ O ðT[OVxl�Vxz�[xYÞiUV8ïGXZ�»Ø�ÆTïxzÁik�)×$i g
µ+ = µ−

h��»Ø$ik�2VxÆ)j|h�zÁik�)×&i g
µ+ > µ−

£
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ÔR³¥Ö4°\«®µF¿n£Ø¿näÒîZ¹nµX±]¹�¸¤«®Ö¤µÑ¸É§\¯´½®Ên³»§r·4µ²¶»i±²³¥©¬³¥µ¡½
uρ

pÐ¼Ð°\¶¥¶n¶¥³»§nµ�qÒ¸¤§\¯
uσ

p�¯�¸¤½Ç¹\µ¡¯2¶¥³»§\µ�qâ¼Ð4«R©¬¹nµÑïÑ°\ñ\ñ�¸É«®¯
Ó2`¯nµ¡¶31�¸¤½Ñ¸r¼Ð°\§n±²©¬³¥4§È¤¼Ò©¬¹\µtñ�¸¤§n¯�Ú�¶¥¶»³¥§\Ö ¼Ð4«Z¯\³5��µ¡«Çµ¡§ª©X·É¸¤¶¥°\µ¡½X¤¼

U/t
äk¼Ð4«

uσ U/t = 1, 2, 4, 8, 16¼Ð«®4Ó�©¬4Ê�©¬gñ�¤©®©®4Óe1Ò¼Ð4«
uρ U/t = 16, 8, 4, 2, 1

¼Ð«®4Ó ©®4ÊU©® ñ�É©®©¬4Ó ³»§�©¬¹nµ¶»µ²¼�© Ê�¸¤«Ì©rÉ¼X©®¹\µ
Ú�Ö4°n«®µ¤£eÔ�«Ç4Ó ô`±]¹i°n¶»ç¿}Ü|Eßl×\� £
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ÔR³¥Ö4°\«®µð¿n£àß\ä_îZ¹nµÕ±¡¤«®«®µ²¶ò¸É©®³»4§2µºæ`Ê�4§\µ²§l©
Kρ
¸¤½F¸�¼Ð°\§\±º©¬³¥4§ ¤¼�©®¹\µëñ�¸¤§n¯ Ú�¶»¶¥³¥§\Ö�¼Ð¤«H¯\³5��µ¡«Çµ¡§ª©Â·É¸É¶»°\µ²½

¤¼
U
äCp
U/t = 1, 2, 4, 8, 16

¼Ð4«R©¬¹nµZ©®4Êr©®tñ�¤©Ç©¬4Ó�±²°\«Ç·4µ²½Gqº£K�Ñ¤©¬µF©®¹\µZ«¬¸¤Ê\³¥¯C·É¸¤«Ç³ò¸É©®³»¤§\½R§\µE¸É«
n = 1¼Ð4«Z½®Ó�¸¤¶¥¶

U
£eÔ�«Ç4Ó ô`±]¹l°\¶»ç¿}Ü|Eßl×\��£
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Ô�4«´¶¥µ¡½®½´©¬¹�¸¤§<¹�¸¤¶À¼òÃéÚ�¶¥¶À³¥§nÖ61
n < 1

1Fáâ³¥µ¡ñ�¸É§\¯ÝQ,°�±¡¸¤¶»±²°\¶ò¸J©¬µ¡¯
µ+
¸¤§\¯

µ−
¸¤§n¯<¼Ð4°n§\¯<©®¹�¸É©

µ+ = µ−
¼Ð¤«h�jkj

u
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n > 1
êÂµ¹�¸E·4µ2©¬�°\½®µ2Ê�¸¤«Ç©®³»±²¶»µÄÃ¨¹\4¶Àµr½ÇÍiÓ2Ó�µº©¬«ÇÍg©¬�±E¸É¶»±¡°n¶ò¸É©®µ

εGS(n)
£ îF¹\µ�¯\µ²«®³¥·J¸É©¬³À·4µ¡½�É¼

εGS(n)
1Ò§�¸ÉÓ�µ²¶¥Í

µ+
¸¤§\¯

µ−
1\±E¸É§�§\�ê ñ�µt¯n³5��µ¡«®µ²§l©Ñ¸¤ñ��·4µ�¸¤§\¯�ñ�µ²¶»�ê ©®¹\µt¹�¸¤¶À¼òÃéÚ�¶¥¶À³¥§\ÖCÊ�¤³»§l©

n = 1
¸¤§\¯È©®¹\³»½FÖ4³¥·4µ²½«®³¥½®µÕ©¬r©¬¹\µtÊ�4½Ç½®³»ñn³»¶»³Ü©ÆÍ�¤¼Ò¹�¸�·i³»§nÖ�¸É§�³»§\½Ç°\¶ò¸J©¬4«²£nQ,µt¶»µE¸É«®§�¼Ð«®¤Ó�ÅAÛ £�p�¿n£ÎãÉß°qe©¬¹�¸J©

µ+ + µ− = u,
p�¿`£Îõ4¿�q

¸¤§\¯�¹\µ²§\±²µ
µ+ > µ−

³À¼
µ− < u/2

£
îZ¹nµ�±¡¸¤¶»±²°\¶ò¸J©¬³¥4§ ¤¼

µ−
±E¸¤§.ñ�µ´¯\4§\µ´³»§&±¡¶¥4½®µ²¯.¼Ð4«ÇÓs¼Ð4«t¸È¹�¸¤¶À¼òÃéÚ�¶¥¶Àµ¡¯ ñ�¸¤§\¯.êX³À©¬¹&©®¹\µ2«Çµ¡½Ç°\¶¥©

}À|�}4})1�|�¿¤ìZ�
µ−(u)− 2 = −4t

∫ ∞

0

J1(x)

x
[
1 + exp(xu/2)

] dx

= −4t
∞∑

n=1

(−1)n
[√

1 +
n2 u2

4
− nu

2

]
.

p�¿n£Øõ¤ß°q
¦é©H±¡¸¤§�ñ�µðµ²½Ç©]¸Éñ\¶»³¥½®¹\µ²¯2¼Ð«®4ÓzÅkÛl½¡£Pp�¿n£Øõ4¿ qk¸É§\¯-p�¿n£Øõ¤ß°qÒ©¬¹�¸J©�1l³»§\¯\µ²µ¡¯P1

µ+(u) > µ−(u)
¼Ð¤«

u > 0
1i¸¤§\¯

lim
u→0

µ± = 0.
p�¿`£Îõª×�q

îZ¹\µ²«®µ²¼Ð¤«®µÑ©¬¹\µ�|�Ý ïÑ°\ñ\ñ�¸É«®¯ Ó2i¯\µ²¶ ³¥½e³¥§\½®°\¶»¸É©¬³¥§\Ö(¼Ð¤«H¸É¶»¶
u > 0

£_¦¨§ É©¬¹\µ²«AêÂ4«®¯P1i©®¹\µðÖ¤«®4°\§n¯�½Ç©]¸É©®µ¼Ð4«X¸´¹\¸¤¶¥¼òÃ Ú�¶¥¶¥µ²¯�ñ�¸¤§\¯�³»½Z³¥§\½®°n¶ò¸É©®³»§\Ö ¼Ð4«X¸¤§ªÍ�§\¤§`Ã¨ç²µ¡«®
u
1 ¸É§\¯�±¡¤§\¯\°\±º©¬³»§nÖ´¼Ð4«

u = 0
£

%&�Ll gÑ�D��¡"� �mhµ�?£��H�¤ �@[0��£M�½� ���¿�D���°�T£�	?�J� �6�"�½�?£��x�SR ��	�	?�����<��� �H������
¢����Þ��¡"� � �"�=¡?������� �6�F�������C�J�����J�� 	������½�8�������

¦¨§�©®¹\³»½ðô`µ¡±º©¬³»¤§�êÂµM±¡¤§\½®³¥¯\µ¡«ð¸2½®Ê\³¥§`Ã¨«Çµ¡½Ç4¶¥·4µ²¯0±²4§nÚ\§\µ¡¯g«Çµ¡Ê\°n¶»½®³À·4µ¡¶ÀÍÈ³¥§l©®µ¡«®¸¤±²©®³»§\Ö2Ô�µ¡«®Ó2³�Öª¸É½Ñ³»§.|�Ý4Ên©®³»±¡¸¤¶d¶ò¸É©Ç©¬³¥±¡µÉ£_îÒ´4ñn©¬¸¤³»§©¬¹nµtÖ4«®¤°\§\¯`Ãé½Ç©]¸J©¬µ(¯\µ²§\½®³À©ÆÍÊ\«®¤Ú\¶»µ¡½Z¤¼�©®¹\³»½F³»§\¹\¤Ó�4Ö¤µ¡§\µ²4°\½�pÐ©¬«®¸¤Ê\Ê�µ¡¯TqÓ2`¯nµ¡¶M©¬¹n«®4°\Ö¤¹�ô6�(ÔRîH1ëêHµOµ¡Ó2Ê\¶¥�Í*©¬¹\µ ¶¥i±E¸¤¶ÜÃé½®Ê\³¥§`Ãé¯\µ¡§n½®³¥©¨Í ¸ÉÊ\Ê\«®Eæ`³»Ó�¸É©¬³¥¤§÷p�á�ô`Ý½�Hq�¼Ð4«0©®¹\µµºæ`±]¹�¸¤§\Ö¤µºÃ¨±²4«®«Çµ¡¶»¸É©¬³¥4§2Ê�¤©®µ¡§l©®³ò¸É¶ £��ë½A©¬¹nµ�ÇG[�g�[xÇ¼[x�PïG[CVxl�Vxzv[xY
¼Ð4«eá�ônÝ½�$êÂµð°n½®µÑ©®¹\µÑµºæn¸¤±º©Fá�³»µ²ñ`Ã�Q,°½®4¶¥°n©¬³¥4§�¤¼�©¬¹\µt¹\¤Ó�4Ö¤µ¡§\µ²4°\½ÑïÑ°\ñ\ñ�¸É«®¯�Ó�i¯\µ²¶dêX¹\³»±]¹ÈêÂµtÊ\«®µ²½®µ¡§ª©¬µ²¯g³¥§�©¬¹nµ�Ên«®µ²·i³¥4°\½ðô`µ²±²©¬³¥4§�£
�(µ¡§\µ²«¬¸É¶»³»ç²³»§nÖ ©¬¹\µ�Ó�¸¤³¥§�ô6�(ÔÒî�½®±]¹\µ¡Ó2µ�1FÊ\«®µ²½®µ¡§ª©¬µ²¯=³»§�ô`µ¡±º©¬³¥4§�¿n£Î¿`£Î¿21H©®.©¬¹\µ�½®Ê\³¥§`Ã¨«Çµ¡½®¤¶¥·4µ²¯Ô�µ¡«ÇÓ�³dÖª¸¤½J1n©¬¹\µtµÄæn¸¤±²©ðÖ¤«®4°n§\¯`Ã¨½Ì©]¸É©®µt½Ç³¥©¬µ(i±¡±²°\Ê�¸É©®³»4§�¼Ð4«Zµº·4µ¡«ÌÍ�½ÇÊ�µ¡±²³»µ¡½

nσ(zi) = 〈GS| n̂σ(zi) |GS〉 , p�¿n£Îõ¤ó q
|4|¡ß



±E¸É§ ñ�µe¤ñn©]¸¤³¥§\µ²¯�ñlÍt½Ç4¶¥·i³¥§\ÖÑ½Çµ¡¶À¼òÃ¨±²4§\½®³¥½Ç©®µ¡§l©®¶¥Íë©¬¹\µe¶»¸É©®©®³¥±¡µAÏð4¹n§`ÃÌô`¹\¸¤Ó µ¡Ûl°�¸J©¬³»¤§\½â¼Ð4«�ñ�¤©¬¹M½ÇÊ\³»§iÃ¨°\Ê¸¤§\¯�½ÇÊ\³»§`Ãé¯\�êX§�½®Ê�µ¡±²³»µ²½Ñ½®µ¡Ê\¸¤«¬¸É©®µ¡¶ÀÍ
∑

j

[
− tij + V σ

ks[n↑, n↓](zi) δij
]
ϕσ(zj) = εσ ϕσ(zi) ,

p�¿`£Îõªã�q
êX³¥©®¹�Ïð¤¹\§`ÃÌôi¹�¸¤ÓTµ���µ¡±º©¬³À·4µ�Ê�¤©®µ¡§l©®³ò¸¤¶

V σ
KS[n↑, n↓](zi) = V σ

ext(zi) + V σ
H (zi) + V σ

xc(zi) ,
p�¿`£Îõ4õ�q

©¬4Ö¤µ²©®¹\µ¡«ZêX³À©¬¹�©¬¹\µt±²¶»4½Ç°\«®µt«Çµ¡¶»¸É©¬³¥4§
nσ(zi) =

∑

occ.

|ϕσ(zi)|2 .
p�¿n£Øõ4ì q

îZ¹nµ�µx�dµ²±²©®³¥·4µ�Ïð¤¹\§`ÃÌôi¹�¸¤Ó;Ê�¤©¬µ²§l©®³ò¸¤¶FÅkÛ £rp�¿n£Îõ¤õ qM³»§\±²¶»°\¯nµ¡½C©®¹\µ�µºæi©¬«®µ²§�¸¤¶ZÊ�É©¬µ¡§ª©¬³»¸¤¶
V σ
ext(zi)

1©¬¹\µ�ïð¸¤«Ç©®«®µ¡µÊ�¤©®µ¡§ª©¬³ò¸É¶
V σ

H (zi)
¸¤§n¯ ©®¹\µµºæ`±]¹�¸¤§\Ö4µÄÃ¨±²4«®«Çµ¡¶ò¸J©¬³¥4§UÊ�¤©¬µ²§l©¬³»¸¤¶

V σ
xc(zi)

£.Ô�¤« µºæi©¬µ²«®§�¸¤¶Ê�¤©¬µ²§l©®³ò¸¤¶É©®¹\µA½ÇÊ\³»§`Ãé¯\µ²Ê�µ²§\¯\µ²§\±¡µ²½R¸¤«®³¥½®µ_¼Ð«Ç4Ó*©¬¹\µk½Ç©¬«Çµ¡§\ÖÉ©¬¹�¤¼`±²4§nÚ�§n³»§\ÖXÊ�¤©®µ¡§ª©¬³»¸¤¶»½
V2
³»§tÅAÛ £)p�¿n£å×i|\qºä³»§�Ê\«Ç³»§\±²³»Ê�¸É¶ ³À©H±E¸É§ñ�µð¯\³5��µ¡«Çµ¡§ª©H¼Ð4«eµE¸É±Ä¹½ÇÊ�µ¡±²³»µ¡½²£A¦¨§Èôiµ¡±²©®³»4§ ¿n£Îó`£Î¿têÂµðêX³¥¶»¶�³»§ª·4µ¡½Ì©¬³¥Öª¸É©¬µX©®¹\µëµx��µ¡±²©¤¼d½®Ê\³¥§`Ã¨¯\µ²Ê�µ¡§\¯nµ¡§l©H©®«¬¸¤Ê\½e¤§2©¬¹nµðÖ¤«®4°\§n¯�½Ç©¬¸É©¬µÑ¯\µ²§\½®³À©¬³¥µ¡½e¤¼d½®Ên³»§`Ãé°\Ê ¸É§\¯�½®Ê\³¥§`Ã¨¯n�êX§�½ÇÊ�µ¡±¡³¥µ¡½²£AîZ¹nµ½®Ê\³¥§`Ã¨¯nµ¡Ê�µ¡§n¯\µ¡§ª©Õïð¸¤«Ç©®«®µ²µtÊ�¤©¬µ²§l©¬³»¸¤¶�±¡¸¤§�¸¤¶¥½®´ñ�µ(êX«®³À©®©¬µ²§�¸É½

V σ
H (zi) =

1

2
unσ̄(zi),

p�¿`£Îì���q
êX¹\µ²«®µ

σ̄
¯\µ²§\¤©¬µ²½X©¬¹\µt4ÊnÊ�4½®³À©¬µ(¤¼R½ÇÊ\³»§

σ
£ïÑ�êÂµº·4µ¡«Ò©¬¹\µHµÄæn±]¹�¸¤§nÖ4µºÃé±¡4«Ç«®µ²¶ò¸É©®³»4§M±²4§l©®«®³¥ñ\°n©¬³¥4§�§\µ¡µ²¯\½R©®ëñ�µÂ¸¤Ê\Ên«®�æ`³¥Ó ¸É©®µ¡¯�£MQ�µH§\¤©®³»±²µe©®¹�¸É©µºæ`±]¹�¸¤§\Ö¤µÕ³»§ª©¬µ¡«®¸¤±º©¬³»¤§\½eñ�µ²©¨êÂµ²µ¡§�Ê�¸¤«¬¸É¶»¶¥µ¡¶ÜÃéÊ\½Çµ¡°\¯n4½®Ê\³¥§ ¸É©¬¤Ó�½e¹�¸E·4µëñ�µ¡µ²§�µx�dµ²±²©¬³À·4µ¡¶ÀÍ2µ¡¶¥³»Ó2³¥§�¸J©¬µ²¯�³¥§©¬¹\µFïÑ°\ñ\ñ�¸É«®¯CÓ�i¯\µ²¶iñlÍ�©¬¹nµÂ±¡4§\½Ì©¬«®¸¤³»§ª©R¤¼�¸¤¶¥¶»�êX³¥§\ÖÑ¯\4°\ñn¶»µHi±¡±²°\Ê�¸É©®³»4§ 4§\¶ÀÍtêX³À©¬¹ 4Ê\Ê�4½Ç³¥©¬µH½®Ên³»§\½²£Å_·4µ¡§g©®¹\4°\Ö4¹�êÂµ ±²4§l©®³»§l°\µ�©¬ ±¡¸¤¶»¶

Exc[n]
¸¤§\¯

Vxc[n]
©¬¹nµ µºæ`±]¹�¸¤§nÖ4µºÃé±¡4«Ç«®µ¡¶»¸É©¬³¥4§�µ¡§\µ²«®Ö¤Í0¸É§\¯0©®¹\µµºæ`±]¹�¸¤§\Ö¤µºÃ¨±²4«®«Çµ¡¶»¸É©¬³¥4§Ê�¤©®µ¡§ª©¬³ò¸É¶:1iñ\°`©Z³¥©Â³»½Â°\§\¯nµ¡«®½Ì©¬ii¯�©®¹�¸É©Â©¬¹\µÕµÄæ`±Ä¹�¸É§\Ö4µ(±¡4§ª©¬«Ç³»ñ\°n©®³»4§�©®C©®¹\µ¡½ÇµÛl°�¸¤§ª©¬³¥©®³»µ²½Z³»½Zµºæn¸¤±º©¬¶ÀÍ�ç¡µ²«®\£îZ¹nµÑá�ônÝ½�=¹�¸É½kñ�µ¡µ²§2½®¹\�êX§´©¬(Ê\«Ç�·i³»¯nµX¸É§´µÄæn±²µ¡¶¥¶»µ¡§ª©e¸¤±²±¡¤°\§l©A¤¼ ©¬¹nµZÖ4«®¤°\§\¯`Ãé½Ç©]¸J©¬µFÊ\«®4Ê�µ²«Ç©®³»µ¡½¤¼F¸�¶»¸¤«®Ö¤µr·J¸¤«®³¥µ²©¨Í ¤¼Â³»§\¹\¤Ó�4Ö¤µ¡§\µ²4°\½t½ÌÍi½Ç©¬µ²Ó }Ü|�}¤ó]1e|�}¤ã\� £�îZ¹\µ²«®µº¼Ð4«®µ2êHµ�µ²Ó�Ê\¶¥�Í0©®¹\µ´¼Ð4¶»¶¥�êX³¥§\ÖÁÂµº©¬¹\µÄÃ��ë§n½¬¸É©®çºÃ¨ñ\¸¤½®µ²¯gáÒô`Ý½�Âp�ÁF�ëáÒô`Ý½�OqF¼Ð°\§\±º©¬³¥4§�¸¤¶

V BALSDA

xc = V hom
xc (n, s;u)

∣∣∣n→n(zi)

s→s(zi)

,
p�¿n£Øìn|\q

êX¹\µ²«®µ�1e³¥§ ¸¤§�¸¤¶¥4Ö¤Í&êX³À©¬¹th õ"ik�Tikz3i:XgÝÕÔÒîH1R©¬¹nµ�µÄæ`±Ä¹�¸É§\Ö4µÄÃ¨±¡¤«®«®µ²¶ò¸É©®³»4§UÊ�É©¬µ¡§ª©¬³»¸¤¶
V hom
xc (n, s;u)

É¼©¬¹\µ´|EÝ:¹n4Ó�¤Ö4µ¡§\µ²4°\½ÑïÑ°\ñ\ñ\¸¤«®¯�Ó�i¯nµ¡¶�³»½Z¯\µºÚ�§\µ²¯0ñlÍ
V hom
xcσ (n, s;u) =

∂

∂nσ

[
εGS(n, s;u)− εGS(n, s;u = 0)− εH(zi)

]
.

p�¿n£Øìª}�q
|4|�×



ïðµ²«®µ
εGS(n, s;u)

³»½Ñ©¬¹nµCÖ¤«®4°\§n¯`Ã¨½Ì©]¸É©®µ µ¡§nµ¡«®ÖÉÍ�¼Ð4«Ñ©¬¹nµC¹n4Ó�¤Ö4µ¡§nµ¡4°\½ë±¡¸¤½Çµ êX¹\³»±]¹g³»½ðÊ\«Ç�·i³»¯\µ²¯gñlÍ©¬¹\µ�á�³¥µ¡ñ`Ã:Q�°Èµ²Ûi°\¸É©¬³¥4§\½¡£kîZ¹\µMïë¸É«Ç©¬«Çµ¡µtµ²§\µ¡«ÇÖ¤ÍÈÊ�µ²«X½®³¥©®µ
εH(zi)

³»½
εH(zi) =

1

2
unσ(zi)nσ̄(zi) ,

p�¿`£Îì4¿�q
¸¤§\¯

εGS(n, s;u = 0)
³»½F©®¹\µtÖ4«®4°n§\¯�½Ç©¬¸É©¬µtµ²§\µ¡«ÇÖ¤Í�¼Ð¤«F©¬¹\µt§\¤§\³»§ª©¬µ¡«®¸¤±²©®³»§\Ör½ÇÍi½Ì©¬µ¡Ó

εGS(n, s;u = 0) = −4t

π
sin(

π

2
n) cos(π s).

p�¿n£Øì¤ß°q
�Ñ�ê êÂµ�±¡¸¤§�°\½®µ(©¬¹\µt±]¹�¸¤³¥§�«Ç°\¶»µ

∂

∂nσ
=

∂n

∂nσ

∂

∂n
+

∂s

∂nσ

∂

∂s
,

p�¿n£Øìª×�q
³»§�ÅkÛ £�p�¿n£Øìª}�qF¸É§\¯�¸¤¶»½Ç

n = n↑ + n↓ ,
p�¿n£Øì4ó q

s =
n↑ − n↓

2
,

p�¿n£Øìªã�q
©¬&Ö4µº©2¸ Ó�4«ÇµÊ\«¬¸¤±º©¬³¥±E¸¤¶Âµºæ`Ê\«Çµ¡½®½®³¥4§O¼Ð4«C©®¹\µÈµÄæn±]¹�¸¤§nÖ4µºÃé±¡4«Ç«®µ²¶ò¸É©®³»4§ Ê�¤©¬µ²§l©®³ò¸¤¶F¸¤½´¸g¼Ð°\§\±º©¬³¥4§O¤¼±]¹\µ¡Ó2³»±¡¸¤¶�Ê�¤©®µ¡§l©®³ò¸¤¶

µ(n, s;u)
¸É§\¯�³»§ª©¬µ¡«Ç§�¸¤¶�Ó�¸¤Ö4§nµ²©¬³¥±ëÚ�µ¡¶¥¯

h(n, s;u)
ä

V hom
xcσ (n, s;u) = µ(n, s;u)± 1

2
h(n, s;u) + 2t cos

[
π(
n

2
− s)

]
− 1

2
unσ̄ .

p�¿n£Øì4õ q
îZ¹\µ°\Ê\Ê�µ²«?p�¶¥�êÂµ²«Gqt½®³¥Ö4§�«®µ²¼Ðµ²«®½ ©®0©¬¹nµ½ÇÊ\³»§`Ãé°\ÊÛpÐ½®Ê\³¥§`Ã¨¯\�êX§bqM¸J©¬4Ó2½¡£N�ðÉ©¬µ�©¬¹�¸J© ©¬¹nµ¶»¸¤½Ç©M©®µ¡«®Ó¹\µ²«®µCêX¹\³¥±Ä¹ ³»½ð©¬¹\µrïë¸É«Ç©¬«Çµ¡µC±¡¤§l©¬«Ç³»ñ\°`©¬³»¤§0·J¸¤§\³»½Ç¹\µ¡½(³¥§g©®¹\µrÏð4¹\§`ÃÆô`¹�¸¤Ó¾Ê�¤©®µ¡§l©®³ò¸¤¶ÒÅAÛ £Kp�¿n£Îõ¤õ qx1d½Ç³¥©F¯\iµ¡½Z§\¤©X¸¤Ê\Ê�µ¡¸¤«Z³¥§©¬¹\µ(µx�dµ²±²©®³¥·4µtÊ�É©¬µ¡§ª©¬³»¸¤¶ £R¦¨¶¥¶»°\½Ì©¬«¬¸J©¬³À·4µë§i°\Ó2µ¡«Ç³»±¡¸¤¶d«Çµ¡½®°n¶¥©¬½Â¼Ð4«Â©¬¹\µ(µÄæ`±Ä¹�¸É§\Ö4µÄÃ±¡¤«®«®µ²¶ò¸É©®³»4§&Ê�É©¬µ¡§ª©¬³»¸¤¶_êX³¥©®¹,¯\³|�dµ²«®µ²§l©�·J¸¤¶»°\µ²½MÉ¼FÊ�¸¤«®¸¤Ó2µ²©¬µ²«®½M¸É«®µ2«®µ²Ê�4«Ç©®µ¡¯�³¥§,ÔR³»Ö4½²£â¿n£Î×]1Ò¿n£Øó�¸¤§n¯¿n£Îã`£¿Q,µ2½®µ²µ2©¬¹�¸J© ¸É¶¥êF¸EÍi½t©¬¹nµ¡«®µ2³¥½�¸�¯n³»½®±²4§l©®³»§l°\³¥©¨Í ¸É©�¹\¸¤¶¥¼òÃ Ú�¶¥¶¥³À§\Ö

n = 1
±¡4«Ç«®µ²½®Ê�4§\¯n³»§\Ö�©®�©®¹\µè�¤©Ç©ÇÃ¨³¥§\½®°n¶ò¸É©®4«H©¬«®¸¤§\½®³À©¬³¥4§È¸É©X¹�¸¤¶À¼òÃéÚ�¶¥¶À³¥§\Ön£îZ¹nµ�±Ä¹nµ¡Ó2³»±¡¸¤¶�Ê�¤©¬µ²§l©®³ò¸¤¶

µ(n, s;u)
¸¤§n¯�³»§ª©¬µ¡«Ç§�¸¤¶�Ó�¸¤Ö4§nµ²©¬³¥±ëÚ�µ¡¶¥¯

h(n, s;u)
¸¤«®µ(¯\µ²Ú\§\µ¡¯0¸¤½

µ(n, s;u) =
∂

∂n
εGS(n, s;u) , p�¿n£Øì4ì q

h(n, s;u) =
∂

∂s
εGS(n, s;u) .îZ¹\µºÍO¸¤«®µ ©¬¹\µÚ�«Ç½Ç©´¯\µ²«®³¥·J¸É©¬³À·4µ¤¼Ñ©®¹\µ�Ö4«®¤°\§\¯`Ãé½Ç©]¸J©¬µµ¡§\µ²«®Ö¤ÍU¤¼X©¬¹\µ�¹\¤Ó�4Ö¤µ¡§\µ²4°\½r½ÌÍi½Ç©¬µ²Ó êX³À©¬¹«®µ²½®Ê�µ¡±º©ë©¬2Ú�¶¥¶»³¥§\Ö

n
¸¤§n¯0½®Ên³»§

s
£ZîZ¹nµ¡½®µ ¯\µ²«®³À·É¸É©¬³À·4µ¡½Ñ±E¸É§0ñ�µM±E¸É¶»±²°\¶ò¸É©®µ¡¯~[�P°h)ïxz3jml ¼Ð«Ç4Ó�©®¹\µ ÁÂµº©¬¹\µÄÃ

�ë§n½¬¸É©¬çtÖ4«®¤°\§\¯`Ãé½Ç©]¸J©¬µtµ²§\µ²«®Ö¤Í¤£eîZ¹\µ²³»«XµÄæn¸¤±²©Ñµºæ`Ê\«®µ²½®½®³¥4§\½ð¸¤«®µ(Ö4³¥·4µ²§�³»§?�ðÊ\Ê�µ¡§n¯\³Àæup�ÁDqZ¸¤§n¯dp ÙCqº£
|4|Eó



îZ¹nµ¡«®µº¼Ð4«®µ�1ÂêX³¥©®¹\³»§ ©®¹\µÈ©¬¹nµ�á�ônÝ½�¾½®±]¹\µ²Ó�µ�Ê\«®¤Ê�4½®µ²¯�³¥§<ÅkÛl½¡£Rp�¿n£Îì`|\qr¸É§\¯yp�¿n£Îì4}�qx1A©¬¹\µ�¤§\¶¥Í§\µ²±¡µ¡½Ç½¬¸¤«ÇÍ�³¥§\Ê\°n©Ñ³»½X©®¹\µ(æn±MÊ�¤©®µ¡§ª©¬³»¸¤¶�¤¼R©¬¹\µ2|�Ý:¹\4Ó24Ö4µ²§\µ¡4°n½ëïÑ°\ñ\ñ�¸É«®¯0Ó2i¯\µ¡¶�êX¹\³»±]¹0³¥½r4l§\�êX§¼Ð«®4ÓÞ³À©¬½ÒÁÂµ²©®¹\µºÃ��ë§\½®¸É©¬çÂ½®¤¶»°n©®³»4§�£�ÁHÍ�Ö4µ²§\µ¡«®¸¤¶»³¥ç¡³»§nÖX©¬¹\µHµºæ`Ê\«Çµ¡½Ç½®³»4§rÅkÛ £6p�¿n£Î}4ã�q�¼Ð¤«�©®¹\µH©®¤©]¸É¶iµ²§\µ²«®Ö¤Í©¬r©¬¹\µt½ÇÊ\³»§`Ãé«®µ²½®4¶À·4µ¡¯�±¡¸¤½®µ�1�êÂµt±E¸¤§ÈêX«Ç³¥©¬µÕ©¬¹nµ(©¬¤©¬¸¤¶�Ö4«Ç4°\§\¯`Ãé½Ç©]¸J©¬µ(µ¡§\µ²«®Ö¤Í�¤¼�©¬¹\µt½ÇÍi½Ç©®µ¡Ó ¸¤½
E0[n↑, n↓] =

∑

σ=↑,↓

∑

α

εσα −
∑

σ=↑,↓

∑

i

V σ
xc(zi)nσ(zi)−

∑

σ=↑,↓

∑

i

V σ
H (zi) + Exc[n↑, n↓] .

p�¿n£À|���� q
îZ¹\µ4§\¶ÀÍ.©®µ¡«®Ó ¤¼Z©®¹\³»½ µ²§\µ²«®Ö¤Í,¼Ð°\§\±º©¬³¥4§�¸¤¶A©¬¹\¸É©C³»½M§\µ¡µ²¯\µ¡¯ ©¬gñ�µ ©®«®µ¡¸É©¬µ²¯UêX³¥©®¹\³»§Uá�ônÝC� ³¥½M©®¹\µµºæ`±]¹�¸¤§\Ö¤µºÃ¨±²4«®«Çµ¡¶»¸É©¬³¥4§Èµ¡§nµ¡«®ÖÉÍ4£KQ,µt±E¸É§�©®¹\µ¡§ÈêX«®³À©¬µÕ©¬¹\µÕæ`±�µ²§\µ¡«ÇÖ¤Í�±¡4Ó2Ê�4§\µ²§l©X·i³»¸´ÅAÛ £�p�¿n£Øìª}�qÂ¸¤½

Exc ≈
∑

i

[
εGS(n, s;u) + εGS(n, s;u = 0)− εH

]
n→n(zi)

s→s(zi)

.
p�¿n£À|��n|\q

%&�on ~ ��� �D�����D���å�n�½£��"�x��£ ¢���� �n��	0�"��£��x�� ¢��D� � �����?£ì�M�=��	�	ß�½� ���
��� ��	"�����D�����J�H�M���J�F�½£

¦¨§*©®¹\³»½�ô`µ¡±º©¬³¥4§$êÂµ.Ê\«Çµ¡½Çµ¡§l©�§i°nÓ�µ²«®³»±¡¸¤¶Õ«Çµ¡½®°n¶¥©¬½�¼Ð4«©¬¹\µ&¯\µ²§\½®³À©ÆÍ=Ê\«Ç¤Ú�¶»µ²½È¤¼C¸$|EÝ «Çµ¡Ê\°\¶¥½®³À·4µ¡¶ÀÍ³»§ª©¬µ²«¬¸¤±º©¬³»§nÖÔ�µ¡«ÇÓ�³�Öª¸É½Õ½Ç°\ñ)SÇµ¡±º©(©¬�¸ ¹�¸É«®Ó24§\³¥±M±¡¤§nÚ�§\³¥§\ÖÊ�¤©¬µ²§l©®³ò¸¤¶�³¥§\½®³¥¯\µC¸0|EÝ
4Ên©®³»±¡¸¤¶�¶ò¸É©Ç©¬³¥±¡µÉ£
Q,µ Ú\«®½Ç©C«Çµ²·i³»µºê ³»§Uô`µ¡±º©¬³»¤§ ¿n£Øón£À| «®µ¡±²µ¡§ª©CêÂ4«A4.ñlÍ@�t¸¤0>Õ³»¸¤§\¶»¤§\Ö�[xzHh�j|{@}À|EßªãZ�H4§�°\§\Ê�4¶»¸¤«®³¥ç¡µ¡¯Öª¸¤½Çµ¡½�1¤¹\³»Ö¤¹\¶»³¥Ö¤¹l©®³¥§\ÖZ³»§�Ê�¸¤«Ì©¬³¥±¡°\¶»¸¤«�±²µ¡«Ì©]¸¤³¥§MÖ4«Ç4°\§\¯iÃ¨½Ç©¬¸É©¬µAÊ\¹�¸¤½Çµ¡½�êX¹\³»±]¹M³»§ª·44¶¥·4µAÓ2µ²©¬¸¤¶»¶¥³À±A¸¤§n¯Cè�¤©®©ÌÃ³»§n½®°\¶»¸É©¬4« ½Ì©]¸É©®µ¡½¡£U¦¨§�ô`µ²±²©®³»4§8¿n£Øón£Î}0êHµ�©¬¹\µ²§8Ê\«®µ²½®µ²§l©�¤«®³»Ö¤³»§\¸¤¶H§l°\Ó2µ¡«®³¥±E¸É¶Â«®µ¡½Ç°\¶¥©®½r¼Ð¤«C©®¹\µÈ½ÇÊ\³»§iÃ«®µ²½®4¶À·4µ¡¯O¸J©¬4ÓrÃ¨¯\µ²§\½®³À©ÆÍ&Ên«®¤Ú�¶¥µ¡½ É¼X½®Ên³»§`ÃéÊ�4¶ò¸¤«Ç³¥ç¡µ²¯�Öª¸É½®µ¡½²£NQ�µ ½Ç©®°\¯nÍ�½ÇÊ\³»§`ÃéÊ�4¶ò¸É«®³¥ç²µ¡¯�Ö4¸¤½®µ²½C³»§U¸½®Ê\³¥§`Ã¨³¥§\¯\µ²Ê�µ¡§\¯nµ¡§l©Ò¹�¸¤«®Ó24§\³¥±_©¬«¬¸ÉÊM¶»³¥Ó2³À©®³¥§nÖX4°\«âÊ\«®µ²½®µ¡§ª©]¸É©®³»4§�©®ðÓ2µ²©]¸É¶»¶¥³À±AÊn¹�¸¤½®µ²½¡£R¦¨§rô`µ²±²©®³»4§ ¿n£Øón£Ø¿êÂµC±²4§\½®³¥¯\µ¡«Õ¸ Ó24«®µMÖ4µ²§\µ¡«®¸¤¶R½Ç³¥©®°�¸É©¬³¥4§�¤¼A½®Ên³»§`Ãé¯\µ¡Ê�µ²§\¯\µ¡§ª©tÊ�¸É«¬¸¤ñ�4¶¥³»±�µÄæi©¬µ¡«Ç§�¸¤¶RÊ�¤©®µ¡§l©®³ò¸¤¶¥½¡£ðîZ¹\³¥½¶»µ¡¸¤¯\½F©¬r©¬¹\µtÊ�4½Ç½®³»ñn³»¶»³Ü©ÆÍ�¤¼RÊn¹�¸¤½®µt½®µ²Ê�¸¤«¬¸J©¬³»¤§È¼Ð¤«Z½®°2E2±¡³¥µ¡§ª©¬¶ÀÍ�½Ç©®«®4§\Ö´³»§ª©¬µ¡«Ç±¡4Ó2Ê�4§\µ²§l©X«®µ²Ê\°\¶¥½®³¥4§�£

Q$¹nµ¡§\µº·4µ¡«g¸�·J¸¤³»¶»¸¤ñ\¶¥µgêHµ.êX³»¶¥¶ÕÊ\«®µ²½®µ²§l©g¸¤¶»½Ç8§i°\Ó2µ¡«Ç³»±¡¸¤¶(«®µ²½®°\¶À©¬½�4ñn©¬¸¤³¥§\µ¡¯*ñlÍ$Ó2µE¸¤§n½�¤¼ ©®¹\µ¯\µ²§\½®³À©ÆÍªÃ¨Ó�¸É©®«®³Àæ&«®µ²§\4«ÇÓ ¸¤¶¥³¥çE¸J©¬³¥¤§,Ö¤«®4°\Ê/p�ÝÕèNLC��q(©¬µ²±Ä¹n§\³»Ûl°\µÉ£gîZ¹nµ¡½®µ«®µ²½®°\¶À©¬½MêX¹\³¥±]¹U¹�¸�·4µ ñ�µ¡µ²§4ñn©¬¸¤³»§nµ¡¯O°n½®³»§nÖ ©¬¹\µÈÝ(èNLC�!±²i¯\µÈ«Çµ¡¶¥µE¸¤½Çµ¡¯OêX³À©¬¹\³¥§U©¬¹\µa�J�Ò�êX¯\µ¡«rêX³À©¬¹��Ò�êÂµ²«���Ê\«ÇZSÇµ¡±²©qpx1A¹�¸�·4µñ�µ¡µ²§N4l³¥§\¯\¶ÀÍÊ\«®�·i³»¯\µ²¯�ñlÍ�è0¸J©®©¬µ²$LÑ³¥ç¡ç²³�¸¤§\¯e�k«®É¼Æ£`Lt£�Ô�¸Éç¡³¥\£
à½¥�r½¥¦¤ )�þRª/¶R®w·�¨Kév´7¸6]\PªM³ ±�´`©)ªKü0±P¨CªsVC¦© ¯]ªM®R±�ªt¨KÏWÐÑªP¯]´Kévé¦v±_´K®R³ � ¨=¯)¯a¦®w©)¶½«

év´7¯]v®RÔÑ·Oþw´`©)ªM©
Q,µg½Ç©]¸É«Ç© ©¬¹\µg³¥§l·4µ²½Ç©¬³¥Öª¸É©®³»4§<¤¼(©¬¹nµU|�Ý�«®µ²Ê\°\¶¥½®³¥·4µgÔ�µ¡«ÇÓ�³ÑÖª¸É½°\§\¯nµ¡«�¸U¹\¸¤«®Ó24§\³¥±�±²4§nÚ�§\µ²Ó�µ²§l©Ê�¤©¬µ²§l©®³ò¸¤¶ÕÅkÛ £�p�¿n£å×i|\q�ñlÍ ±²4§\½®³¥¯\µ¡«Ç³»§\ÖU©¬¹nµ&Ê�¸É«¬¸¤Ó�¸¤Ö4§nµ²©¬³¥±0½®³À©¬°�¸É©®³»4§yiÁ{Á[J{U1

N↑ = N↓
¸¤§n¯*½ÇÊ\³»§iÃ³»§n¯\µ¡Ê�µ²§\¯\µ¡§ª©�©®«¬¸¤ÊÛiÁ{Á[J{U1

V ↑2 = V ↓2 = V2
£<ÔÒ³»Ö\£_¿`£Îõ ½®¹\�êX½ ¸&½A4¤µ²©®±Ä¹�¤¼Ñ©¬¹\µÈÊ\¹�¸É½®µ¡½2¤¼ð©®¹\³»½rÖª¸¤½t�ububuwv�x`yRz{v�|L}R|~v�zNy

|4|�ã
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V
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s = 0

u = +2

u = +4

u = +6

ÔR³¥Ö4°\«®µM¿n£Î×`äZîZ¹\µ µºæ`±]¹�¸¤§\Ö¤µºÃ¨±²4«®«Çµ¡¶»¸É©¬³¥4§0Ê�¤©®µ¡§ª©¬³ò¸É¶�¤¼_©¬¹nµ |�Ý�¹\4Ó24Ö4µ²§\µ¡¤°\½ÕïÑ°\ñ\ñ�¸¤«Ç¯ Ó2i¯\µ²¶Fp�³»§
°\§\³À©¬½Z¤¼

t
qF¸¤½Ñ¸r¼Ð°n§\±²©®³»4§È¤¼�©¬¹\µ(Ú�¶¥¶»³¥§nÖ

n
¼Ð4«F·J¸¤«®³¥4°\½F·É¸¤¶¥°\µ¡½XÉ¼

u
£
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V
h
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u = +6

s = 0.2

s = 0.1

s = 0

ÔR³¥Ö4°\«®µ�¿n£ØónäÂîZ¹\µ µºæ`±]¹�¸¤§nÖ4µºÃé±¡4«Ç«®µ¡¶»¸É©¬³¥4§�Ê�¤©®µ¡§ª©¬³ò¸É¶�p�³¥§�°\§\³À©¬½Ñ¤¼
t
qF¼Ð4«Ñ½®Ê\³¥§`Ã¨°\Ê�±¡¤Ó�Ê�4§nµ¡§l©ð¤¼_©®¹\µ

|�Ý6¹\4Ó24Ö4µ²§\µ²4°\½ÑïÑ°\ñ\ñ�¸¤«Ç¯�Ó2i¯\µ¡¶�¸É½Ñ¸r¼Ð°\§n±²©¬³¥4§È¤¼�Ú�¶»¶¥³¥§\Ö
n
£
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V
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s = 0.2

s = 0.1

s = 0

ÔR³¥Ö4°\«®µ�¿n£Îã`äHîZ¹\µ µÄæ`±Ä¹�¸É§\Ö4µÄÃ¨±¡¤«®«®µ²¶ò¸É©®³»4§�Ê�¤©¬µ²§l©®³ò¸¤¶`p�³¥§�°n§\³¥©®½ðÉ¼
t
qF¼Ð4«X©®¹\µM½ÇÊ\³»§`Ãé¯\�êZ§0±¡¤Ó�Ê�4§nµ¡§l©

¤¼H|�Ý6¹\4Ó24Ö4µ²§\µ¡4°n½Ñïð°\ñnñ�¸¤«®¯�Ó2i¯\µ¡¶�¸¤½Ñ¸C¼Ð°\§\±º©¬³¥4§È¤¼ÒÚ�¶¥¶»³¥§nÖ
n
£

|�}��



PSfrag replacements

A
B

C D

E

11

1

2

2

ÔR³¥Ö4°\«®µ�¿n£Øõnä�ô)4¤µ²©¬±]¹OÉ¼Z©¬¹\µ Ê\¹�¸É½®µ¡½C¤¼X¸0±¡¤§nÚ�§\µ²¯8á�°n©®©®³»§\Ö¤µ¡«M¶¥³»Ûl°\³»¯.4§ ¸0¶»¸É©®©®³»±²µ2¼Ð¤« ³¥§\±²«®µE¸É½®³»§nÖ
§i°nÓrñ�µ²«X¤¼�¼Ðµ¡«ÇÓ�³¥4§\½¡£=�Z¯�¸¤Ên©®µ¡¯È¼Ð«®4ÓÉ}Ü|EßªõZ��£

°\§\¯\µ²«2¹�¸¤«ÇÓ�4§n³»±±¡4§`Ú�§\µ¡Ó2µ²§l©2¼Ð4«C©¬¹\µÈ±E¸É½®µ�¤¼ë³»§ª©¬µ²«®½®Ê�µ²±¡³¥µ¡½2«®µ²Ê\°\¶¥½®³¥4§\½J1e³»§O¯\µ¡Ê�µ²§\¯\µ²§\±¡µ0¤¼ð©®¹\µ§i°nÓrñ�µ²«eÉ¼�¼Ðµ¡«®Ó2³»¤§\½¡£_ôi©]¸É«Ç©¬³¥§\Ö(êX³À©¬¹�¸�á�°n©®©®³»§\Ö4µ²«A¶¥³»Ûl°\³¥¯r³»§2Ên¹�¸¤½®µ A ¼Ð4« 0 < n(zi) < 1
¤§\µÑÓ2µ¡µº©¬½

p�³sqXÊ\¹�¸¤½Çµ B êX¹\µ¡«Çµ´¸¤§g³»§n±¡4Ó2Ê\«®µ²½®½Ç³»ñ\¶¥µCè�¤©Ç©(³¥§\½®°n¶ò¸É©®4«Ñi±¡±¡°nÊ\³»µ²½ë©¬¹\µCñn°\¶U4È¤¼k©¬¹\µM©¬«¬¸ÉÊgêX³À©¬¹0©®¹\µ½®³À©¬µri±¡±²°\Ê�¸É©®³»¤§&§i°\ÓCñ�µ¡«
n(zi)

¶¥i±G4¤µ¡¯&©®&|��Fp�³¥³kqÑÊn¹�¸¤½®µ C êX¹\µ¡«Çµ�¸Ë�°\³¥¯ êX³¥©¬¹ 1 < n(zi) < 2
³»½µ¡ÓCñ�µ²¯\¯\µ¡¯�³¥§�¸2è�¤©®©XÊ\¶»¸É©¬µ¡¸¤°���pÐ³»³¥³sqeÊ\¹�¸É½®µ D êX¹\µ²«®µM¸rñ�¸¤§\¯�³¥§\½®°n¶ò¸É©®4«ÂêX³À©¬¹ n(zi) ¶»i±¡¸¤¶»¶ÜÍ ¶¥i±�4Éµ¡¯©¬ }]1\³»½X½Ç°\«®«Ç4°\§\¯nµ¡¯0ñlÍË�°\³¥¯�µ¡¯\Ö¤µ¡½ð¸¤§\¯�µ²ÓCñ�µ¡¯\¯nµ¡¯0³¥§�¸�è�É©®©Ñ³»§\½Ç°\¶ò¸J©¬4«���¸¤§n¯�Ú�§\¸¤¶»¶ÀÍßpÐ³¥·2qFÊn¹�¸¤½®µ

E êX¹\µ²«®µM¸´ñ\¸¤§\¯�³»§n½®°\¶»¸É©¬4«HêX³¥©¬¹ n(zi) = 2
±¡iµÄæ`³»½Ì©¬½XêX³À©¬¹�Ë�°\³»¯Èµ¡¯nÖ4µ¡½²£Ô�4«k©¬¹\³¥½HÊ\¸¤«¬¸¤Ó�¸¤Ö4§nµ²©¬³¥±X½ÇÍi½Ì©¬µ¡ÓË��¸É�>Õ³»¸¤§\¶¥4§\Ö<[xzKh�j|{½}À|Eßªã\��¹�¸E·4µë½Ç4¶¥·4µ²¯§l°\Ó2µ¡«Ç³»±E¸É¶»¶ÀÍ ©¬¹\µð½Çµ¡¶¥¼òÃ±¡¤§\½®³¥½Ç©¬µ²§\±¡µH½Ç±Ä¹nµ¡Ó2µH«Çµ¡Ê\«Çµ¡½Çµ¡§l©®µ¡¯CñªÍ�ÅkÛ £]p�¿n£Øõªã�q¨Ãxp�¿n£Øõ4ì q�ñªÍt°\½Ç³»§\ÖX©®¹\µe¶¥i±E¸¤¶¤¯\µ¡§\½Ç³¥©¨Í�¸ÉÊ\Ê\«®Eæ`³»Ó�¸É©¬³¥¤§�£ÔR³¥Ö\£�¿n£ØìX«®µ²Ê�4«Ç©®½�³»¶¥¶¥°\½Ç©®«¬¸É©®³À·4µk«Çµ¡½®°n¶¥©¬½�¼Ð4«�©¬¹nµe¯\³»½Ì©¬«Ç³»ñ\°n©®³»¤§tÉ¼\½Ç³¥©®µei±²±¡°\Ê\¸É©¬³¥4§�§i°\ÓCñ�µ²«®½�4ñn©¬¸¤³¥§\µ¡¯�ñªÍ©¬¹\³¥½ÒÝëÔRî�©¬¹\µ²4«®µº©¬³¥±E¸¤¶l¸¤Ê\Ên«®ª¸¤±]¹M³»§�±¡¤Ó�Ê�¸É«®³»½Ç4§têX³À©¬¹ í(°\¸¤§l©®°\Ó:è�4§ª©¬µÂÙF¸¤«®¶¥p ítègÙCq�Ó�µº©¬¹\i¯�¼Ð¤«©¬¹\µAÓ�µº©]¸¤¶ÜÃ¨³À§\½®°\¶»¸É©®4«dÊ\¹�¸¤½ÇµºÃ¨½Çµ¡Ê�¸É«¬¸É©®µ¡¯ «®µ²Ö4³»Ó2µ¤£âîZ¹\µH¸¤Ö4«Çµ¡µ²Ó�µ²§l©�¤¼`©¬¹\µk©¬¹\µ²4«ÇÍÕêX³¥©¬¹t©®¹\µe½Ç³»ÓC°\¶»¸É©¬³À4§¯�¸É©¬¸´³¥½F·4µ¡«ÇÍ�«®µ²Ó ¸¤«A4J¸¤ñ\¶¥µ¤£
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ÔR³¥Ö4°\«®µ�¿`£ÎìnäÂÅ_·44¶¥°n©¬³¥4§�¤¼R©®¹\µMÖ4«Ç4°\§\¯�½Ç©¬¸É©¬µ�¯\³»½Ì©¬«Ç³»ñ\°n©®³»¤§�É¼_½®³¥©®µ�i±¡±²°\Ê�¸É©®³»4§�§l°\ÓCñ�µ¡«Ç½Ñ¼Ð4«
N↑ =

N↓ = 70/2
¼Ðµ²«®Ó2³»¤§\½Z4§�¸´¶ò¸É©Ç©¬³¥±¡µëêX³¥©®¹

Ns = 100
½®³À©¬µ²½J1\êX³¥©®¹�³»§n±¡«®µ¡¸¤½®³¥§\Ö´³»§ª©¬µ²«®½®Ê�µ²±¡³¥µ¡½Ñ«Çµ¡Ê\°\¶¥½®³¥4§\½

¼Ð«®4Ó:©¬¤Ê2¶¥µ²¼�©_©¬tñ�É©®©¬¤Ó�«®³¥Ö4¹ª©E£ÒîZ¹\µ²½®µÑ«®µ¡½Ç°\¶¥©®½A¹�¸E·4µXñ�µ¡µ²§�4ñn©¬¸¤³»§nµ¡¯´ñªÍrÓ2µE¸É§\½AÉ¼dÁF�ÕáâÝ½��1iítègÙR1
©¬¤©¬¸¤¶ÜÃ¨µ¡§nµ¡«®ÖÉÍtáâÝ½�Îp�îXáâÝC�Hq�¸¤§\¯�©®¹\µHÊ\¸¤«¬¸¤Ó2µ²©®«®³¥çE¸É©®³¥4§(¼Ð¤«®ÓC°\¶ò¸Â¼Ð4«

εGS(n, s;u)
Ê\«Ç4Ê�4½®µ²¯ ñlÍ�á�³»Ó�¸

[xzDh�j|{Op�á�ô6�tÙCqH}Ü|EßªìZ��£eÔ�«Ç4ÓÞ�t¸¤8>ë³ò¸¤§n¶»4§\Öe[xzDh�j|{r}À|¡ßlã\� £

|�}¤}



à½¥�r½¥:Ì ��þR´K©)ªM©~¨`Ï&©°·Ov®½«\·�¨`év´7¸6]\�ªM³ÉÔK´K©)ªM©
¦¨§ ©¬¹n³»½0ô`µ²±²©®³»4§*êÂµ.©®°\«®§*©¬8©¬¹nµ,½®Ê\³¥§`Ã¨³¥ÓCñ�¸É¶»¸¤§n±¡µ&±¡¸¤½®µ,³»§$êX¹\³»±]¹

N↑ 6= N↓
°\§\¯\µ²«�©®¹\µ,½ÇÊ\³»§iÃ³»§n¯\µ¡Ê�µ²§\¯\µ¡§ª©´¹�¸É«®Ó24§\³¥±�±²4§nÚ�§\µ²Ó2µ¡§l©´ÅkÛ £Cp�¿`£å×i|\q(êX³¥©¬¹

V ↑2 = V ↓2 = V2
£gîZ¹\µ³¥Órñ\¸¤¶»¸É§\±¡µ²¯U½ÇÊ\³»§Ê�4Ê\°\¶»¸É©¬³¥4§\½F«Çµ¡½®°n¶¥©Ñ³¥§�¸rÚ\§\³¥©®µt½ÇÊ\³»§ÈÊ�4¶ò¸¤«Ç³»ç¡¸É©®³¥4§¯\µ²Ú\§\µ¡¯0¸¤½

p =
N↑ −N↓
N↑ +N↓

,
p�¿n£À|��ª}�q

¸¤§\¯0©®¹\µ ¶»i±¡¸¤¶â½®Ê\³¥§gÓ�¸¤Ö4§\µº©¬³¥çE¸É©®³¥4§
m(zi) = 2 s(zi) = n↑(zi) − n↓(zi) .

Q�µM¼Ði±²°\½ë4°\«ë¸É©®©®µ¡§ª©¬³»¤§©¬©®¹\µCÓ�µº©]¸¤¶¥¶¥³¥±MÊ\¹\¸¤½®µ²½t³»§0êX¹\³¥±Ä¹
nσ(zi) < 1

£HQ�µC¹�¸�·4µC½®4¶À·4µ¡¯&§l°\Ó2µ¡«®³¥±E¸É¶»¶ÀÍÈ©®¹\µC½®µ¡¶À¼òÃ¨±²4§\½®³¥½Ç©®µ¡§l©¼Ð4«®Ó�¸¤¶¥³À½®Ó «®µ¡Ên«®µ¡½Çµ¡§ª©¬µ¡¯*ñªÍ ÅkÛl½¡£�p�¿n£Îõ4ã�q¨Ã�p�¿n£Øõ4ì qC¼Ð4«�ñ�¤©¬¹ ½®Ê\³¥§=½ÇÊ�µ¡±¡³¥µ¡½�ñªÍ�°\½Ç³»§\Ö�©®¹\µ á�ônÝ½��³¥§ÅkÛ�£�p�¿`£Îìn|�qº£¦¨§gÔR³¥Ö4½¡£ ¿n£À|��rÃF¿n£À|�}rêÂµM½®¹\�êÞ©¬¹\µMÖ4«Ç4°\§\¯`Ãé½Ç©¬¸É©¬µ�i±¡±²°\Ê�¸É©®³»4§\½Ñ³»§0¸2½®Ê\³¥§`Ã¨Ê�4¶»¸¤«®³Àç¡µ²¯0Ô�µ¡«ÇÓ�³�Öª¸¤½¼Ð4«
p = 0.20

êX³À©¬¹�©®¹\µ«Çµ¡Ê\°\¶¥½®³À·4µ³¥§l©®µ¡«®¸¤±²©®³»4§
u = +2

©¬
u = +6

³¥§ ¸0¶»¸É©®©®³»±²µ2êX³À©¬¹
L = 100¶ò¸J©®©¬³¥±¡µM½Ç³¥©¬µ²½¡£

L
³¥½Õ¸¤¶¥êÂ¸�Íi½Õ±]¹\4½Çµ¡§.½Ç©¬¹�¸J©Õ©¬¹nµC©®«¬¸¤ÊgÓ ¸�4¤µ¡½ë©¬¹nµrÖ¤«®4°\§n¯`Ã¨½Ì©]¸É©®µC½®Ên³»§`Ãé«®µ¡½Ç4¶¥·4µ²¯ ½®³À©¬µi±¡±²°\Ê�¸É©®³»4§8Ö4&©¬,ç²µ¡«Ç�½ÇÓ�iÉ©¬¹\¶ÀÍ §nµE¸¤«´©®¹\µ�µ²¯\Ö4µ²½�¤¼ë©®¹\µ�¶ò¸É©Ç©¬³¥±¡µÉ£BQ,µ�¤ñ\½®µ²«Ç·4µ�©¬¹�¸É©´¼Ð4«2¸¤¶¥¶

u½®Ê\³¥§`Ã¨°nÊÈ¸¤§\¯È½ÇÊ\³»§iÃ¨¯\�êX§È¯\µ²§\½®³À©¬³¥µ¡½F4½®±²³»¶¥¶ò¸J©¬µð4°n©ÌÃ¨¤¼òÃéÊ\¹�¸¤½Çµ¤£_îZ¹\µ¡½Çµ�¤½®±¡³¥¶»¶»¸É©®³¥¤§\½Â±¡¸¤§\±²µ¡¶¥¶�µ¡¸¤±Ä¹È¤©®¹\µ¡«³»§,©¬¹\µ�©¬¤©¬¸¤¶e¯\µ¡§n½®³¥©¨Í�¸¤§\¯�êÂµ¹�¸�·¤µÈ¸�½®Ó2i¤©¬¹�Ê\«®¤Ú\¶»µ�¼Ð¤«M©®¹\µ
n(zi)

1RêX¹\³»¶¥µ2©¬¹\µ 4½®±²³»¶¥¶ò¸J©¬³À4§\½M¸¤«®µµ¡§n¹�¸¤§\±²µ¡¯�³¥§ ©¬¹\µr¶»i±E¸É¶_Ó�¸¤Ö4§nµ²©¬³¥çE¸J©¬³¥4§
m(zi)

¸É§\¯&©¬¹nµ¡«®µ´³»½(¸È½®Ên³»§.¯nµ¡§\½Ç³¥©¨ÍgêF¸E·4µNp ô`ÝCQÓqÕ³»§ ©®¹\µñ\°\¶54È¤¼R©¬¹\µ�©¬«¬¸ÉÊ�£CQ�µM¹�¸�·4µM±Ä¹\µ²±�4Éµ¡¯ êX³À©¬¹gÝ(èeL½�
¼Ð¤«Ñ·4µ²«ÇÍ�¶»¸¤«®Ö4µt³»§ª©¬µ²«¬¸¤±º©¬³»¤§
u = +50

äF³»§�©®¹\³»½±E¸É½®µÕ©¬¹\µ�ô`ÝCQ µÄæ`³»½Ç©®½Z³»§ ©¬¹\µÕñ\°\¶U42¤¼â©¬¹\µë©¬«¬¸ÉÊ�£eôi©¬¸¤«Ç©®³»§\Ö ¼Ð«Ç4ÓTÔÒ³»Ö\£`¿n£À|�� ©®´¿n£¥|�}MêÂµ(½Çµ¡µ(©®¹�¸É©F©®¹\µÓ�¸¤³»§�µ���µ¡±º©(¤¼k©¬¹nµC½Ç©®«®4§nÖ4µ¡«ë³»§ª©¬µ²«¬¸¤±º©¬³»¤§0³¥½ð©¬ ñ\«®ª¸É¯\µ¡§0©¬¹\µ ½®Ê\³¥§`Ã¨«Çµ¡½®¤¶¥·4µ²¯ ½Ç³¥©¬µMi±¡±²°\Ê�¸É©®³»4§\½Õ¸¤§n¯¸¤¶¥½®r©®2³»§n±¡«®µ¡¸¤½Çµt©®¹\µ�¸¤Ó2Ê\¶»³À©®°\¯\µÕ¤¼�©¬¹\µMônÝDQ6£îZ¹nµÈ¸¤Ö4«®µ²µ¡Ó2µ¡§ª©rñ�µº©ÆêÂµ²µ¡§O©®¹\µ�ÁF�Õá�ônÝC� ¸¤§\¯OÝ(èeL½� «®µ²½®°\¶À©¬½C³»½ µÄæn±²µ¡¶¥¶»µ²§l©C¼Ð4«C¸¤¶¥¶A·É¸¤¶»°nµ¡½C¤¼
u
£(ÙÂ4Ó�Ên°n©]¸É©®³»¤§�¸¤¶¥¶ÜÍ�Ý(èNLC��³»½ðÓC°\±]¹gÓ�4«ÇµMµºæ`Ê�µ¡§\½Ç³¥·4µC©¬¹\¸¤§&Á��Õá�ônÝC� £�ÁF�ëáÒô`Ý½��©]¸�4¤µ¡½(¸�¼Ðµ²êÓ2³»§i°`©¬µ¡½A4§ ¸�½ÇÓ ¸É¶»¶T�eÙ<©®MÖ4µ²§\µ¡«®¸É©¬µð¸�½®³¥§\Ö4¶¥µX¯\µ¡§n½®³¥©¨Í´Ê\«®ÉÚ�¶»µ²½H¸¤§\¯ Ý(èNLC� «Ç°\§\½HÓ�¸�ÍC©¬¸�4¤µð¸¤ñ�4°n©|�}&¹<¼Ð¤«�¸.½®³»§nÖ4¶»µÈ¯\µ²§\½®³À©ÆÍOÊ\«®¤Ú\¶»µ�1Âñn°n© °\§\¶¥³U4¤µ�á�ônÝ½�s¸¤¶¥½®.Ê\«®�·`³¥¯\µ²½ ¸¤±¡±²µ¡½Ç½ ©¬,¤©®¹\µ¡«2Ê\¹ªÍ`½Ç³»±¡¸¤¶Ûl°�¸¤§ª©¬³¥©®³»µ²½Z½®°\±]¹0¸¤½Z©¬¹\µt±²4«®«Çµ¡¶»¸É©¬³¥4§¼Ð°\§n±²©¬³¥4§\½²£¦¨§�ÔÒ³»Ö\£_¿n£À|�¿ êÂµ�½®¹n�êT©¬¹\µ�µx�dµ²±²©�¤¼Õ¸&¯\³5��µ¡«Çµ¡§ª©�½ÇÊ\³»§8Ê�4¶»¸¤«®³¥çE¸J©¬³¥¤§

p
4§O©¬¹nµ�½®Ê\³¥§`Ã¨«Çµ¡½Ç4¶¥·4µ²¯¯\µ²§\½®³À©ÆÍ=Ê\«®¤Ú\¶»µ¡½�¼Ð¤«È³»§ª©¬µ²«¬¸¤±º©¬³¥4§

u = +2
£ ¦¨§ ¸O¶ò¸É©Ç©¬³¥±¡µ0êX³¥©®¹

L = 100
¸¤§\¯ ¸O±¡4§nÚ\§\µ¡Ó2µ¡§ª©Ê�¤©¬µ²§l©®³ò¸¤¶

V ↑2 = V ↓2 = 0.002 t
1lêHµð±²4§\½®³¥¯\µ¡«H¸t¶»�ê�½®Ên³»§�Ê�4¶»¸¤«Ç³»ç¡¸É©¬³À4§

p = 0.11
êX¹\³¥±Ä¹�±²4«®«Çµ¡½®Ê�¤§\¯\½©¬Õ©¬¹\µZ±¡¤§nÚ�Ö4°\«®¸É©¬³¥4§

(N↑ = 15, N↓ = 12)
¸J©¬4Ó2½¡£Òî��Ö¤µ²©A¹\³¥Ö4¹\µ²«kÊ�¤¶ò¸¤«Ç³»ç¡¸É©¬³À4§\½ÒêÂµC4¤µ¡µ²Ê�±¡¤§\½Ç©¬¸¤§l©©¬¹\µ §i°nÓrñ�µ²« ¤¼X½®Ên³»§`Ãé°\Ê ¸É©®4Ó�½

N↑ = 15
¸¤§\¯�êÂµ«Çµ¡¯\°\±²µ©®¹\µ§l°\ÓCñ�µ¡« ¤¼X½ÇÊ\³»§iÃ¨¯\�êX§O¸J©¬4Ó2½�©¬

N↓ = 5
¸¤§\¯

N↓ = 3
1â±¡4«Ç«®µ²½®Ê�4§\¯n³»§\ÖÈ©®

p = 0.50
¸É§\¯

p = 0.66
«®µ¡½ÇÊ�µ¡±º©¬³¥·4µ²¶¥Í¤£8Q$³¥©®¹ ©¬¹\µrÚ`ænµ²¯½®Ê\³¥§`Ã¨°nÊ8¸É©®4Ó2½r¸É©®4Ó�½

N↑ = 15
1k©®¹\µ�½®Ê\³¥§`Ã¨°nÊO¯\µ²§\½®³À©ÆÍUÊn«®¤Ú�¶¥µ«®µ²Ó ¸É³»§\½M©¬¹\µ�½®¸¤Ó2µ¼Ð4«C¯n³5��µ¡«Çµ¡§l©Ê�4¶ò¸É«®³¥çE¸É©®³¥¤§´êX¹\³»¶¥µX©¬¹\µð½®Ên³»§`Ãé¯\�êX§ Ê\«Ç¤Ú�¶¥µ¡½Hµ²·¤4¶¥·4µ²½F¸¤§\¯ ½®¹\�êX½Õ|�}]1n×M¸¤§\¯¿MÊ�µ¡¸�4l½F±²4«®«Çµ¡½®Ê�¤§\¯\³¥§\Ö©¬

N↓ = 12
1k×�¸¤§n¯ ¿0¸J©¬4Ó2½têX³¥©®¹�½®Ên³»§`Ãé¯\�êX§d£�Ô�4«�½®³¥Ó2Ê\¶»³À±¡³À©¨Í&ÔR³¥Ö\£â¿n£À|�¿8SÇ°n½Ç© ½®¹\�êX½ ©®¹\µ�©®¤©]¸É¶
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ÔR³¥Ö4°\«®µ ¿`£¥|��`äXî�4Ê Ê�¸¤§\µ²¶ äðô`Ên³»§`Ãé«®µ¡½Ç4¶¥·¤µ¡¯g½®³À©¬µ i±¡±²°\Ê�¸J©¬³»¤§
nσ(zi)

¸¤½Õ¸�¼Ð°\§\±²©®³»4§0¤¼
zi
ñlÍ0Ý(èNLC�

p�±²«®4½Ç½®µ¡½¼q¸É§\¯=ÁF�ëáÒô`Ý½� pÐÚ�¶¥¶»µ¡¯<½ÇÍiÓCñ�4¶¥½Gqr¼Ð4« ¸,½ÌÍ`½Ì©¬µ¡Ó êX³À©¬¹�«®µ¡Ên°\¶»½Ç³¥·4µ�³»§l©®µ¡«®¸¤±²©®³»4§
u = +2

1
N↑ = 15

½®Ê\³¥§`Ã¨°nÊ.¸J©¬4Ó2½(¸É§\¯
N↓ = 10

½®Ê\³¥§`Ã¨¯n�êX§&¸É©¬4Ó2½ë³»§
L = 100

¶»¸É©®©®³»±²µ ½®³À©¬µ²½J1â¸¤§n¯&³»§0©¬¹\µ
Ê\«®µ²½®µ²§\±¡µ É¼Z¸È¹�¸É«®Ó24§\³¥±rÊ�¤©®µ¡§l©®³ò¸¤¶RêX³À©¬¹

V2/t = 0.002
£�ÁÂ¤©Ç©¬4ÓsÊ�¸¤§\µ²¶ ätî�¤©]¸¤¶k¯nµ¡§\½Ç³¥©¨Í&Ê\«®ÉÚ�¶»µ²½

n(zi)
¸¤§\¯�¶»i±¡¸¤¶�Ó ¸¤Ö¤§\µ²©®³»ç¡¸É©¬³¥¤§

m(zi)
¸¤½ð¸r¼Ð°\§\±º©¬³»¤§�¤¼

zi
¼Ð4«Z©¬¹nµ�½¬¸¤Ó2µt½ÇÍi½Ç©¬µ²Ó�£ÂîZ¹\µ�©®¹\³»§�½Ç4¶»³¥¯

¶»³¥§\µ¡½Z¸¤«®µ�SÇ°\½Ç©ð¸rÖ4°\³»¯nµ(¼Ð¤«F©¬¹\µtµºÍ4µ¤£
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ÔR³¥Ö4°\«®µ ¿`£¥|4|¤äXî�4Ê Ê�¸¤§\µ²¶ äðô`Ên³»§`Ãé«®µ¡½Ç4¶¥·¤µ¡¯g½®³À©¬µ i±¡±²°\Ê�¸J©¬³»¤§
nσ(zi)

¸¤½Õ¸�¼Ð°\§\±²©®³»4§0¤¼
zi
ñlÍ0Ý(èNLC�

p�±²«®4½Ç½®µ¡½¼q¸É§\¯=ÁF�ëáÒô`Ý½� pÐÚ�¶¥¶»µ¡¯<½ÇÍiÓCñ�4¶¥½Gqr¼Ð4« ¸,½ÌÍ`½Ì©¬µ¡Ó êX³À©¬¹�«®µ¡Ên°\¶»½Ç³¥·4µ�³»§l©®µ¡«®¸¤±²©®³»4§
u = +4

1
N↑ = 15

½®Ê\³¥§`Ã¨°nÊ.¸J©¬4Ó2½(¸É§\¯
N↓ = 10

½®Ê\³¥§`Ã¨¯n�êX§&¸É©¬4Ó2½ë³»§
L = 100

¶»¸É©®©®³»±²µ ½®³À©¬µ²½J1â¸¤§n¯&³»§0©¬¹\µ
Ê\«®µ²½®µ²§\±¡µ É¼Z¸È¹�¸É«®Ó24§\³¥±rÊ�¤©®µ¡§l©®³ò¸¤¶RêX³À©¬¹

V2/t = 0.002
£�ÁÂ¤©Ç©¬4ÓsÊ�¸¤§\µ²¶ ätî�¤©]¸¤¶k¯nµ¡§\½Ç³¥©¨Í&Ê\«®ÉÚ�¶»µ²½

n(zi)
¸¤§\¯�¶»i±¡¸¤¶�Ó ¸¤Ö¤§\µ²©®³»ç¡¸É©¬³¥¤§

m(zi)
¸¤½ð¸r¼Ð°\§\±º©¬³»¤§�¤¼

zi
¼Ð4«Z©¬¹nµ�½¬¸¤Ó2µt½ÇÍi½Ç©¬µ²Ó�£ÂîZ¹\µ�©®¹\³»§�½Ç4¶»³¥¯

¶»³¥§\µ¡½Z¸¤«®µ�SÇ°\½Ç©ð¸rÖ4°\³»¯nµ(¼Ð¤«F©¬¹\µtµºÍ4µ¤£
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ÔR³¥Ö4°\«®µ ¿`£¥|�}iäXî�4Ê Ê�¸¤§\µ²¶ äðô`Ên³»§`Ãé«®µ¡½Ç4¶¥·¤µ¡¯g½®³À©¬µ i±¡±²°\Ê�¸J©¬³»¤§
nσ(zi)

¸¤½Õ¸�¼Ð°\§\±²©®³»4§0¤¼
zi
ñlÍ0Ý(èNLC�

p�±²«®4½Ç½®µ¡½¼q¸É§\¯=ÁF�ëáÒô`Ý½� pÐÚ�¶¥¶»µ¡¯<½ÇÍiÓCñ�4¶¥½Gqr¼Ð4« ¸,½ÌÍ`½Ì©¬µ¡Ó êX³À©¬¹�«®µ¡Ên°\¶»½Ç³¥·4µ�³»§l©®µ¡«®¸¤±²©®³»4§
u = +6

1
N↑ = 15

½®Ê\³¥§`Ã¨°nÊ.¸J©¬4Ó2½(¸É§\¯
N↓ = 10

½®Ê\³¥§`Ã¨¯n�êX§&¸É©¬4Ó2½ë³»§
L = 100

¶»¸É©®©®³»±²µ ½®³À©¬µ²½J1â¸¤§n¯&³»§0©¬¹\µ
Ê\«®µ²½®µ²§\±¡µ É¼Z¸È¹�¸É«®Ó24§\³¥±rÊ�¤©®µ¡§l©®³ò¸¤¶RêX³À©¬¹

V2/t = 0.002
£�ÁÂ¤©Ç©¬4ÓsÊ�¸¤§\µ²¶ ätî�¤©]¸¤¶k¯nµ¡§\½Ç³¥©¨Í&Ê\«®ÉÚ�¶»µ²½

n(zi)
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¼Ð4«Z©¬¹nµ�½¬¸¤Ó2µt½ÇÍi½Ç©¬µ²Ó�£ÂîZ¹\µ�©®¹\³»§�½Ç4¶»³¥¯
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¯\µ²§\½®³À©ÆÍapÐ©®4ÊÈÊ�¸¤§\µ²¶kqF¸¤§\¯È©®¹\µt¶»i±¡¸¤¶�Ó�¸¤Ö¤§\µ²©®³»çE¸J©¬³¥4§ßp�ñ�¤©Ç©¬4ÓTÊ\¸¤§\µ¡¶sqH¼Ð4«Z¯\³|�dµ²«®µ¡§ª©ÑÊ�¤¶ò¸¤«Ç³»ç¡¸É©¬³À4§\½²£
Q,µt½®µ²µtêX³¥©®¹È©®¹\µt½®Ê\³¥§�³»ÓCñ\¸¤¶»¸¤§n±¡µ¡¯�Ê�4Ê\°\¶»¸É©¬³¥4§\½F³¥§�©¬¹\µt½ÇÊ\³»§`Ãé³»§\¯nµ¡Ê�µ¡§n¯\µ¡§ª©Ñ©®«¬¸¤ÊP1 ¸É¶¥êF¸EÍi½Xñ�¤©®¹½®Ê�µ²±¡³»µ²½H¸¤«ÇµX³¥§r©®¹\µXñ\°n¶U4 É¼�©®¹\µZ©®«¬¸¤Ê�äÒ§n�Ên¹�¸¤½®µX½®µ²Ê�¸¤«®¸É©¬³¥4§´i±²±¡°\«Ç½¡£k¦¨§´©®¹\µX§nµºæi©Fôiµ¡±²©®³»4§rêÂµZ©¬¸�4¤µÑ¸½®Ê\³¥§`Ã¨¯nµ¡Ê�µ¡§n¯\µ¡§ª©Â©¬«¬¸ÉÊ�1lêX¹\³»±]¹ ¶»µ¡¸¤¯\½A©¬MÊ\¹�¸É½®µë½Çµ¡Ê�¸É«¬¸É©®³»4§�ñ�µº©ÆêÂµ²µ¡§�½ÇÊ\³»§iÃ¨°\Ê ¸¤§\¯ ½ÇÊ\³»§iÃ¨¯\�êX§¸É©®4Ó�½³»§�©®¹\µtñ\°\¶54É¼Ò©¬¹nµ(©¬«¬¸ÉÊ�£

à½¥�r½¥Áà ��þR´K©)ªÎ©)ª�·O´7¸6´=¯]v¨`®µv®²©°·Ov®½«\³Rª�·�ªM®R³wªM®�¯BªsVD¯]ª�¸6®w´`é�·�¨=¯2ªM®�¯]v´Ké¦©
¦¨§�©¬¹n³»½ô`µ²±²©®³»4§<êÂµ0Ö4µ²§\µ²«¬¸¤¶¥³»ç¡µÈ©¬¹nµ0Ê\«®µº·i³»4°\½�½Ç©¬°n¯nÍ<¤¼t¸,½®Ê\³¥§`Ã¨³¥§\¯\µ²Ê�µ¡§\¯\µ²§l© ©®«¬¸¤Ê<©¬.©¬¹\µ0½ÇÊ\³»§iÃ¯\µ²Ê�µ²§\¯\µ²§l©Ò±¡¸¤½®µÉ£RîZ¹nµA½®Ê\³¥§t¯\µ²Ê�µ¡§\¯\µ²§\±¡µe³»§Õ©¬¹nµA±²4§nÚ\§\³»§\ÖZÊ�¤©¬µ²§l©®³ò¸¤¶¤¸¤«®³¥½®µ²½�¼Ð«®4Ó*¯\³5��µ¡«Çµ¡§l©�½Ç©®«®µ¡§nÖ¤©¬¹\½
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1/kFa = −0.5 1 ¨ qº£rÔ�«Ç4ÓÉc�êX³»µ²«®¶»µ²³»§Ý[xzwh�j|{
}À|Eó4ìZ� £
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¸É©¬¤Ó�½FÓ��·4µ(©®24°`©¬½®³¥¯\µ(©®¹\µt±¡µ²§l©®«¬¸¤¶�±¡¤«®µÉ£`�Z¯�¸ÉÊn©¬µ²¯�¼Ð«®¤ÓTîZ¹\4Ó�¸¤½�}Ü|�ã4ã\��£
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ÔR³¥Ö4°\«®µß\£Îã`ä�Ýë³¥«®µ²±²©24ñn½®µ¡«Ì·É¸É©®³»4§8É¼ð©¬¹\µÈÊ\¹�¸É½®µÈ©®«¬¸¤§\½Ç³¥©®³»4§ ³¥§8¸&½Ç©®«®4§\Ö¤¶¥ÍU³»§ª©¬µ²«¬¸¤±º©¬³¥§\Ö ©¨êÂJÃ¨½Ç©¬¸É©¬µ
Ó2³Àæi©¬°\«Çµ�¤¼F¼Ðµ¡«ÇÓ�³¥4§\½têX³À©¬¹�³»ÓCñ�¸¤¶¥¸¤§\±²µ¡¯�½ÇÊ\³»§�Ê�4Ê\°\¶»¸É©®³»4§\½²£�î�4ÊÛp � Ã � q�¸¤§n¯Uñ�¤©®©®4Ó p � Ã ù qt«Ç�êX½
½®¹\�ê8©¬¹\µF§\¤«®Ó�¸¤¶`¸¤§\¯C©¬¹\µF½Ç°\Ê�µ¡«ÌË�°\³»¯r½Ç©]¸J©¬µ�14«®µ²½®Ê�µ¡±º©¬³À·4µ¡¶¥Í¤£_îZ¹\µZ¯\É©®©¬µ²¯r¶»³»§nµ¡½R½Ç¹\�ê<îZ¹\¤Ó ¸¤½ÆÃÆÔ�µ²«®Ó2³
Ú\©¬½ë©¬©¬¹nµCêX³¥§\Ö4½Õ¤¼A©®¹\µr±²4¶»°\Ó2§g¯\µ²§\½®³À©ÆÍ¤£MîZ¹\µr«¬¸É¯\³»³

R↑
¸¤§\¯

R↓
Ó ¸É«94È©¬¹\µrÔ�µ¡«ÇÓ�³Ò«®¸¤¯\³»°n½Õ¤¼H¸¤§

µºæ`Ê�¸É§\¯\³»§nÖ61\§n4§`Ã¨³¥§l©®µ¡«¬¸É±²©®³»§\Ö ±²¶»4°n¯êX³À©¬¹�¸É©¬4Ó §l°\ÓCñ�µ¡«
N↑
¸¤§n¯

N↓
£7�X¯�¸ÉÊn©¬µ²¯�¼Ð«®¤ÓËc�êX³»µ¡«Ç¶»µ²³»§a[xz

h�j|{R}À|�ãi|�� £
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ÔR³¥Ö4°\«®µ�ß\£Øõnäe�k¹�¸¤½ÇµºÃé±¡4§ª©¬«¬¸É½Ç© ³¥Ó ¸ÉÖ4³¥§nÖ&É¼ë©¬¹nµ�¯\µ¡§\½Ç³¥©¨ÍO¯\³|�dµ²«®µ¡§n±¡µ�¤¼ë©¨êÂ,½ÇÊ\³»§8½Ç©¬¸É©¬µ²½¡£åp�¸ qCîZ¹nµ
Ê\«®¤ñ�µÕñ�µE¸¤Ó ³»½H©¬°n§\µ¡¯©¬ ©¬¹\µë«®µ¡¯¼Ð4«e©¬¹\µ |1〉 → |e〉 ©¬«¬¸É§\½®³À©¬³¥4§¸¤§n¯©¬ ©¬¹nµÕñ\¶»°\µð¼Ð4«e©¬¹\µ |2〉 → |e〉©¬«®¸¤§\½®³À©¬³¥4§�£ îZ¹\µ�«®µ²½®°\¶À©¬³»§nÖ�4Ê`©¬³»±¡¸¤¶k½®³¥Ö4§�¸¤¶k³»§&©¬¹\µ�Ê\¹\¸¤½®µÄÃ¨±¡¤§l©¬«®¸¤½Ç© ³¥Ó ¸¤Ö¤µ´³¥½�Ê\«®¤Ê�¤«Ç©¬³¥4§�¸É¶_©¬�©®¹\µ
¯\µ²§\½®³À©ÆÍÈ¯\³5��µ¡«Çµ¡§\±²µ

nd ≡ n1 − n2
1�êX¹\µ²«®µ

n1
¸É§\¯

n2
¸¤«Çµt©¬¹\µ�¯\µ¡§n½®³¥©®³»µ²½ðÉ¼R©¬¹nµM½Ç©¬¸É©¬µ²½ |1〉 ¸É§\¯ |2〉 1«®µ²½®Ê�µ¡±º©¬³À·4µ¡¶ÀÍ4£rp�ñbqK�k¹�¸¤½ÇµºÃ¨±²4§ª©¬«¬¸É½Ç©Â³»Ó�¸¤Ö4µ²½A¤¼d©¬«®¸¤Ê\Ê�µ¡¯¸J©¬4Ó2³»±Z±²¶»4°\¯n½H³¥§�½Ì©]¸É©®µ |1〉 p�¶¥µ²¼�©Gqk¸¤§\¯�½Ç©]¸É©®µ

|2〉 pÐ«®³»Ö¤¹l©�q�1�¸¤§\¯�É¼Z¸¤§,µ¡Ûl°�¸¤¶eÓ2³Àæi©®°\«®µ´¤¼Â©®¹\µ2©¨êÂ�½Ç©]¸J©¬µ¡½<pÐÓ�³¥¯\¯\¶¥µ�qÄ£$�X¯�¸ÉÊn©¬µ²¯,¼Ð«®4Ó ô`¹\³¥§Û[xzHh�j|{
}À|�ã4}\� £

T/TF = 0.12
¼Ð¤«2©¬¹\µ�«®µ²½®4§�¸É§\±¡µ ¸J©

p = 59 ± 3%
1X¸¤§n¯

T/TF = 0.11
¼Ð4«´©¬¹\µgÁFÙZô�½Ç³»¯\µ0¸É©

p = 53 ± 3%
£��ðÉ©]¸¤ñ\¶ÀÍ&©¬¹\µ ±¡«®³À©¬³¥±E¸¤¶k©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µ�êX³»¶¥¶e³¥§UÖ4µ²§\µ²«¬¸¤¶H¯\µ¡Ê�µ²§\¯O4§�©¬¹\µÊ�¤Ê\°\¶ò¸J©¬³»¤§³»ÓCñ�¸É¶»¸¤§\±²µ¤£rÔ�4«(µÄæn¸¤Ó�Ên¶»µ�1�¼Ð4«(¶»¸¤«®Ö4µCµ²§\4°\Ö4¹.³»ÓCñ\¸¤¶»¸¤§n±¡µC4§.«Çµ¡½®¤§�¸¤§\±²µ�¤«t¤§&©¬¹\µ2ÁFÙZô&½®³¥¯\µ�1â§\±¡¤§\¯\µ¡§n½¬¸É©®µëêX³»¶¥¶\¼Ð4«®Ó
µ²·4µ¡§�¸É©Hç¡µ²«®M©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µë¸É§\¯�©¬¹\µð±²«®³¥©®³»±¡¸¤¶\©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µX¼Ð4«e½®°\Ê�µ²«ÇË�°\³¥¯\³À©ÆÍêX³»¶¥¶dñ�µ�ç²µ¡«Ç\£ô`¹n³»§@[xzFh�j {O}Ü|�ã4}\��4ñ\½Çµ¡«Ç·¤µ¡¯0Ê\¹\¸¤½®µt½®µ¡Ê\¸¤«¬¸É©®³»¤§�ñ�µº©ÆêHµ¡µ²§�©¬¹\µt½Ç°\Ê�µ¡«ÌË�°\³¥¯0¸¤§\¯�©¬¹\µt§\¤«®Ó�¸¤¶d±¡4ÓrÃÊ�4§\µ²§l©t³¥§&¸½Ì©¬«®¤§\Ö4¶¥Í�³¥§l©®µ¡«¬¸É±²©¬³¥§\Ö�Ô�µ²«®Ó2³ÒÖª¸¤½ëêX³À©¬¹ ³»ÓCñ�¸É¶»¸¤§n±¡µ¡¯g½ÇÊ\³»§ Ê�4Ê\°n¶ò¸É©®³»4§\½²£tîZ¹nµ´¯nµ¡§\½Ç³¥©¨Í¯\³|�dµ²«®µ¡§n±¡µgñ�µ²©¨êÂµ²µ¡§$©®¹\µ0©¨êÂU½®Ê\³¥§ ±¡4Ó2Ê�4§\µ²§l©®½³»½�¯\³»«Çµ¡±²©®¶¥Í8Ó2µE¸¤½Ç°\«®µ²¯åik�/VxikzÁÆ$°n½®³»§nÖ ¸�½®Ê�µ¡±²³ò¸É¶Ê\¹�¸É½®µºÃé±¡4§ª©¬«®¸¤½Ç©�³»Ó�¸¤Ö4³À§\Ög©¬µ²±Ä¹n§\³»Ûl°\µ�¸¤½2½Ç¹\�êX§<³»§<ÔÒ³»Ö\£Rß\£Øõn£�Ô�¤«2¸&Ê�¸¤«Ì©¬³ò¸É¶»¶ÜÍ�½®°\Ê�µ²«ÇË�°n³»¯<³»ÓCñ�¸¤¶ÜÃ¸¤§\±²µ¡¯�Ó2³Àæi©®°\«®µ�1n¸M½®¹nµ¡¶»¶�½Ç©®«®°\±º©¬°\«ÇµëêF¸¤½Â4ñ\½Çµ¡«Ç·4µ²¯È³»§2©¬¹\µik�"Vxikz3Æ�Ên¹�¸¤½®µÄÃ¨±²4§l©®«¬¸¤½Ì©Z³¥Ó ¸ÉÖ4µ¡½Rp�ÔÒ³»Ö\£ªß\£Øì21©¬4Ê�Ê�¸É§\µ¡¶sqº£Xô`³¥§\±¡µt©¬¹nµM³»Ó�¸¤Ö4µ(½Ç¹\�êX½ð©®¹\µM±²4¶»°nÓ�§�¯\µ²§\½®³À©ÆÍÈ¯\³5��µ¡«Çµ¡§\±²µ<pÐ©¬¹nµ ¿4Ý�¯nµ¡§\½Ç³¥©¨Í�¯\³|�dµ²«®µ²§\±¡µ³»§ª©¬µ²Ö4«¬¸É©®µ¡¯�¸¤¶¥4§\Ör©¬¹nµ

y
Ãé¯\³»«Çµ¡±º©¬³»¤§È¤¼Ò©¬¹\µ�³¥Ó ¸¤Ö¤³¥§\Örñ�µ¡¸¤Ó<q�1\©¬¹\µ�4ñn½®µ¡«Ì·4µ¡¯g¯nµ¡Ê\¶¥µ²©®³»4§�³¥§È©¬¹nµ�±¡µ¡§ª©¬µ²«³»§n¯\³»±¡¸É©¬µ²½F¸C¿¤Ý ½Ç¹\µ¡¶¥¶�½Ç©¬«Ç°\±²©®°\«®µëêX³¥©®¹µ²·¤µ¡§È½Ç©®«®4§nÖ4µ¡«Â¯\µ²Ê\¶»µº©¬³¥4§ ³»§�©¬¹\µë±¡µ²§l©¬«®¸¤¶�«®µ¡Ö¤³»4§d£_îZ¹\µÕ½®³¥ç¡µë¤¼©¬¹\³¥½H³»§n§\µ¡«H±²4«®µð¯\µ¡±²«®µ¡¸¤½®µ²½F¼Ð4«H³¥§\±¡«ÇµE¸¤½Ç³»§\ÖM³»ÓCñ�¸É¶»¸¤§\±²µð¸¤§\¯�©¬¹\µð±¡4«Çµë½®¹n�êX½Z¸M¯\³¥½Ç©®³»§\±º©¬³¥·4µÑñ�4°n§\¯�¸¤«ÌÍ°\§ª©¬³»¶�³À©X¯n³»½¬¸ÉÊ\Ê�µE¸É«®½Z¼Ð4«Z¶ò¸É«®Ö4µÕ³»ÓCñ�¸É¶»¸¤§\±²µ¿pÐ½®µ²µ�±¡µ²§l©¬«®¸¤¶�Ê�¸¤§nµ¡¶�¤¼RÔR³»Ö\£`ß\£Îì�qº£� �dVxikzÁÆ�Ê\¹�¸¤½ÇµºÃ¨±²4§l©®«¬¸¤½Ì© ³»Ó�¸¤Ö¤µ¡½tÉ¼Z¸�±²¶»4°\¯,¸É©t·É¸¤«®³¥4°\½(©¬µ²Ó�Ê�µ²«¬¸É©®°\«®µ²½ ¸¤«Çµ2½®¹\�êX§U³¥§.ñ�É©®©¬¤ÓÊ�¸¤§nµ¡¶�¤¼AÔR³¥Ö\£�ß\£Øìn£XîZ¹\µM©®µ¡Ó2Ê�µ¡«®¸É©¬°\«Çµ

T
¤¼_©®¹\µ ±²¶»¤°\¯0³¥½ð±²4§l©®«®4¶¥¶»µ²¯�êX³À©¬¹�Ú\§�¸¤¶â·É¸É¶»°\µ�¤¼_©¬¹nµM©®«¬¸¤Ê
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ÔR³¥Ö4°\«®µCß\£ØìnäÕî�4Ê.Ê�¸¤§\µ²¶ ä � �aVxikzÁÆ,¯n³»«®µ²±²©t³¥Ó ¸¤Ö¤³¥§\ÖÉ¼H©®«¬¸¤ÊnÊ�µ¡¯,Ô�µ¡«ÇÓ�³RÖª¸¤½Çµ¡½(êX³¥©®¹&Ê�4Ê\°\¶»¸É©¬³¥4§g³»ÓrÃ
ñ�¸¤¶»¸¤§\±²µ¤£0Ô�4«

p ≤ 75%
1k¸�¯\³»½Ì©¬³¥§\±²©®³¥·4µ2±¡4«Çµ�êF¸¤½ 4ñ\½Çµ¡«Ç·4µ²¯O½Ç¹\�êX³¥§\Ö0©®¹\µ ½®¹\µ²¶»¶e½Ç©®«®°\±º©¬°\«®µ ¤¼Z©®¹\µ

±¡¶¥4°\¯�£�ÙÂµ²§l©¬«®¸¤¶XÊ�¸É§\µ¡¶�ä0ÙÂ¹�¸É«¬¸¤±º©¬µ¡«Ç³»ç¡¸É©¬³¥4§O¤¼ð©¬¹\µÈ½®¹\µ²¶»¶Z½Ç©¬«Ç°\±²©®°\«®µ�ñlÍO«Çµ¡±²4§\½Ç©®«®°\±º©¬µ²¯=¿4Ý¾«®¸¤¯\³ò¸É¶
Ê\«®ÉÚ�¶»µ²½ð¸É©ðÁ ÿ õ4¿¤ß&�r£

Rp
¸¤§\¯

Rc
½®¹\�ê ©¬¹\µ�Ê�µE¸�4�Ê�4½Ç³¥©¬³¥4§È¤¼R©®¹\µ�Ó ¸¤Ö¤§\µ²©®³»ç¡¸É©¬³¥¤§�¸¤§\¯�«¬¸¤¯n³»°\½X¤¼

©¬¹\µÕµ¡Ó2Ên©¨Í ±²4«®µÉ£eÁÂÉ©®©¬¤Ó Ê\¸¤§\µ²¶ äkÅkÓ�µ²«®Ö4µ²§\±¡µ(¤¼âÊ\¹�¸¤½Çµ(½®µ¡Ê\¸¤«¬¸É©®³»¤§�³¥§È¸¤§³»ÓCñ�¸¤¶»¸É§\±¡µ²¯�Ô�µ¡«ÇÓ�³�Ö4¸¤½¡£
îZ¹\µ(©¬µ¡Ó2Ê�µ¡«®¸É©¬°n«®µtÉ¼Ò©®¹\µt±²¶»4°n¯ÈêÂ¸¤½X±¡4§ª©¬«Ç4¶»¶¥µ¡¯�ñªÍ·É¸¤«ÌÍi³»§\Ör©¬¹nµ(Ú�§�¸¤¶d·É¸É¶»°\µ(¤¼�©¬¹nµ(©¬«®¸¤ÊÈ¯\µ¡Ên©®¹�³¥§
©¬¹\µtµº·É¸¤Ê�4«®¸É©¬³¥4§ÈÊ\«Çi±¡µ¡½Ç½¡£`�Z¯�¸¤Ên©®µ¡¯�¼Ð«Ç4Ó ô`¹\³¥§~[xzFh�j|{R}À|�ã¤}\� £
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¯\µ²Ên©¬¹�³¥§�©¬¹\µtµº·É¸¤Ê�4«®¸É©¬³¥4§ÈÊ\«Çi±¡µ²½®½¡£eîZ¹\µt½®¹\µ²¶»¶�½Ç©¬«Ç°\±²©®°\«®µM¸ÉÊ\Ê�µE¸¤«Ç½ð¸É§\¯�ñ�µ¡±²4Ó2µtÊ\«®4Ó2³»§nµ¡§ª©ZêX¹\µ²§
T
¯nµ¡±²«®µE¸É½®µ¡½Añ�µ¡¶»�ê�¸Õ±²µ¡«Ì©]¸¤³¥§r±¡«Ç³¥©¬³¥±E¸¤¶l·É¸É¶»°\µÉ£RîZ¹\³»½_½®¹nµ¡¶»¶n½Ì©¬«®°n±²©¬°n«®µXÖ¤³¥·4µ²½k«Ç³»½®µÂ©®t¸Õñ\³¥Ó�i¯�¸É¶i¯\µ¡§\½Ç³¥©¨ÍÊ\«®ÉÚ�¶»µ´¤¼H©¬¹\µ2Ó�³¥§\4«Ç³À©¨Íg±¡¤Ó�Ê�4§nµ¡§l©�©®¹�¸É©têF¸¤½�4ñ\½®µ²«Ç·4µ²¯O¸J¼�©¬µ¡«tµºæ`Ê�¸É§\½®³¥4§,¼Ð«Ç4Ós©¬¹\µ´©¬«®¸¤Ê,³»§&©®¹\µÊ\«®µº·i³»4°n½�µÄænÊ�µ²«®³¥Ó�µ²§l©�ñªÍÝc�êX³»µ²«®¶»µ²³»§Î[xz�h�j|{Î}Ü|�ã`|���£ ïðµ²«®µ0ô`¹\³»§å[xz�h�j|{Î}Ü|�ã4}\�X½®¹\�êÂµ¡¯�ñlÍÛik�ÝVxikz3ÆÓ2µE¸¤½Ç°\«®µ²Ó�µ²§l©¬½e©¬¹�¸É©e©¬¹\µð4§\½®µº©F¤¼�½Ç°\Ê�µ¡«ÌË�°\³»¯n³¥©¨Í2³»½H¸¤±¡±²4Ó2Ê�¸¤§\³¥µ¡¯ ñªÍ�¸MÊ\«®4§n4°\§\±²µ¡¯�±]¹�¸É§\Ö4µë³¥§�©®¹\µ½®Ê�¸J©¬³ò¸É¶�¯\µ²§\½®³À©ÆÍ�Ên«®¤Ú�¶¥µ¤£

¢?�£¢ ~ ��� �D�����D�������½£��?����£Þ¢����²���M�M�n�������x�� ¢Z�D� � �����?£ �M�n�¦	�	��½� ���
��� �¦	"���J�D���������M���J�F�½£B¢\�n��� ��¡?��gÑ�D��¡"� �mhµ�?£��H�¤ �@[0��£M�½� ���¿�D���°�
�"�½�0£M���SR ��	�	?�����<��� �����x��

¦¨§ ©®¹\³»½Âô`µ²±²©¬³¥4§�êÂµðÊ\«®µ²½®µ²§l©F§i°\Ó2µ¡«Ç³»±E¸É¶ «®µ²½®°\¶À©¬½e¼Ð4«A©¬¹nµë¯\µ²§\½®³À©ÆÍ2Ên«®¤Ú�¶¥µ¡½HÉ¼â¸�|�Ý Ô�µ²«®Ó2³ Öª¸¤½Çµ¡½HêX³À©¬¹¸É©®©®«¬¸¤±º©¬³À·4µ�³¥§l©®µ¡«¬¸É±²©¬³¥4§È±¡4§nÚ\§\µ¡¯0³»§�¸2¹�¸¤«®Ó24§n³»±(Ê�¤©¬µ²§l©¬³»¸¤¶�³¥§\½®³¥¯\µ�¸¤§�4Ên©¬³¥±E¸É¶�¶ò¸É©Ç©¬³¥±¡µÉ£Â¦¨§�©¬¹\µtÚ�«®½Ì©Ê�¸¤«Ì©_êÂµZ«Çµ²·i³»µºê8©¬¹\µÂêÂ4«A4 ñªÍW�t¸¤R>ë³ò¸¤§n¶»4§\ÖW[xznh�j|{r}Ü|�×��Z�\¤§´°n§\Ê�4¶ò¸É«®³¥ç¡µ¡¯C½ÌÍ`½Ì©¬µ²Ó�½²£kîZ¹\µ²½®µÑ¸¤°n©®¹\4«Ç½¹�¸E·4µZÊ\«®¤Ê�4½®µ²¯r©¬¹�¸J©Z|�Ý=Ô�µ²«®Ó2³`Öª¸¤½Çµ¡½k³¥§C4Ên©¬³¥±E¸É¶`¶ò¸J©®©¬³¥±²µ¡½R±¡¸¤§´ñ�µF°\½Çµ¡¯r©¬Õ½Ç©¬°n¯nÍ ©¬¹nµXá�°n©®¹\µ¡«ÆÃÆÅkÓ2µ¡«ÇÍÊ\¹�¸É½®µ(¸É§\¯ ©®¹\µëµÄæ`³»½Ç©®µ¡§\±²µÕ¤¼â¸¤§l©®³»Ê�¸É«¬¸¤¶¥¶Àµ¡¶�½®Ê\³¥§ Ê�¸¤³»«Ç³»§\ÖMá�°n©®¹\µ¡«ÆÃÆÅkÓ2µ¡«ÇÍ2¶¥³»Ûl°\³¥¯�£R¦¨§�©¬¹\µð½®µ¡±²4§\¯�Ê�¸É«Ç©¤¼X©¬¹n³»½´ô`µ²±²©®³»4§UêÂµ�±²4§\½®³¥¯\µ¡«C½®Ê\³¥§ Ê�4¶ò¸¤«Ç³»ç²µ¡¯Ûp¦iÁ{Á[J{
N↑ 6= N↓

qMÖª¸¤½Çµ¡½¡£,¦¨§ ©®¹\³»½ ±E¸¤½Çµ�êHµÈ¤ñ\½®µ²«Ç·4µ©¬¹�¸J©Â©¬¹\µëÓ ¸\SÇ4«Ç³¥©¨Í2¸É©®4Ó2½HpÐ½¬¸EÍ ½ÇÊ\³»§`Ãé°\ÊbqeÓ2�·4µð©® ©¬¹\µëµ¡¯\Ö¤µ¡½ZÉ¼�©¬¹\µë©®«¬¸¤Ê êX¹n³»¶»µë¸ ±²4«®µë±¡4§ª©]¸¤³¥§\³»§nÖñ�¤©¬¹ ½ÇÊ�µ¡±¡³¥µ¡½Â³»½A¼Ð4«®Ó2µ²¯ ³¥§�©®¹\µëñn°\¶U4r¤¼�©®¹\µÑ©¬«¬¸¤Êd£_îZ¹\µë½®³¥ç¡µð¤¼�©®¹\µë±²4«®µð¯\µ²±¡«®µ¡¸¤½Çµ¡½FêX³À©¬¹ ³¥§\±²«®µE¸É½®³»§nÖÊ�4¶ò¸É«®³¥çE¸É©®³¥¤§
p
£

Q,µFêX³¥¶»¶`Ê\«Çµ¡½Çµ¡§l©e¸¤¶»½Ç(§l°\Ó�µ²«®³¥±E¸¤¶`«®µ²½®°\¶À©¬½k¤ñn©]¸¤³¥§\µ¡¯CñlÍCÓ2µE¸É§\½kÉ¼�©®¹\µXÝ(èeL½�$©®µ¡±]¹\§\³»Ûl°\µÉ£kîZ¹nµ¡½®µ«®µ²½®°\¶À©¬½ðêX¹\³»±]¹ ¹\¸�·4µCñ�µ²µ¡§ 4ñn©¬¸¤³»§\µ²¯g°\½Ç³»§\Ö�©¬¹\µCÝ(èNLC��±²i¯\µC«Çµ¡¶»µ¡¸¤½®µ²¯gêX³¥©®¹\³»§�©¬¹\µ"�J�Ò�êX¯\µ¡«ëêX³À©¬¹
�Ò�êHµ¡«��(Ê\«®ZSÇµ²±²© p 1�¹�¸E·4µ�ñ�µ²µ¡§e4l³»§\¯n¶¥ÍÊn«®�·i³¥¯\µ¡¯È©®2°\½XñªÍ�è0¸É©®©®µ¡$LX³»ç²ç¡³�¸¤§\¯e�k«Ç¤¼Æ£KL�£�Ô ¸¤ç¡³¥\£
çr¥Áçr¥¦¤ )�þRªy¶w®w·�¨Kév´K¸2]\PªM³ ±�´`©)ªKü-´=¯]¨`ÐÑ¦±T«Z³RªM®w©]�¯�º �a´��`ªM©
��¸Ér>ë³ò¸¤§n¶»4§\Ö�[xz�h�j|{½}Ü|�×��Z�i¹�¸�·4µH±²4§\½®³¥¯\µ¡«Çµ¡¯C¸Ñ©¨êÂÉÃé±¡4Ó2Ê�4§nµ¡§l©RÔ�µ²«®Ó2³lÖ4¸¤½âêX³¥©¬¹

N
¸J©¬4Ó2½�±²4§nÚ�§nµ¡¯ñlÍ8¸,¹\¸¤«®Ó24§\³¥±ÈÊ�¤©®µ¡§l©®³ò¸¤¶Z¤¼Õ½Ì©¬«®µ²§\Ö¤©®¹

V2
³»§<¸

1D
¶ò¸J©®©¬³¥±¡µêX³¥©¬¹<°n§\³¥©2¶ò¸É©Ç©¬³¥±¡µÈ±²4§\½Ì©]¸¤§ª©¸¤§\¯

L¶ò¸J©®©¬³¥±¡µÕ½®³À©¬µ¡½²£Fôi³»Ó2³»¶¥¸¤«Ç¶ÀÍ�©®´©¬¹\µtÓ�i¯nµ¡¶�±²4§\½Ç³»¯\µ²«®µ²¯0³¥§0ÙÂ¹�¸ÉÊn©¬µ²«ð¿NpÐ½®µ²µCô`µ²±²©®³»4§�¿n£Øón£À|\qx1n©¬¹\µt½ÇÍi½Ç©®µ¡Ó³»½Z¯\µ²½®±²«®³»ñ�µ²¯�³»§0LXµ²¼Æ£M}À|�×��Z�âñªÍÈ¸¤§�³»§n¹\4Ó24Ö4µ²§\µ¡4°n½XÔ�µ¡«®Ó2³ÀÃ¨ïð°nñ\ñ�¸¤«Ç¯Èïë¸¤Ó2³»¶À©®4§n³»¸¤§P1
Ĥ = −t

∑

i,σ

ĉ†σ(zi) ĉσ(zi+1) + U
∑

i

n̂↑(zi)n̂↓(zi) + V2
∑

i,σ

(zi − L/2)2 n̂σ(zi) .
p�ßn£¥|Eß q

to���`� ��¡£¢¥¤W¤�¦£§©¨�§�ª«��¬¥¤�§®fyby°¯w±�²°²³u°u°uwv�x`yRz{v�|L}R|~v�zNy
|�×¤}



îÒ¸¤ñ\¶»µHß\£¥|¤än�t«Ç4°\§\¯iÃ¨½Ç©¬¸É©¬µÂ¸¤§\¯CÊ�¸¤³¥«ÌÃ¨ñn³»§\¯n³¥§\Öðµ¡§nµ¡«®Ö¤³»µ²½R¼Ð4«
N = 30

1
L = 100

1ª¸É§\¯
V2/t = 4×10−3 £îZ¹\µ(¸¤Ö4«®µ²µ¡Ó2µ¡§ª©Zñ�µº©ÆêHµ¡µ²§�Ý(èNLC�:¸¤§\¯ÈÁ��ÕáâÝ½� ¼Ð4«

EGS

³¥½ÂÛl°\³¥©®µÕ½®¸É©¬³¥½Ç¼�¸¤±º©¬4«ÌÍ�µº·4µ¡§�¼Ð4«
u = −20 1êX¹\µ²«®µ�©¬¹\µ�¯nµ²·i³ò¸É©®³»¤§8³¥½2¸¤ñ�4°n©

2.2%
£�ïð�êÂµ²·4µ²«J1ZÁF�ÕáâÝC�¾©®µ¡§\¯n½2©¬.�·4µ²«®µ¡½Ì©¬³¥Ó ¸J©¬µ

EP

µº·4µ¡§ ¸É©Ó2`¯nµ¡«¬¸J©¬µð·É¸¤¶¥°\µ¡½F¤¼
u
£kîZ¹\µ¿� × �ë½Ç³»Ö4§³»§\¯n³»±¡¸É©¬µ²½Â©®¹�¸É©Â©¬¹\µÕ½®Ê\³¥§`ÃÆÁ��ÕáâÝ½� ±²i¯\µÕ¼Ð¤« 31 ¸É©®4Ó2½Â¯\iµ¡½§\¤©X±¡4§ª·4µ¡«ÇÖ4µt¼Ð4«

u = −20 £AÔ�«®4ÓÞ�t¸¤�>Õ³ò¸É§\¶»¤§\ÖN[xzFh�j|{R}À|�×�����£
u EBALDA

GS /(tL) EDMRG
GS /(tL) EBALDA

P /t EDMRG
P /t

−0.5 −0.35824 −0.35832 −0.0283 −0.0213
−1 −0.39336 −0.39340 −0.0614 −0.0577
−2 −0.47672 −0.47631 −0.3265 −0.2442
−4 −0.70693 −0.69010 −5.1008 −1.3278
−20 −3.05320 −2.98536 × −16.4217

îZ¹\³¥½Xïë¸¤Ó2³»¶À©®4§n³»¸¤§�êX³¥©¬¹�«®µ²Ê\°\¶»½Ç³¥·4µÕ³»§l©®µ¡«®¸¤±²©®³»4§ßp
U > 0

qÂ¹�¸É½Xñ�µ²µ¡§�¯\³¥½®±¡°n½®½®µ²¯�³»§�ÙÂ¹�¸ÉÊn©¬µ²«Ñ¿n£AïÑµ¡«®µêÂµÂ¼Ði±²°\½_4§r¸É©Ç©¬«¬¸É±²©¬³À·4µH³»§l©®µ¡«®¸¤±²©®³»4§<p
U < 0

qº£�Q$³À©¬¹\³¥§M©¬¹nµZÁF�ëáâÝ½� ½Ç±Ä¹\µ²Ó2µZÊn«®µ¡½Çµ¡§ª©¬µ¡¯´³»§rÙÂ¹�¸ÉÊn©¬µ²«¿21`¸¤§\¯�³»§�Ê�¸É«¬¸¤¶¥¶»µ²¶\êX³À©¬¹ ¸ Ý(èNLC� ½Ç©®°\¯nÍ&��¸¤�>Õ³»¸¤§\¶»¤§\Ö<[xzKh�j|{e¹�¸�·4µð±E¸É¶»±²°\¶ò¸É©®µ¡¯2©®¹\µðÖ4«Ç4°\§\¯`Ãé½Ç©¬¸É©¬µÊ\«®¤Ê�µ¡«Ç©®³»µ²½ ¤¼Õ©¬¹\µgïð¸¤Ó2³»¶À©®4§\³¥¸¤§Îp�ß\£À|Eß°qÄ£*îZ¹\µ¡½Çµ&¸¤°n©®¹\4«Ç½ ½®¹\�êÂµ²¯=©®¹\µ�©¬µ²§\¯\µ¡§n±²Í<©¬�Ê�¸¤³»«Ç³»§\Ö.ñªÍ¸¤§�¸É¶¥Íiç¡³¥§\Ör©®¹\µtÊ�¸¤³¥«Zñn³»§\¯\³¥§\Örµ¡§\µ²«®Ö¤Í�¯\µ²Ú\§\µ¡¯0¸¤½
EP = EGS(N + 2) + EGS(N)− 2EGS(N + 1)

pÐß\£¥|�×�q
îÒ¸¤ñ\¶»µMß\£¥| «®µ¡Ê�¤«Ç©¬½ë«®µ¡½Ç°\¶¥©®½ë¼Ð¤«

N = 30
¼Ðµ²«®Ó2³»¤§\½ð³»§g¸ ¶»¸É©®©®³»±²µ�êX³À©¬¹

L = 100
½Ç³¥©®µ¡½J1d³¥§\½®³¥¯\µ ¸�©¬«¬¸ÉÊêX³¥©®¹

V2/t = 4× 10−3
£
EGS

³»½Z§\µ²Öª¸É©¬³À·4µ�1\½®³¥Ö4§�¸¤¶¥³¥§\Ör¸r©¬µ²§\¯\µ²§\±²Í�©¬´Ê�¸¤³»«Ç³»§\Ön£îZ¹nµ�Ê�¸¤³¥«®³¥§\Ög³»½´¸É½®½®i±²³ò¸É©®µ¡¯OêX³À©¬¹ ©®¹\µÈÊ\«Çµ¡½®µ²§\±¡µ�¤¼w�Z©®4Ó2³»±ºÃ¨Ýëµ¡§n½®³¥©¨ÍuQ�¸�·4µ²½Np��ÕÝCQ,½¼qx1eêX¹\³»±]¹¸¤«®µ(½Ì©]¸¤ñn³»¶¥³»ç²µ¡¯�ñªÍ©®¹\µ(¹�¸¤«®Ó24§\³¥±ëÊ�¤©¬µ²§l©¬³»¸¤¶ £_ÔR³¥Ö\£`ß\£À|��C«®µ¡Ê�¤«Ç©¬½F©¬¹\µ(§i°\Ó2µ²«®³»±¡¸¤¶d«Çµ¡½®°n¶¥©¬½F¼Ð4«Â©¬¹\µ(½®³À©¬µi±¡±²°\Ê�¸É©®³»4§�¤¼k¸�Ö4¸¤½ÑêX³À©¬¹
N = 30

¸É©¬¤Ó�½²£ZîZ¹nµ ±¡¤§\½®µ²Ûi°nµ¡§\±¡µ¡½(¤¼ká�°n©¬¹nµ¡«ÌÃ¨ÅkÓ�µ²«ÇÍ�Ê\¸¤³»«Ç³»§\Ö´³»§�©®¹\µÊ\«®µ²½®µ²§\±¡µÕ¤¼�±¡¤§nÚ�§\µ²Ó�µ²§l©Z¸¤«Çµë¯n«¬¸¤Ó�¸É©®³»±¤£RÔ�4«
u < 0

©¬¹nµë½®³À©¬µði±²±¡°\Ê\¸É©¬³¥4§ µºæ`¹\³¥ñ\³À©¬½Â¸M¯\µ²§\½®³À©ÆÍ´êF¸E·4µ
pÐêX³À©¬¹

N/2
Ê�µ¡¸�4l½e³¥§2¸ÕêHµE¸�4 ©®«¬¸¤ÊTqx1ª«®µºË�µ²±²©¬³¥§\Ö(©¬¹\µF©¬µ¡§n¯\µ¡§\±ºÍ´¤¼d¸É©®4Ó2½_êX³À©¬¹´¯n³5��µ¡«®µ²§l©AÊn½®µ¡°n¯\4½®Ên³»§\½©¬r¼Ð4«®ÓT½Ì©]¸¤ñn¶»µ(½®Ê\³¥§`Ã¨½Ç³»§\Ö¤¶»µ²©F¯\³»Ó2µ¡«Ç½F©¬¹\¸É©ð¸É«®µt¯nµ¡¶»i±¡¸¤¶¥³»ç²µ¡¯È�·4µ¡«Z©®¹\µt¶ò¸É©Ç©¬³¥±¡µÉ£Ô�4«_½ÇÓ ¸¤¶¥¶
V2/t

p�½®µ²µZ©¬¹\µF©¬4Ê´Ê�¸¤§nµ¡¶\¤¼dÔR³»Ön£¤ßn£¥|���q
n(zi)

³»§C©¬¹\µZñ\°\¶54 ¤¼�©®¹\µZ©®«¬¸¤Êep
80 ≤ i ≤ 100

q±E¸É§�ñ�µ�Ú\©Ç©¬µ²¯<©¬,¸¤§Ý�ÕÝCQ ¤¼ð©¬¹\µÈ¼Ð4«®Ó
ni = ñ + AADW cos (kADW i+ ϕ)

£=Ô�¤«2µÄæn¸¤Ó�Ên¶»µ�1e¼Ð4«
V2/t = 10−5

©¬¹\µC¸¤°n©¬¹n4«®½ë¹�¸�·4µ ¼Ð4°n§\¯
kADW = 0.73

¼Ð4«
u = −1 ¸¤§\¯ kADW = 0.84

¼Ð4«
u = −3 £¦¨§�½®°\±]¹¸têÂµ¡¸�4r±¡4§`Ú�§\µ¡Ó2µ¡§ª©H©®¹\µÑ4½®±²³»¶¥¶ò¸J©¬³À4§\½kÉ¼d©¬¹nµÑ½®³¥©®µÑi±²±¡°\Ê\¸É©¬³¥4§2µºæi©¬µ²§\¯ ©®M«Çµ¡Ö4³¥4§\½k¼�¸¤«e¸EêF¸�Í¼Ð«®4Ó ©®¹\µ�±²µ¡§ª©¬µ¡«�¤¼ë©®¹\µÈ©¬«¬¸ÉÊ�1HêX¹\µ²«®µ�©®¹\µ²Í8¸¤«®µ�±]¹�¸É«¬¸¤±º©¬µ¡«Ç³»ç²µ¡¯�ñªÍ8½ÇÓ ¸¤¶¥¶¥µ¡«rµ²¯\Ö4µ�êÂ¸�·4µ²§i°\ÓCñ�µ¡«Ç½¡£Ô�4«

V2 = 0
ñ�4½®4§n³»ç¡¸É©¬³¥4§UÊn«®µ¡¯n³»±²©®½?} ß4ß��Z¸¤§U³»§\±²³»Ê\³¥µ¡§ª©��ëÝCQ êX³À©¬¹UêÂ¸�·4µ²§i°\ÓCñ�µ¡«

2kF
Ûl°\µ²§\±]¹\µ¡¯

|�×É¿
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i
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V2/t = 10
−5

U/t = −1

U/t = −3

0

0.5
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ÔR³¥Ö4°\«®µgßn£¥|��`äUî�4Ê*Ê�¸É§\µ¡¶�ä Ý(èNLC�;«®µ²½®°\¶À©¬½¼Ð4«©®¹\µ ½®³¥©®µ i±¡±²°\Ê�¸É©®³»4§
ni
¸É½�¸U¼Ð°n§\±²©®³»4§=¤¼M½®³À©¬µ

Ê�4½®³À©¬³¥4§
i
¼Ð¤«(¸½ÌÍi½Ç©¬µ²ÓsêX³À©¬¹

N = 30
¼Ðµ¡«ÇÓ�³¥4§\½ð³»§

L = 180
¶»¸É©Ç©¬³¥±¡µM½®³¥©®µ¡½�1â¸É§\¯ ³»§0©¬¹\µCÊ\«Çµ¡½®µ²§\±¡µ

¤¼_¸´¹�¸¤«ÇÓ�¤§\³»±ÕÊ�¤©¬µ²§l©®³ò¸¤¶dêX³À©¬¹
V2/t = 10−5

£HÔ�¤«Z©®¹\³»½F·É¸¤¶»°nµt¤¼
V2/t

ÁF�ëáâÝ½�:�·4µ¡«®µ²½Ç©®³»Ó�¸É©¬µ²½X©®¹\µ
�ÕÝDQ ¸ÉÓ�Ên¶»³À©®°\¯\µ¤£_ÁÂ¤©Ç©¬4Ó Ê�¸É§\µ¡¶�äAÝÕèNLC�:«®µ²½®°\¶À©¬½�p�±¡«Ç4½®½Çµ¡½¼qÂ¼Ð4«

N = 30
1
L = 100

1\¸¤§\¯
u = −2¸¤«®µ(±¡4Ó2Ê�¸¤«Çµ¡¯ÈêX³À©¬¹�Á��ÕáâÝ½�6¯�¸É©]¸0pÐÚ�¶¥¶»µ²¯È½ÇÍiÓCñ�4¶¥½Gqº£

V2/t
³»½Z³¥§\±¡«ÇµE¸¤½Çµ¡¯�¼Ð«Ç4Ó

10−3
©¬

10−1
£AîZ¹\µ

©¬¹\³¥§È½®4¶¥³»¯�¶»³¥§\µ²½X¸¤«®µ�SÇ°\½Ç©ð¸rÖ4°\³¥¯\µÕ¼Ð4«F©¬¹\µtµºÍ4µ¤£`�Z¯�¸¤Ê`©¬µ¡¯È¼Ð«®4ÓÞ�t¸¤8>ë³ò¸É§\¶»4§nÖ?}Ü|�×��Z��£

|�×Jß



ñlÍ�½Ç©®«®4§\Ö Ûl°�¸¤§ª©¬°\Ó;Ë\°\±²©®°�¸É©¬³¥4§\½²£.¦¨§ ©¬¹\µÊ\«®µ²½®µ²§l©2±¡¸¤½®µ©¬¹nµ²Í�¼Ð4°n§\¯
kADW ' 2keffF

1_êX¹\µ¡«Çµ�©®¹\µµ���µ¡±º©¬³À·4µ�Ô�µ¡«®Ó2³�êÂ¸�·4µ¡§l°\ÓCñ�µ¡«
keffF = πñ/2

³»½F¯\µº©¬µ¡«ÇÓ�³¥§\µ¡¯�ñlÍ ©¬¹\µt¸�·4µ²«¬¸ÉÖ4µt¯nµ¡§\½Ç³¥©¨Í�³¥§©¬¹\µ(ñ\°\¶54 É¼©¬¹\µ(©®«¬¸¤Êup�§\É©¬µ(©¬¹\¸É©
kADW = π

êX¹nµ¡§�©¬¹\µ�¸E·4µ¡«®¸¤Ö4µt¯\µ²§\½®³À©ÆÍ�³¥§�©¬¹\µtñ\°\¶54 «®µ¡¸¤±Ä¹nµ¡½Ñ¹�¸¤¶À¼�Ú�¶¥¶»³¥§\Ö°qÄ£ÔÒ³»§\³À©¬µºÃé½®³¥ç²µÑµ���µ¡±º©¬½Fñ�µ¡±²4Ó2µë³»Ó2Ê�4«Ç©¬¸¤§l©e4§ ³»§\±²«®µ¡¸¤½®³¥§\Ö
V2

p�½®µ²µë©®¹\µëñ�¤©®©®4Ó�Ê�¸É§\µ¡¶�¤¼âÔR³¥Ö\£lß\£À|�� q¸¤§\¯,¸È½Ç³»Ó2Ê\¶»µ Ú\©Ç©¬³¥§\Ö�¼Ð4«®ÓC°\¶»¸½Ç°\±]¹U¸¤½(©®¹\µ2¤§\µ´°\½®µ²¯U¸¤ñ��·4µ2¯niµ¡½�§\É©têÂ4«A4 µº·4µ¡§�¸É©t©®¹\µ´±¡µ¡§ª©¬µ²«¤¼Ò©¬¹\µt©®«¬¸¤Ê�£ÂÅ_·4µ²§l©¬°\¸¤¶»¶ÀÍêX¹\µ¡§
V2/t ≈ 10−1

¸´«®µ¡Ö¤³»4§È¤¼_¯n4°\ñ\¶ÀÍlÃéi±¡±²°\Ê\³¥µ¡¯�½Ç³¥©¬µ²½Ñ¯\µº·4µ¡¶»¤Ê\½ë¸É©X©®¹\µ±¡µ²§l©®µ¡«�É¼H©®¹\µr©®«¬¸¤Ê�äÕ½®Ê\³¥§`Ã¨½Ç³»§\Ö¤¶»µ²©Õ¯\³¥Ó�µ²«®½�1�êX¹\³¥±Ä¹.³¥§.¸êÂµ¡¸�40©¬«®¸¤Ê.¸¤«®µr¯\µ²¶»i±E¸É¶»³¥ç¡µ²¯�1â¸É«®µr½®Ûl°\µ²µ¡ç¡µ¡¯±¡¶¥4½®µÕ©¬4Ö4µº©¬¹\µ²«Z©¬´Ê\«®i¯n°\±¡µ�¸¤§�µºæi©®µ¡§\¯\µ²¯0«®µ¡Ö¤³»4§�¤¼ ≈ N/2
¯\4°\ñn¶¥ÍªÃ¨i±²±¡°\Ê\³¥µ¡¯�±²4§\½Çµ¡±²°n©¬³À·4µM½Ç³¥©¬µ²½¡£ÔÒ³»Ö\£âß\£¥|¤|½®¹\�êX½r¹\�ê ©®¹\µ<�ÕÝDQ,½rµ²·44¶À·4µ êX³¥©®¹U³»§\±²«®µE¸É½®³»§nÖ |u| ¸J© Únæ`µ¡¯ V2/t £&Ô�4«MêHµE¸�44Ã ©¬ÉÃ³»§ª©¬µ²«®Ó2µ¡¯\³»¸É©¬µr±²4°\Ê\¶¥³»§\Ö?�ÕÝDQ,½C¸É«®µ2Ê\«Çµ¡½Çµ¡§l© ³¥§.©®¹\µ2ñ\°\¶54 É¼Â©¬¹\µ´©®«¬¸¤Ê�£�îZ¹\µ ¸¤Ö4«Çµ¡µ²Ó�µ²§l©�ñ�µº©¨êÂµ¡µ²§©¬¹\µ

BALDA
¸¤§\¯�©¬¹\µ

DMRG
«®µ²½®°\¶À©¬½Â³¥½HµÄæn±²µ¡¶¥¶»µ²§l©H¼Ð4« |u| ≤ 1

£=Q$³À©¬¹ ³¥§\±¡«ÇµE¸¤½Ç³»§\Ö |u| ©¬¹\µ BALDA½®±]¹\µ²Ó�µë¯nµ²©¬µ²«®³¥4«¬¸É©®µ¡½²£eôi³»§\±²µÑ©¬¹nµ
U < 0

ÁÂµº©¬¹\µ �R�2VJh�zU�H³»½e¤ñn©]¸¤³¥§\µ²¯�¼Ð«Ç4Ó
©®¹�¸É©Â¸É©
u > 0

ñlÍ2Ó2µE¸É§\½¤¼A¸É§0µºæn¸¤±º©ë©¬«®¸¤§\½Ç¼Ð¤«®Ó�¸É©¬³¥4§P1�©®¹\³»½Ñ½Ç¹\�êX½ð©¬¹�¸J©ð©®¹\µ ¶¥i±E¸É¶»³À©¨ÍÈ¸É½®½®°nÓ�Ên©®³»¤§0³¥§\¹\µ²«®µ¡§ª©ë³»§�©®¹\µ á�ÝC��³¥½¶»µ²½®½ëêÂµ²¶»¶Ò½¬¸É©®³»½ÇÚ\µ¡¯ ¼Ð¤«Õ¸É©®©®«¬¸¤±º©¬³¥·¤µ ©®¹�¸¤§g¼Ð¤«Õ«Çµ¡Ê\°n¶»½®³À·4µC³¥§l©¬µ²«¬¸¤±º©¬³¥4§\½¡£Õ¦¨§ ¼�¸É±²©�1d³¥©Õ¸¤Ê\Ê�µ¡¸¤«®½ë©¬¹�¸J©Õ©®¹\µ
BALDA
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|�ó4×



±¡¤§\½®³¥½Ç©¬µ²§l©Ñ±¡4§n¯\³¥©®³»4§\½Â¼Ð4«F©¬¹nµt§i°\ÓCñ�µ¡«Z¤¼_¸J©¬4Ó2½X¸¤§n¯�©®¹\µtÊ�¸¤³¥«®³¥§\ÖrÖ4¸¤Ê�¸É«®µ¿}Ü|�õª}\�

n↑(zi) =
2L∑

n=1

|un(zi)|2 f(En)
p�ß\£Î}`|�q

n↓(zi) =
2L∑

n=1

|vn(zi)|2 [1− 2f(En)]
p�ßn£å}4}�q

∆ij =
U

4

2L∑

n=1

(
u
n(zi)v

∗n(zj) + v
∗n(zi)u

n(zj)
)
tanh(En/2kBT )

p�ßn£å}¤¿�q
êX¹\µ²«®µ

u
n(zi) = (−v∗n↑ (zi), u

n
↑ (zi) )

¸¤§\¯
v
n(zi) = (u∗n↓ (zi), v

n
↓ (zi) )

¸¤«Çµ©®¹\µ�«Ç�ê ·4µ²±²©®4«®½�1Â¸É§\¯
f(E)

³»½Z©®¹\µMÔ�µ¡«ÇÓ�³ÜÃÆÝë³¥«®¸¤±Õ¯\³»½Ì©¬«®³¥ñ\°n©®³»4§¼Ð°\§\±º©¬³»¤§0¸É§\¯�©¬¹\µM¸É©®4ÓrÃ¨§i°nÓCñ�µ¡«Z§\¤«®Ó�¸¤¶»³ÀçE¸É©®³¥¤§È«®µ¡¸¤¯\½ð¸¤½
Nσ =

∑
i nσ(zi)

£´¦¨§.©®¹\µ´¼Ð4¶¥¶¥�êX³¥§nÖ�ô`µ¡±º©¬³¥4§&êÂµ�¸¤§\¸¤¶¥Íiç¡µr©®¹\µ2«Çµ¡½Ç°\¶¥©®½t¼Ð4«Õ©¬¹nµ2¯\µ²§\½®³À©¬³¥µ¡½�¸¤§\¯.Öª¸¤Ê4ñn©¬¸¤³»§nµ¡¯ÈñlÍ©®¹\µ¡½ÇµMµ²Ûl°�¸É©¬³¥4§\½²£
çr¥�ûD¥:Ì §uªMþw´��Cv¨7¸ ¨`Ït¯]þwª ·O´K�¸6v®RÔ ÔK´K· ´K®R³ èZ��Ò$Ò ·RþR´K©)ªìv® ¯]þwªì©)·Rv®½«

·�¨Ké¦´7¸2&\�ªM³ ±�´`©)ª
¦¨§ÈÔR³»Ö4½²£`ßn£¥|�õ�Ãkß\£Î}��MêÂµ(½Ç¹\�ê*©®¹\µÕ«®µ²½®°\¶À©¬½Â¼Ð4«Â½®Ê\³¥§`Ã¨«Çµ¡½Ç4¶¥·4µ²¯�¯\µ¡§n½®³¥©¨Í Ê\«®ÉÚ�¶»µ²½Z¸¤§\¯�Ê\¸¤³»«Ç³»§\ÖMÖª¸¤Ê¼Ð¤«¸�Ô�µ¡«®Ó2³_Öª¸¤½t³»§n½®³»¯nµ2¸&|�Ý ¶»¸É©®©®³¥±¡µ´¸¤§n¯,±¡¤§nÚ�§\µ²¯�ñlÍ&¸¤§,¹\¸¤«®Ó24§\³¥±rµÄæ`©®µ¡«Ç§�¸¤¶AÊ�¤©¬µ²§l©®³ò¸¤¶

Vext(zi) =

V2(zi − L/2)2
£FîZ¹nµ�©¬µ¡Ó2Ê�µ¡«®¸É©¬°n«®µ�³»½ZÚnæ`µ¡¯g¸É©

T = 10−3 t/kB
£�Q�µ�¹�¸E·4µM½®4¶À·4µ¡¯�½®µ¡¶À¼òÃ¨±²4§\½®³¥½Ç©®µ¡§ª©¬¶¥Í©¬¹\µt¯\³¥½®±²«®µº©¬µ�ÁÂ¯b��ÅkÛi½²£�p�ß\£Î}`|\qéÃxp�ßn£å}É¿ qAêX¹\³»±]¹�Ö4³¥·4µÕ©®¹\µt½®Ê\³¥§`Ã¨«Çµ¡½®¤¶¥·4µ¡¯

nσ(zi)
¸¤§n¯

∆(zi)
£Å_·4µ²§©®¹\4°\Ö¤¹ ½Ç©®«®³»±º©¬¶ÀÍr½®Ê�µE¸�4i³¥§\ÖC¸�Ó�µ¡¸¤§`Ã Ú�µ¡¶¥¯�Öª¸ÉÊ

∆
³¥½e§\¤©eêÂµ²¶»¶ÀÃé¯\µºÚ�§\µ¡¯�³»§ ¸2|�Ý ½ÌÍi½Ç©¬µ²Ó p�½®µ²µô`µ²±²©¬³¥4§�ß\£å}�qÂ©¬¹\µ�ÁÂ¯b��«®µ²½®°\¶À©¬½X¼Ð¤«Z©¬¹nµ�Ê�4¶ò¸É«®³¥ç¡µ¡¯È¯\µ²Ê�µ¡§\¯nµ¡§\±¡µ ¤¼

∆
¸¤«Çµt·4µ²«ÇÍÈ½®°\Ö¤Ö4µ¡½Ì©¬³¥·4µM¸¤§n¯0¸¤«®µ½®¹\�êX§�³»§,ÔR³»Ö¤½¡£�ßn£¥|�õÃðß\£å}��n£ÔR³¥Ö\£�ß\£À|�õ�Ên«®µ¡½Çµ¡§ª©¬½M©¬¹nµ�«®µ²½®°\¶À©¬½t¼Ð4«

nσ(zi)
p�©¬4Ê,Ê\¸¤§\µ¡¶sqt¸É§\¯

∆(zi)p�ñ�¤©Ç©¬4Ó Ê�¸É§\µ¡¶sqC³¥§8¸&½ÇÍi½Ç©®µ¡Ó ±¡4§\½Ç³»½Ì©¬³»§nÖ.É¼
N↑ = N↓ = 20

¸É§\¯
u = −2 £<ÁHµ¡±¡¸¤°\½®µ�¤¼ëç²µ¡«®JÃÊ�4¶ò¸É«®³¥çE¸É©®³¥¤§ ³¥©Â³»½ÂÊ�4½®½Ç³»ñ\¶¥µð¼Ð4«F¸¤¶»¶�¸É©®4Ó�½e©¬rñ�µÕÊ�¸¤³¥«®µ²¯�£_îZ¹\³»½Â¼�¸¤±º©Z³¥½Â«®µ²Ë\µ¡±²©®µ¡¯�³¥§ ©¬¹\µÕñ�µ¡¹\¸�·i³»4«Â¤¼Ê�4½®³À©¬³¥4§`Ã¨¯nµ¡Ê�µ²§\¯\µ¡§ª©eÊ�¸¤³¥«®³»§nÖ(Öª¸¤Ê

∆(zi)
£kÝë°\µX©¬(©¬¹\µX³»§\¹\¤Ó�4Ö¤µ¡§\µ²4°\½k¯\µ¡§n½®³¥©¨Ír¯\³»½Ì©¬«®³¥ñ\°n©¬³¥4§r³¥§´©®¹\µ©¬«®¸¤Ê\Ê�µ¡¯&Öª¸¤½t¸½®Ê�¸É©®³ò¸É¶»¶ÀÍ�·J¸¤«ÇÍi³¥§\ÖÈÊ�¸É³»«®³¥§\ÖÖ4¸¤Ê&³¥½(µÄænÊ�µ²±²©®µ¡¯_}Ü|�õ4¿]1k|Eõ¤ß�� £ ¦¨§ ©¬¹\µrñ\°\¶540É¼e©¬¹nµr©®«¬¸¤Ê©¬¹\µ Ê�¸¤³»«Ç³»§\Ö�Ö4¸¤Ê-4¤µ¡µ²Ê\½�¸ ¯\µºÚ�§\³¥©®µC½Ç³»Ö4§�£(ïÑµ¡«Çµ êÂµC±E¸¤¶¥¶Ò³À©ð©¬¹\µ?�²ÁZÙZô�� ½Ì©]¸É©®µ êX¹\³»±]¹ ¹\¸¤½(¸ ¯\µ²Ú\§\³¥©®µ½®³¥Ö4§�³»§©®¹\µ(Öª¸¤Ê¼Ð°\§\±º©¬³¥4§ß}À|�õÉß�� £kîZ¹\µtÖ4¸¤Ê�¼Ð°n§\±²©®³»4§�¯\µ²±E¸EÍ`½Ñ¸¤§n¯ÈÖ4iµ¡½F©®´ç²µ¡«Ç2µÄæ`Ê�4§\µ¡§ª©¬³»¸¤¶»¶ÀÍ�§\µE¸É«©¬¹\µtµ²¯\Ö4µ²½Ñ¤¼Ò©®¹\µ(©¬«¬¸ÉÊ�£îZ¹nµtñ�µ²¹�¸�·i³¥4«F¤¼�©¬¹\µÕÊ�¸¤³¥«®³¥§\Ö Öª¸¤Ê

∆(zi)
¸¤§\¯�½®Ên³»§`Ãé«®µ¡½Ç4¶¥·4µ²¯�¯\µ¡§n½®³¥©®³»µ²½F±Ä¹�¸É§\Ö4µ(½Ç³»Ö4§n³¥Ú�±¡¸¤§l©®¶¥Í2³¥§©¬¹\µFÚ�§n³¥©¬µFÊ�4¶»¸¤«®³¥ç¡¸É©¬³À4§C±¡¸¤½®µÉ£K�k¹ªÍi½®³»±¡¸¤¶»¶ÀÍM¼Ð¤«
p 6= 0

©®¹\µ¡«ÇµX³¥½k§nt«®i4Ó6©¬(§\µE¸É©®¶¥ÍC¸É±¡±¡¤Ó�Ó2i¯�¸É©®µÂ©®¹\µµºæ`±²µ¡½®½�Ó�¸\SÇ4«®³À©¨Í�½®Ê�µ²±¡³¥µ¡½t³¥§g©®¹\µrÁZÙZôg½Ç©]¸J©¬µ¤£�îZ¹\µr½Ç³»Ö4§g¤¼
∆(zi)

ÓC°\½Ç©(±]¹�¸É§\Ö4µC©®È¸¤±¡±²4Ó2Ó�i¯�¸J©¬µ©¬¹\µÂµÄæ`±¡µ¡½Ç½AÓ�¸ZSÇ¤«®³À©¨Ít½ÇÊ�µ¡±¡³¥µ¡½²£=Q,µÂ±E¸É¶»¶l©®¹\³»½�©¬¹nµH�¡á��tÔRÔC�e«Çµ¡Ö¤³»4§MêX¹nµ¡«®µ�1ª°\§\¶¥³U4¤µe©®¹\µFÁZÙZô ½Ì©]¸É©®µ�1¤©®¹\µÊ�¸¤³¥«®³¥§\Ö Ö4¸¤Êg±Ä¹\¸¤§\Ö4µ²½(³¥©®½ë½®³¥Ö4§�£(ÔR³¥Ö\£�ßn£¥|�ì Ên«®µ¡½Çµ¡§ª©¬½(«®µ¡½Ç°\¶¥©®½ë¼Ð4«Õ¸ ½ÇÍi½Ì©¬µ¡Ó!©®¹�¸É©Õ±¡¤§l©]¸É³»§\½
N↑ = 20

|�ó¤ó



¸¤§\¯
N↓ = 15

¸É©¬4Ó2½J1A±²4«®«Çµ¡½®Ê�¤§\¯\½´©¬&«®µ²¶ò¸J©¬³¥·4µ²¶¥Í,½®Ó�¸¤¶¥¶ÂÊ�4¶»¸¤«®³¥çE¸J©¬³¥¤§
p = 0.14

£ ¦é©´½®¹\�êX½´©¬¹\µÊ\«®µ²½®µ²§\±¡µ�¤¼R¸´ÁZÙZô�±¡¤«®µÕêX¹\µ¡«Çµt©¬¹nµt½®Ên³»§`Ãé°\Ê�¸¤§\¯È½®Ê\³¥§`Ã¨¯n�êX§�¸É©¬¤Ó�½Z¸¤«Çµ(§\µE¸¤«Ç¶¥Í µ¡Ûl°�¸¤¶�³¥§È§l°\ÓCñ�µ¡«¸¤§\¯ ñ�¸É¶ò¸¤§n±¡µ¡¯d£kîZ¹nµëÖª¸¤Ê�¯\µ²·4µ²¶»4Ên½H¼Ð°\¶¥¶¥ÍC©®¹\µ¡«ÇµÕ¸¤§n¯§nµE¸¤«e©®¹\µðµ¡¯\Ö¤µ¡½Â¤¼d©¬¹\µÑ©¬«®¸¤Ê�p
zi > 70

qA±]¹�¸¤§\Ö4µ²½³¥©®½Z½®³»Ö¤§�1�¸¤¶¥¶»�êX³¥§\ÖC³¥©Z©®�¸É±¡±²4Ó�Ó2i¯�¸É©®µë©¬¹\µtµºæ`±²µ¡½®½ðÓ ¸\SÇ4«Ç³À©ÆÍ�½®Ê�µ²±¡³¥µ¡½¡£¦¨§
D = 3

á��(Ô_Ô
Ê�¸¤³¥«®³»§nÖU½Ç©¬¸¤«Ç©®½È4§n¶¥Í ¸É¼�©®µ¡«È¸ ±²«®³À©¬³»±¡¸¤¶ðÊ�4¶»¸¤«®³¥çE¸É©®³¥¤§�£:¦¨§*4°\««®µ¡½Ç°\¶¥©®½�©®¹\µ4½®±²³»¶¥¶ò¸J©¬³À4§\½ ³¥§U©¬¹\µ�Ê\¸¤³»«Ç³»§\Ö0Öª¸¤ÊO¸¤§\¯O¯\µ²§\½®³À©ÆÍ ¸É«®µÈ¸É¶»½®g·i³¥½®³¥ñ\¶»µ�¼Ð4«C½ÇÓ ¸¤¶¥¶HÊ�4¶»¸¤«®³¥çE¸J©¬³¥¤§�£&îZ¹\³»½r³¥½°\§\¯\µ²«®½Ì©]¸¤§\¯\¸¤ñ\¶¥µt³»§©®¹\µ(½®µ¡§n½®µt©¬¹\¸É©�1\¸¤½F©¬¹nµ(©®«¬¸¤Ê¼�¸�·44«Ç½ZÊ\¹�¸¤½Çµt½®µ²Ê�¸¤«®¸É©¬³¥4§�1`©¬¹\µ8jUX�ï9h�jâÊ�4¶ò¸¤«Ç³»ç¡¸É©¬³À4§
p(zi) = n↑(zi)− n↓(zi)

¸J©F©®¹\µÕµ¡¯\Ö¤µ¡½Z¤¼�©¬¹\µë©¬«®¸¤Ê�ñ�µ²±¡4Ó2µ¡½Â·4µ¡«ÌÍµE¸É½®³»¶ÀÍ�É¼�±¡¤§\½®³¥¯\µ¡«®¸¤ñ\¶¥µÕ½®³¥ç¡µÕµº·4µ¡§êX¹\µ²§�©¬¹\µw×�jUX�õGh�j�Ê�4¶»¸¤«®³¥çE¸J©¬³¥¤§
p
³»½A½ÇÓ ¸É¶»¶�£�îZ¹\µ¡«Çµ²¼Ð4«Çµ�1i¶»i±E¸É¶»¶ÀÍ ¤§\µÑ±¡¸¤§´¼Ð°\¶¥Ú�¶¥¶`©¬¹\µÑá��tÔRÔ&±²4§\¯\³À©¬³¥4§¤¼Xµºæ`±²µ¡µ¡¯\³¥§\Ö.¸0±²«®³À©¬³»±¡¸¤¶AÊ�4¶ò¸¤«Ç³»ç¡¸É©¬³À4§ê}Ü|�õª×\��£a�Õ§\µ±²4°\¶¥¯U³»§ª©¬µ¡«ÇÊ\«®µº© ©¬¹\µ «®µ¡½Ç°\¶¥©®½C³¥§�©¬¹nµ ¼Ð4¶»¶¥�êX³¥§\ÖêF¸EÍ�äÕ©¬¹\µr©®«¬¸¤Ê ©¬µ²§\¯\½(©¬Èµ¡§n¼Ð¤«®±¡µ2¸�§\4«ÇÓ ¸É¶_ÁZÙZô ½Ç©]¸J©¬µ2¸É©(©®¹\µ´±²µ¡§l©®µ¡«t¤¼e©¬¹\µr©®«¬¸¤Ê.¸¤§n¯,¸Èá��(Ô_Ô½Ç©¬¸É©¬µ�¸É©Z©¬¹nµtµ¡¯\Ö4µ²½ð¸¤§\¯È©®¹\µt½®³»Ö¤§\³¥Ú\±E¸¤§\±²µtÉ¼Ò©¬¹nµ�¶»¸É©®©®µ¡«FÖ4«®�êX½ZêX³¥©®¹È©®¹\µ(©¬¤©¬¸¤¶�Ê�4¶»¸¤«®³¥çE¸J©¬³¥¤§�£ÔÒ³»Ö\£iß\£å}��C½®¹\�êX½Z©¬¹\µ(«Çµ¡½®°n¶¥©¬½Â¼Ð4«Â©¬¹\µ(½ÇÊ\³»§iÃ¨«®µ²½®4¶À·4µ¡¯�¯\µ¡§\½Ç³¥©¨Í�¸¤§\¯©¬¹\µ(Ê�¸É³»«®³¥§\Ö Öª¸¤Ê¼Ð4«

N↑ = 20¸¤§\¯
N↓ = 3

¸É©¬¤Ó�½�1i±¡¤«®«®µ²½®Ê�4§n¯\½Â©¬�©¬¹\µð«®µ²¶ò¸É©®³¥·4µ²¶¥Ír¹\³¥Ö4¹�Ê�4¶ò¸É«®³¥çE¸É©®³¥¤§
p = 0.73

£_îZ¹\µë4½®±²³»¶¥¶ò¸J©¬³À4§\½³»§0©¬¹nµrÊ�¸É³»«Ç³»§\Ö�Öª¸¤Ê&¸¤«ÇµCÓ24«®µ µº·`³¥¯\µ¡§ª©�¸É§\¯gêÂµr4ñ\½Çµ¡«Ì·4µr©¬¹nµ¡Ó!³»§0©¬¹nµrÊ�¸É³»«®³¥§\Ö «Çµ¡Ö4³¥4§�1�iÁ{Á[J{�êX¹\µ¡«Çµ
n↓(zi) 6= 0

£ð¦¨§0©¬¹\µ Öª¸¤Ê04½Ç±¡³»¶¥¶ò¸J©¬³À4§\½X©®¹\µ ½®Ê\³¥§`Ã¨¯n�êX§g¯n³»½Ç©®«®³¥ñ\°n©¬³¥4§�Ê\¶ò¸EÍ`½ë¸ Ó24«ÇµM³»Ó2Ê�4«Ç©¬¸¤§l©Ñ«®¤¶»µ¤£îZ¹\µ «®µE¸É½®4§Uñ�µ²³»§\Ö�©®¹�¸É©M©®¹\µ Ó�¸\SÇ4«®³À©¨Í ½®Ê\³¥§`Ã¨°nÊ ¸J©¬4Ó2½M¸¤«®µ�½®Ên«®µE¸É¯ 4§,©¬¹nµ ¶ò¸É©Ç©¬³¥±¡µr©¬¹\µ²«®µº¼Ð4«®µ�©®¹\µÓ2³»§\4«Ç³À©¨Í´½®Ê\³¥§`Ã¨¯\�êX§È¸É©®4Ó2½J1iêX¹n³»±]¹È¸¤«®µëÓ�¸¤³»§n¶ÀÍ´³»§ ©®¹\µÕñ\°\¶542¤¼�©¬¹nµë©¬«®¸¤Ê�1`¯\µ²©®µ¡«®Ó2³»§nµð©¬¹\µëµºæi©¬«®µ²Ó�¸¤¼�©¬¹nµFÊ�¸¤³¥«®³¥§\ÖðÖª¸¤Ê�£��F©_©®¹\µF±²µ¡§ª©¬µ²«k¤¼�©®¹\µÂ©®«¬¸¤Ê?p
zi = 50

qx1É©¬¹\µÂ½®Ê\³¥§`Ã¨¯\�êX§C¯\µ¡§\½Ç³¥©¨Í ¹�¸É½k¸ëÓ�¸Jæ`³»ÓC°\Ó·É¸¤¶¥°\µÕ¸¤§\¯½®Ê\³¥§`Ã¨°\Ê¹�¸É½Â©¬¹\µëÓ�³¥§\³¥ÓC°nÓ
·É¸¤¶¥°\µ�1i©¬¹\µ²«®µ²¼Ð¤«®µë©¬¹nµ¡«®µÕ³¥½Â½Ç©®«®4§nÖrÊ�¸É³»«®³¥§\ÖMñ�µ²©¨êÂµ²µ¡§�½ÇÊ\³»§iÃ¨°\Ê¸¤§\¯ ½®Ê\³¥§`Ãé¯\�êX§O¸É©®4Ó�½MêX¹n³»±]¹O¶¥µE¸¤¯\½M©¬&¸gÊ�µ¡¸�4�³¥§
∆(zi)

£,ÁHÍ�Ó2�·i³»§\Ö�¼Ð«®4Ó ©®¹\µ�±²µ¡§ª©¬µ¡«r¤¼X©®¹\µ©¬«®¸¤Ê�©¬2©¬¹\µ�«®³»Ö¤¹l©�1\©®¹\µM½®Ên³»§`Ãé¯\�êX§�¯\µ¡§n½®³¥©¨Í�¯\µ²±¡«ÇµE¸¤½Çµ¡½(¸¤§n¯0«®µ¡¸¤±]¹\µ¡½Õ¸2Ó2³»§\³¥Ó °\Ó ·É¸¤¶¥°\µM¸É©
zi = 54êX¹\³¥¶»µe©¬¹nµF½®Ên³»§`Ãé°\ÊC«®µ¡¸¤±]¹\µ¡½k¸ëÓ�¸Jæ`³»ÓC°\Ó ·É¸¤¶¥°\µ¤£ÒîZ¹\µ¡«Çµ²¼Ð4«ÇµZñ�µ²±E¸¤°n½®µZ¤¼�¶ò¸¤±G4t¤¼ Ó2³»§\¤«®³À©¨Ít½ÇÊ\³»§`Ãé¯\�êX§½®Ê�µ²±¡³»µ²½e©®¹\µ¡«ÇµÑ³¥½A¶¥µ¡½Ç½e±]¹�¸¤§\±²µÑ¤¼dÊ�¸É³»«®³¥§\Öt¸¤§n¯�½ÇtêÂµÑ4ñ\½Çµ¡«Ì·4µë¸tÓ2³»§n³»Ó °\Ó:³»§

∆(zi)
¸É©k©¬¹\³¥½AÊ�¤½®³¥©®³»4§d£îZ¹\µ�¤½®±¡³¥¶»¶»¸É©®³¥§\ÖCñ�µ¡¹\¸�·i³»¤«X¤¼�©¬¹\µtÖª¸ÉÊ�±¡¸¤§�ñ�µ�µÄæ`Ê\¶ò¸¤³¥§\µ¡¯ÈñlÍ©®¹\³»½ZÛl°�¸¤¶¥³¥©¬¸É©¬³À·¤µ(Ê\³¥±²©®°\«®µÉ£ÔÒ³»§�¸¤¶¥¶ÀÍ ³¥§�ÔR³¥Ö\£¤ß\£å}i|XêÂµÑ½®¹n�ê ©®¹\µÑÊ�¸É³»«Ç³»§\Ö(Öª¸ÉÊ

∆(zi)
¼Ð4«k¯\³5��µ¡«Çµ¡§ª©e·J¸¤¶»°nµ¡½eÉ¼d©®¹\µÑÊ�4¶»¸¤«®³¥çE¸J©¬³¥¤§�£¦é© ±E¸¤§Uñ�µ ½Çµ¡µ²§U©¬¹�¸É© ½Ì©]¸¤«Ì©¬³¥§\Ö�¼Ð«®4Ó�°\§\Ê�4¶»¸¤«®³¥ç¡µ²¯�Öª¸É½J1Ò©¬¹\µ�Öª¸¤Ê

∆(zi)
µ²·44¶À·4µ¡½M¼Ð«®4Ó ¸0ÁZÙZôlÃé¶»³U4¤µ½Ç©¬¸É©¬µt©¬´©¬¹\µMá��(Ô_ÔO½Ç©¬¸É©¬µÉ£FîZ¹\µMÓ2i¯\°\¶»¸É©®³¥4§ÈÉ¼R©¬¹\µ�Ê�¸É³»«®³¥§\Ö´Ö4¸¤Ê0¸¤§n¯�©®¹\µ�Ê\«®µ²½®µ²§\±¡µ ¤¼R©®¹\µ�§\i¯\µ¡½¸¤«®µ ½Ç³»Ö4§\¸¤¶»½�êX¹n³»±]¹ ³»§n¯\³»±¡¸É©¬µ2©®¹�¸É© ©®¹\µ³¥Órñ\¸¤¶»¸É§\±¡µ²¯ Ô�µ²«®Ó2³eÖª¸¤½ ³»½M³»§U¸gá��(Ô_Ô Ê\¹\¸¤½®µ�}À|�ã¤óZ� £gîZ¹nµµ���µ¡±º©Õ¤¼_©¬¹nµ Ê�4¶»¸¤«®³¥ç¡¸É©¬³À4§�³¥½ðÓ�¸¤³»§n¶ÀÍ©¬�¯\µ¡±²«®µ¡¸¤½®µ ©¬¹nµ ½Ç°\Ê�µ¡«ÌË�°\³»¯g±²4«®µM½Ç³»ç¡µ ¸¤§n¯ ¸¤¶¥½®2©® ¯\µ²±¡«®µ¡¸¤½®µ©¬¹\µ�¸ÉÓ�Ê\¶¥³À©¬°n¯\µÕ¤¼Ò©®¹\µtÖª¸¤ÊÈ4½®±²³»¶¥¶ò¸J©¬³À4§\½²£
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p�½®µ²µrÔR³¥Ö\£�}i£¥|Eß qx1 êX¹\µ¡«ÇµE¸¤½Õ³»§�©¬¹\µ ¤Ên©¬³¥±E¸¤¶�¸¤§�¸É¶»4Ö ¸É¶»¶âÊ�µE¸�4i½ë¹�¸�·4µM©¬¹\µ ½®¸¤Ó2µ ¹nµ¡³¥Ö4¹l©¡£ëÝëµÄÃ±¡«ÇµE¸¤½Ç³»§\Ö
TB
¶¥µE¸¤¯\½_©®�¸(¯\µ¡±²«®µ¡¸¤½®µÑ¤¼�©¬¹nµX4Ên©®³»±¡¸¤¶n¯\µ¡Ê`©¬¹2¤¼�Ó�µ²¯\³ò¸(}(¸¤§\¯2ßt³¥§r©®¹\µZÚ\·4µÄÃ¨¶»¸�Í4µ²«A½ÌÍi½Ç©¬µ²Óe1êX¹\³¥¶»µ ¼Ð4«r¸ ±¡¤§\¯\µ¡§n½¬¸É©®µ�³¥©rÓ2µ¡¸¤§\½C©¬¹�¸J©r©¬¹nµÈñ�4½Ç4§\½´¶¥µE¸E·4µ©¬¹\µ�¶ò¸É©Ç©¬³¥±¡µ�©¬�êF¸¤«Ç¯\½r©®¹\µÈ±²4§l©®³»§l°\°\Ó¸É¼�©¬µ²«ë¹�¸�·i³»§nÖ©®«¬¸E·4µ¡¶»¶¥µ¡¯�©¬¹\«®¤°\Ö4¹&¸ ¶»�êÂµ¡«ë§l°\ÓCñ�µ¡«ÕÉ¼e½®³À©¬µ²½¡£�Ýëµ²±¡«ÇµE¸¤½Ç³»§\Ö

TB
³»½ëµ²Ûl°\³¥·É¸É¶»µ²§l©(³¥§0©¬¹\³¥½±E¸É½®µt©¬´½®¹n4«Ç©®µ¡§\³¥§\Ö´©®¹\µ�¸¤«®«®¸�Í�¸¤§n¯�¹\µ¡§\±²µM¹nµ¡¶¥Ê\½Z©¬¹\µ(©®°\§\§\µ²¶»¶»³¥§\Ö\£

|�ãÉó



* � � � �����m¸ F

G � � ��������������� � ��	����O��� + ¿ ����� ��� � � � �KJ
� �
� ��	�� ���<�
��� À �ÂÁ�Á ����� � � ����� HA����� � � �
F �O� � �U� * ����� �cG ��
���¾�������

îZ¹\µ�³¥§l©®µ¡«®§\¸¤¶�Ó ¸ÉÖ4§\µº©¬³»±ëÚ�µ²¶»¯�¼Ð4«F©¬¹\µt¹n4Ó�¤Ö4µ¡§\µ²4°\½ÑïÑ°\ñ\ñ�¸É«®¯�Ó�i¯\µ²¶�³»½Z¯\µºÚ�µ¡§n¯g¸¤½
h(n, s;u) =

∂

∂s
εGS(n, s;u),

p�Áë£¥|�q
¸¤§\¯�ñªÍÈÅkÛ�£�p�¿n£Îã4}�qe¼Ð4«F©¬¹\µtÖ¤«®4°\§n¯�½Ç©¬¸É©¬µtµ¡§nµ¡«®ÖÉÍ�êÂµt¹�¸�·¤µ

h(n, s;u) = −uΘ(−u)− 2t

∫ Q

−Q
dkρs(k) cos(k)− 4tQs ρ(Q) cosQ .

p�Áð£å}�q
ïðµ²«®µ

Θ(x) = 1
³À¼
x > 0

¸É§\¯
Θ(x) = 0

³À¼
x < 0

�
ρs(k) ≡ ∂ρ(k)/∂s

¸É§\¯
σs(λ) ≡ ∂σ(λ)/∂s½¬¸É©®³»½Ì¼�Í©®¹\µ(¼Ð4¶¥¶»�êX³¥§\ÖC³»§ª©¬µ¡Ö¤«¬¸¤¶dµ¡Ûl°�¸J©¬³»¤§\½�}À|Eõ4õ]1�|Eõ4ìZ� ä

ρs(k) =
u cos k

4π

∫ B

−B
dλσs(λ)f1(k, λ) +

u cos k

4π
[f1(k,B) + f1(k,−B)]σ(B)Bs ,

p�Áë£Ø¿ q

σs(λ) =
u cos k

4π

∫ Q

−Q
dkρs(k)f1(k, λ)−

u cos k

2π

∫ B

−B
dλ′σs(λ

′)f2(λ, λ
′)

+
u cos k

4π
[f1(Q, λ) + f1(−Q, λ)] ρ(Q)Qs

− u cos k

2π
[f2(λ,B) + f2(λ,−B)]σ(B)Bs .

p�Áë£àß°q
|�ã¤ã



îâêÂ�§\µºê ¼Ð°\§\±º©¬³»¤§\½
f1
¸¤§n¯

f2
¸¤«®µ(¯\µ²Ú�µ²§\¯g¸É½

f1(x, y) =
1

(u/4)2 + (y − sinx)2
,

p�Áë£Î×�q
f2(x, y) =

1

(u/2)2 + (x− y)2 ,
p�Áë£Øó q

¸¤§\¯
Qs ≡ ∂Q/∂s

1
Bs ≡ ∂B/∂s

¸¤«Çµt¯\µº©¬µ¡«ÇÓ�³¥§\µ²¯È¼Ð«®4Ó ©¬¹\µt«®µ²¶ò¸É©®³»¤§\½
∫ Q

−Q
dkρs(k)dk + 2ρ(Q)Qs = −2Θ(−u) , p�Áë£Îã�q

∫ B

−B
dkσs(λ) dλ+ 2σ(B)Bs = −1 . p�Áð£Îõ q

|�ãÉõ



* � � � �����m¸ ~

G � � + � � � � + ��� � �6�È� ��������� ��� � � � �KJ
� �
� ��	�� ���<�
��� À �ÂÁ�Á ����� � � ����� HA����� � � �
F �O� � �U� * ����� �cG ��
���¾�������

îZ¹\µ�±]¹\µ²Ó�³¥±E¸¤¶�Ê�É©¬µ¡§ª©¬³»¸¤¶d¼Ð4«F©®¹\µt¹\4Ó24Ö4µ²§\µ¡¤°\½Ñïð°nñ\ñ�¸¤«Ç¯�Ó2i¯\µ¡¶�³¥½Z¯\µ²Ú\µ¡§\¯0¸¤½
µ(n, s;u) =

∂

∂n
εGS(n, s;u),

p Ùë£À|\q
¸¤§\¯�ñªÍÈÅkÛ�£�p�¿n£Îã4}�qe¼Ð4«F©¬¹\µtÖ¤«®4°\§n¯�½Ç©¬¸É©¬µtµ¡§nµ¡«®ÖÉÍ�êÂµt¹�¸�·¤µ

µ(n, s;u) =
u

2
Θ(−u)− 2t

∫ Q

−Q
dkρn(k) cos(k)− 4tQn ρ(Q) cosQ ,

p Ùë£Î}�q
êX¹\µ²«®µ

ρn(k) ≡ ∂ρ(k)/∂n
¸¤§n¯

σn(λ) ≡ ∂σ(λ)/∂n
½®¸É©¬³¥½Ç¼�Í ©¬¹\µ�¼Ð4¶¥¶»�êX³¥§\Ö&³»§l©®µ¡Ö¤«¬¸¤¶Xµ²Ûl°�¸É©¬³¥4§\½

}À|Eõ4õ]1�|�õ¤ìZ� ä

ρn(k) =
u cos k

4π

∫ B

−B
dλσn(λ)f1(k, λ) +

u cos k

4π
[f1(k,B) + f1(k,−B)]σ(B)Bn ,

p�Ùë£Î¿�q

σn(λ) =
u cos k

4π

∫ Q

−Q
dkρn(k)f1(k, λ)−

u cos k

2π

∫ B

−B
dλ′σn(λ

′)f2(λ, λ
′)

+
u cos k

4π
[f1(Q, λ) + f1(−Q, λ)] ρ(Q)Qn

− u cos k

2π
[f2(λ,B) + f2(λ,−B)]σ(B)Bn .

p�Ùë£Øß q
|�ãÉì



f1
¸¤§\¯

f2
¸¤«ÇµÕ¯\µºÚ�§\µ²¯�³¥§<�ëÊ\Ê�µ²§\¯\³Àæ�Á ñªÍÅkÛi§n½¡£�p�Áë£Î×�qéÃxp�Áð£Îó q�1n¸¤§\¯

Qn ≡ ∂Q/∂n
1
Bn ≡ ∂B/∂n¸¤«®µ(¯\µ²©®µ¡«ÇÓ�³¥§\µ¡¯�¼Ð«®4Ó ©®¹\µt«®µ²¶ò¸É©®³»4§n½

∫ Q

−Q
dkρn(k)dk + 2ρ(Q)Qn = Θ(u) ,

p Ùë£Î×�q
∫ B

−B
dkσn(λ) dλ+ 2σ(B)Bn =

1

2
.

p�Ùë£Îó�q

|�õ��



F �wÁ ������	������ � �

}À|���� £kè�³»§\Ö¤°\ç¡ç²³:1Hô�£Aô`°\±²±¡³31HÔÂ£Rî�4½Ç±Ä¹\³31Âè.£7�Ò£_î�4½Ç³:1e¸¤§\¯B��£n;ë³»Ö4§\¤¶»61=�A¹ªÍi½¡£KLÑµ²Ê�£ ¢ � ÿ 1H}4}É¿
p }����¤ß°qº£

}Î}\�MÝ £Hô�£K�Òµº©¬«®�·»1ZÝM£Hè,£��t¸¤§\Ö4¸¤«®¯`©�1H¸¤§\¯ê�´£n;C£eô`¹\¶ÀÍª¸¤Ê\§\³54¤�·»1D^n£K�A¹ªÍi½¡£e¦�;sÔ�«®¸¤§\±²µ � � þ 1F×
p }����¤ß°qº£

}Ø¿Z�MÝ £�ô�£»^¤³¥§�1T�k¹lÍi½Ç³»±¡½½Q,4«®¶¥¯upÁ�ðÊ\«®³¥¶â}����ª}�qÄ£
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}ØóZ�^n£�î(£�è,£6Q�¸¤¶¥«¬¸E·4µ¡§�1�ÅZ£bL�£�Åk¶»³¥µ¡¶31\¸É§\¯�¦]£ ÔÂ£ ô`³¥¶¥·4µ²«¬¸216�k¹lÍi½²£�á�µº©®©E£6� þ þ 1 }Éßlã?pÆ|�ìªã¤õ�qº£
}Îã\��î(£ ïÄÃ¤§n½®±]¹g¸É§\¯0� £ ô`±Ä¹\¸�êX¶¥�ê�1»�ÕÊn©¡£�ÙÂ4Ó2ÓC°\§�£ �i¢ 1�ó4õ0pÌ|�ì4ã4×�qº£
}ØõZ�^n£ ÝÕ¸É¶»³»ñ\¸¤«®¯È¸¤§n¯0Ùë£�ÙÂ¤¹\µ¡§iÃ¨îÒ¸¤§\§\¤°\¯ZSÇ³:1b^n£»�ÕÊn©E£ ô`i±É£T�ëÓ�£�Á þ 1�}��ª}¤¿0pÆ|�ì4õ4ì qÄ£
}ØìZ��� £°�ë½ÇÊ�µ¡±º©�1\ÅZ£°�ë«®³¥Ó�¤§\¯\61°Lt£iÏt¸¤³¥½®µ¡«�1]��£ ;e¸¤§\½Ì©¬µ¡µ²§64l³»½Ì©¬µ�1\¸É§\¯�Ùë£`ÙÂ4¹\µ²§`Ã¨îÒ¸¤§\§n4°\¯ZSÇ³312�k¹ªÍi½¡£

LÑµº·�£�á�µº©®© þ � 1 õª}Éó0pÌ|�ì4õ¤õ qº£
}Ü|����Mè,£T� £b�Õ¶»½®¹\¸¤§\³»³�¸É§\¯?;C£b�´£ è�³¥§\4Ö¤³»§�1�íÕ°�¸É§l©¬°nÓ¾�ÕÊn©E£ ¢ 1 ¿n|�ã?pÌ|�ì4ì`|\qº£
}Ü|4|J��^n£dáâ¸�êF¸É¶»¶:1�ô�£dÏ(°\¶¥³»§�1�Áë£�ôn¸¤°nñ�¸¤Ó&cdµE¸21��M£dÁÂ³¥Ö4µ¡¶¥�ê�1dè.£�á�µ²¯\°\±�1�¸¤§\¯&Ùë£�ÙÂ¤¹\µ¡§iÃ¨îÒ¸¤§\§\¤°\¯ZSÇ³:1

�k¹lÍi½¡£»LÑµº·�£�á�µº©®©E£ �\ÿ 1\ß\|�ì¤ß0pÌ|�ì¤ìª×�qº£
}Ü|�}Z�HQ6£��Òµ²©®«®³¥±Ä¹�1Rè,£�ïM£M�ë§\¯\µ²«®½Ç4§�17^n£�L�£âÅk§\½®¹\µ²«J1_¸¤§\¯�ÅZ£��M£ÒÙÂ4«®§nµ¡¶¥¶:1��k¹lÍi½¡£�LXµ²·�£Òá�µº©®©E£ � � 1¿4¿ª×4}"pÌ|�ì4ì4×�qº£
}Ü|�¿���ÅZ£T� £�ÙÂ¤«®§\µ²¶»¶�¸¤§\¯0Ùë£ ÅZ£6Q$³»µ²Ó ¸É§�16LÑµº·�£�è�i¯d£b�A¹ªÍi½¡£ � � 1�õªã4×?p�}����ª}�qº£
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}Ü|Eß��HQ6£ Ï(µ²©Ç©¬µ¡«Ç¶»µ�1bLXµ²·�£�è�i¯�£b�k¹ªÍ`½²£ � � 1�|4|�¿n|$p�}����4}�qº£
}Ü|�×Z�H;C£�ÁF¸¤Ö4§�¸J©¬2¸¤§\¯�ÝM£ Ït¶¥µ¡Ê\Ên§\µ¡«�1b�k¹lÍi½¡£»LXµ²·�£T� �b� 1 ãÉßª¿¤ì0pÌ|�ì¤ìn|\qÄ£
}Ü|�ó��Mè,£��ðñ\«¬¸ÉÓ��êX³¥©¬çM¸É§\¯g¦]£»� £dôi©¬µ²Öª¸¤§�1ÆÅHh��»Ø õxX�XfÇ?Xvg�ôßh�zkðT[xY¿h�z3i:ï9h�j�ÕPÆ)�Pïxz3i:XZ�êp�Ýë�·4µ²«H�k°\ñn¶»³ÀÃ±E¸É©®³»4§n½J1�|�ìªã�� qº£
}Ü|�ãZ�HQ6£ Ï(µ²©Ç©¬µ¡«Ç¶»µt¸¤§\¯e��£»^n£\·J¸¤§�Ýë«®°n©®µ¡§�1b�A¹ªÍi½¡£»LÑµº·�£b� ÿ � 1�óª×¤ó0pÌ|Eì4ì4ó qÄ£
}Ü|�õ���ÅZ£ ïM£ á�³¥µ¡ñ�¸¤§\¯?Q6£ á�³¥§\³»Ö4µ²«J12�A¹ªÍi½¡£»LÑµº·�£ �i¢mÈ 1�|�ó��ª×?pÌ|Eì4ó4¿ qÄ£
}Ü|�ì��MÙë£b�M£2Êe¸¤§\Ö�¸É§\¯0Ùë£b�Ò£2Êe¸¤§\Ö61b^n£�è0¸J©¬¹�£b�k¹ªÍ`½ �ÉÈ 1�|4|¤|�×?pÌ|Eì4ó4ì qÄ£
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}Ø}4}Z��� £�áâµ²§�¸¤«Ç¯�1»^n£�è0¸É©®¹�£�Ên¹lÍi½ ÿ 1�ì4¿��0pÆ|�ì4ó¤ß qº£
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