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�#bi`�+i

h?2 +QM+2Ti Q7 iQTQHQ;v r�b BMi`Q/m+2/ BM +QM/2Mb2/ K�ii2` bvbi2Kb iQ �TTHv iQ [m�MimK
>�HH bvbi2Kb �M/ Qi?2` ;�TT2/ 72`KBQMB+ bvbi2KbX _2+2MiHv- Bi ?�b #22M 2ti2M/2/ iQ ;�T@
H2bb- Q` MQ/�H bmT2`+QM/m+iQ`bX AMbTB`2/ #v i?2b2 /2p2HQTK2Mib- r2 BMp2biB;�i2 iQTQHQ;B+�H
T2`bT2+iBp2 Q7 ;�T MQ/2b BM KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`bX AM � mbm�H bBM;H2@#�M/ KQ/2H- 2H2+@
i`QMb 7Q`K 2Bi?2` bTBM@bBM;H2i Q` bTBM@i`BTH2i *QQT2` T�B`bX AM KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b-
i?2B` *QQT2` T�B`b ?�p2 KQ`2 +QKTHB+�i2/ bi`m+im`2 #2vQM/ bTBM@i`BTH2i #QmM/ bi�i2b /m2
iQ 2ti`� /2;`22b Q7 7`22/QK bm+? �b Q`#Bi�H- bm#H�iiB+2- H�v2` �M/ p�HH2vX h?mb- KmHiB@Q`#Bi�H
bmT2`+QM/m+iQ`b K�v ?�p2 � M2r ;�T iQTQHQ;vX

6B`bi- r2 �//`2bb i?2 Bbbm2 Q7 ?Qr MQ/2H2bb 7mHHv ;�TT2/ bmT2`+QM/m+iBM; bi�i2b �`2 `2�H@
Bx2/ BM KmHiB@Q`#Bi�H bvbi2Kb 2p2M r?2M ;�T MQ/2b �`2 2tT2+i2/ 7`QK bvKK2i`vX JQMQH�v2`
62a2 QM a`hBP3 bm#bi`�i2 Bb � +�M/B/�i2 Q7 MQ/2H2bb d@r�p2 bmT2`+QM/m+iQ`- �M/ Bib T�B`@
BM; Q`B;BM�i2b 7`QK � bK�HH #mi }MBi2 bTBM@Q`#Bi +QmTHBM;X q2 BMp2biB;�i2 i?2 2pQHmiBQM rBi?
/2+`2�bBM; bTBM@Q`#Bi +QmTHBM; 7`QK � MQ/�H bi�i2 iQ i?2 MQ/2H2bb bi�i2 7`QK � pB2rTQBMi Q7
iQTQHQ;vX q2 b?Qr i?�i i?Bb 2pQHmiBQM /2T2M/b bi`QM;Hv QM i?2 Q`#Bi�H /2;`22b Q7 7`22/QK
BM *QQT2` T�B`bX AM T�`iB+mH�`- i?2`2 �`2 irQ ivT2b Q7 d@r�p2 T�B`b- r?B+? r2 +�HH Q`#Bi�HHv
i`BpB�H �M/ Q`#Bi�HHv MQMi`BpB�HX AM #Qi? +�b2b- i?2 ;�T MQ/2b �`2 +?�`�+i2`Bx2/ #v � Z BMp�`B@
�Mi �M/ +�``v ±2 iQTQHQ;B+�H +?�`;2b `2H�i2/ iQ � +?B`�H bvKK2i`vX >Qr2p2`- i?2B` +?�`;2
/Bbi`B#miBQM BM i?2 KQK2MimK bT�+2 Bb /Bz2`2Mi #2ir22M i?2 irQ +�b2b- �M/ i?Bb `2bmHib BM
/Bz2`2Mi 2pQHmiBQMb r?2M i?2b2 MQ/2b �MMB?BH�i2 iQ 7Q`K � MQ/2H2bb bi�i2X h?2v 2t?B#Bi /B7@
72`2Mi �M/`22p ~�i #�M/b bT2+i`� �i b�KTH2 2/;2bX 6m`i?2`KQ`2- r2 b?Qr i?�i Bi Bb TQbbB#H2
iQ T`Q#2 Qi?2` ivT2b Q7 MQ/�H bi�i2b #v �TTHvBM; BM@TH�M2 K�;M2iB+ }2H/X h?Bb }2H/ H2�/b iQ
i?2 2K2`;2M+2 Q7 iQTQHQ;B+�HHv T`Qi2+i2/ MQ/�H TQBMib �M/ MQ/�H HBM2 Q7 2M2`;v /BbT2`bBQM-
r?B+? �`2 +?�`�+i2`Bx2/ #v � Z2 BMp�`B�MiX

a2+QM/- r2 �//`2bb i?2 Bbbm2 Q7 ?Qr r2 Q#i�BM � M2r ivT2 Q7 ;�T MQ/2b BM KmHiB@Q`#Bi�H bm@
T2`+QM/m+iQ`b �M/ Bib �TTHB+�iBQMX JmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b rBi? 2p2M@T�`Biv BMp2`bBQM
�M/ #`QF2M iBK2@`2p2`b�H bvKK2i`v K�v ?�p2 � 62`KB bm`7�+2 Q7 "Q;QHBm#Qp [m�bBT�`iB+H2b-
r?B+? Bb +�HH2/ "Q;QHBm#Qp 62`KB bm`7�+2- �M/ i?Bb Bb iQTQHQ;B+�HHv T`Qi2+i2/X q2 �TTHv i?Bb
B/2� Q7 "Q;QHBm#Qp 62`KB bm`7�+2 iQ i?2 ?2�pv@72`KBQM bmT2`+QM/m+iQ` lSi3X qBi? bvKK2i`v
+QMbB/2`�iBQM- r2 T`QTQb2 i?2 T�B`BM; i?�i #2HQM;b iQ irQ@/BK2MbBQM�H B``2/m+B#H2 `2T`2b2M@
i�iBQM E1g BM TQBMi ;`QmT D6hX h?Bb Bb � KBtBM; Q7 bTBM@bBM;H2i d@r�p2- bTBM@i`BTH2i BM@TH�M2
p@ �M/ Qmi@Q7@TH�M2 f @r�p2 T�B`BM;X q2 b?Qr i?�i � }MBi2 BM@TH�M2 p@r�p2 T�B`BM; �KTHBim/2
;Bp2b `Bb2 iQ "Q;QHBm#Qp 62`KB bm`7�+2b �M/ � }MBi2 /2MbBiv Q7 bi�i2b �i x2`Q 2M2`;vX q2
7m`i?2` BMp2biB;�i2 i?2`K�H +QM/m+iBpBiv #v mbBM; i?2 "QHixK�MM i?2Q`v �M/ b?Qr i?�i i?2
"Q;QHBm#Qp 62`KB bm`7�+2b 2tTH�BM � }MBi2 `2bB/m�H /2MbBiv Q7 bi�i2b �M/ �HbQ �M �MBbQi`QTv
Q7 i?2`K�H +QM/m+iBpBiv �i T = 0X
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� T�`i Q7 i?2 +QMi2Mib Q7 *?�Ti2` j Bb #�b2/ QM i?2 7QHHQrBM; T�T2`,

RX h�F2`m L�F�v�K�- h�ibmv� a?Bb?B/Qm �M/ .�MB2H 6X �;i2`#2`;- LQ/�H iQTQHQ;v BM
d@r�p2 bmT2`+QM/m+iBM; KQMQH�v2` 62a2- S?vbX _2pX " N3- kR98yj UkyR3VX

� T�`i Q7 i?2 +QMi2Mib Q7 *?�Ti2` 9 Bb #�b2/ QM i?2 7QHHQrBM; T�T2`,

kX h�F2`m L�F�v�K� �M/ .�MB2H 6X �;i2`#2`;- "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3- BM
T`2T�`�iBQMX

h?2 7QHHQrBM; irQ T�T2`b �`2 MQi /B`2+iHv `2H�i2/ iQ i?Bb i?2bBbX

jX h�F2`m L�F�v�K�- ATT2B .�Mb?Bi�- h2ibm`Q LBFmMB �M/ a?mMDB hbm+?Bv�- 6�MQ `2bQM�M+2
i?`Qm;? >B;;b #QmM/ bi�i2b BM imMM2HBM; Q7 L�K#m@:QH/biQM2 KQ/2b- S?vbX _2pX �
Nk- y9jeRy UkyR8VX

9X h�F2`m L�F�v�K� �M/ a?mMDB hbm+?Bv�- S2`72+i i`�MbKBbbBQM Q7 >B;;b KQ/2b i?`Qm;?
pB`im�H >B;;b #QmM/ bi�i2b- BM T`2T�`�iBQMX



*QMi2Mib

�#bi`�+i j

R AMi`Q/m+iBQM d

k LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b RR
kXR :�T 7mM+iBQM �M/ Bib bvKK2i`v X X X X X X X X X X X X X X X X X X X X X X X X X X RR

kXRXR aBM;H2@#�M/ KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
kXRXk ai`m+im`2 Q7 ;�T MQ/2b X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk

kXk hQTQHQ;v BM bmT2`+QM/m+iQ`b X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
kXkXR hQTQHQ;B+�H +H�bbB}+�iBQM BM ;�TT2/ 72`KBQMB+ bvbi2Kb X X X X X X X X X R9
kXkXk LQ/�H bmT2`+QM/m+iQ`b X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
kXkXj :�TH2bb +2Mi`QbvKK2i`B+ bvbi2Kb X X X X X X X X X X X X X X X X X X X X X Re

kXj JmHiB@Q`#Bi�H T?vbB+b BM bmT2`+QM/m+iQ`b X X X X X X X X X X X X X X X X X X X X X Rd
kXjXR "Q;QHBm#Qp 62`KB bm`7�+2b X X X X X X X X X X X X X X X X X X X X X X X X X Rd
kXjXk Z2 BMp�`B�Mi Q7 "Q;QHBm#Qp 62`KB bm`7�+2b X X X X X X X X X X X X X X X X ky
kXjXj S2`im`#�iBQM �TT`Q�+? iQ "Q;QHBm#Qp 62`KB bm`7�+2b X X X X X X X X X X kk

j LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 kd
jXR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
jXk 1z2+iBp2 KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy
jXj h`�MbBiBQM Q7 +?B`�H iQTQHQ;B+�H +?�`;2b X X X X X X X X X X X X X X X X X X X X X X jj

jXjXR *?B`�H iQTQHQ;B+�H +?�`;2b X X X X X X X X X X X X X X X X X X X X X X X X X jj
jXjXk �M/`22p ~�i #�M/ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jd

jX9 1z2+ib Q7 BM@TH�M2 w22K�M }2H/ X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
jX8 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e

9 "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3 9N
9XR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9N

9XRXR JmHiB+QKTQM2Mi bmT2`+QM/m+iQ` lSi3 X X X X X X X X X X X X X X X X X X 9N
9XRXk h?2`K�H +QM/m+iBpBiv X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R

9Xk 1z2+iBp2 KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
9Xj E1g T�B`BM; bi�i2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

9XjXR avKK2i`v +QMbB/2`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X 8e
9XjXk E1g KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d

9X9 "Q;QHBm#Qp 62`KB bm`7�+2b BM E1g bi�i2 X X X X X X X X X X X X X X X X X X X X X X 8N
9X9XR "Q;QHBm#Qp 62`KB bm`7�+2b X X X X X X X X X X X X X X X X X X X X X X X X X 8N
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e *QMi2Mib

9X9Xk .2MbBiv Q7 bi�i2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey
9X8 h?2`K�H +QM/m+iBpBiv 7Q` E1g bi�i2 X X X X X X X X X X X X X X X X X X X X X X X X ek
9Xe *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9

8 amKK�`v �M/ *QM+HmbBQMb eN

�+FMQrH2/;2K2Mib dR

� 1z2+iBp2 irQ@Q`#Bi�H KQ/2H Q7 KQMQH�v2` 62a2 dj

" 1M2`;v bT2+i`mK #v :`22MǶb 7mM+iBQM K2i?Q/ dd

* *?�`�+i2` i�#H2b 7Q` i?2 i2i`�;QM�H �M/ ?2t�;QM�H TQBMi ;`QmTb 3R



*?�Ti2` R

AMi`Q/m+iBQM

"�+F;`QmM/ �M/ KQiBp�iBQM

h?2 +QM+2Ti Q7 iQTQHQ;v Bb 2bi�#HBb?2/ �b QM2 Q7 i?2 F2vb BM +QM/2Mb2/ K�ii2` bvbi2KbX ai�`i@
BM; 7`QK i?2 /Bb+Qp2`v Q7 BMi2;2` [m�MimK >�HH 2z2+i (R)- Bib `2H2p�Mi iQTQHQ;B+�H BMp�`B�Mi
�bbQ+B�i2/ rBi? h?QmH2bb@EQ?KQiQ@LB;?iBM;�H2@/2M LBDBb UhELLV 7Q`KmH� (k) ?�b #`Qm;?i �
MQp2H T2`bT2+iBp2 iQ +QM/2Mb2/ K�ii2` bvbi2KbX q?BH2 G�M/�m i?2Q`v Bb bm++2bb7mH BM +?�`�+@
i2`BxBM; K�Mv T?�b2b #v � HQ+�H Q`/2` T�`�K2i2`- bm+? BMi2;2` [m�MimK >�HH bvbi2Kb �`2 MQi
+H�bbB}2/ #v G�M/�m i?2Q`v #mi ?�p2 � MQMHQ+�H Q`/2` T�`�K2i2` �M/ iQTQHQ;B+�H T?�b2b (j)X
h?2 MQMHQ+�H Q`/2` T�`�K2i2` K�MB72bib ǳ#mHF@2/;2 +Q``2bTQM/2M+2Ǵ �M/ T`2/B+ib i?2 T`2b@
2M+2 Q7 ;�TH2bb KQ/2b �i bm`7�+2b (9)X h?2b2 ;�TH2bb KQ/2b �`2 `Q#mbi �;�BMbi T2`im`#�iBQMb
i?�i T`2b2`p2 i?2 bvKK2i`v Q7 i?2 bvbi2KbX AM BMi2;2` [m�MimK >�HH bvbi2Kb- i?2 >�HH +QM@
/m+i�M+2 Bb [m�MiBx2/ �M/ iQTQHQ;B+�H +H�bbB}+�iBQM vB2H/b � Z BMp�`B�Mi [m�MiBiv +�HH2/ *?2`M
MmK#2` (8)X hQTQHQ;B+�H BMbmH�iQ`b r2`2 7QmM/ }`bi BM >;h2f*/h2 [m�MimK r2HHb (e) �M/ �`2
+?�`�+i2`Bx2/ #v � MQMi`BpB�H Z2 BMp�`B�Mi Q7 #�M/ iQTQHQ;vX h?2v ?�p2 ;�TH2bb bm`7�+2 bi�i2b
r?BH2 i?2B` #mHF bi�i2b �`2 7mHHv ;�TT2/X a+?Mv/2` 2i �HX (d) /2p2HQT2/ i?2 i2M7QH/@r�v +H�bbB@
}+�iBQMb- r?B+? Bb �HbQ +�HH2/ �HiH�M/@wB`K#�m2` +H�bbB}+�iBQM (3)- 7Q` ;�TT2/ BMbmH�iQ`b �M/
bmT2`+QM/m+iQ`b BM �`#Bi`�`v /BK2MbBQMb rBi?Qmi BMi2`�+iBQMb �M/ i?�i +?�`�+i2`Bx�iBQM mb2b
iBK2@`2p2`b�H- T�`iB+H2@?QH2- �M/ +?B`�H bvKK2i`B2bX

hQTQHQ;v BM bmT2`+QM/m+iQ`b Bb Q7 ;`2�i BMi2`2bi BM `2+2Mi v2�`b (NĜRk)X :�TT2/ iQTQHQ;B+�H
bmT2`+QM/m+iQ`b (Rj- R9) ?�p2 �ii`�+i2/ Km+? �ii2MiBQM #2+�mb2 Q7 J�DQ`�M� bm`7�+2 bi�i2bX
h?2v �`2 72`KBQMB+ [m�bBT�`iB+H2b i?�i �`2 i?2B` QrM �MiB@T�`iB+H2b- �M/ 2K2`;2 /m2 iQ � MQM@
i`BpB�H iQTQHQ;v Q7 r�p2 7mM+iBQMb Q7 [m�bBT�`iB+H2b BM #mHFX h?2b2 bm`7�+2 bi�i2b K�v ?�p2
BKTQ`i�Mi �TTHB+�iBQMb 7Q` [m�MimK +QKTmi�iBQM i2+?MQHQ;vX Ai ?�b #22M �HbQ FMQrM i?�i
MQ/�H bmT2`+QM/m+iQ`b ?�p2 bm`7�+2@#QmM/ bi�i2b +�HH2/ �M/`22p #QmM/ bi�i2b (R8)- r?B+?
�TT2�` /m2 iQ i?2 bB;M +?�M;2 Q7 ;�T 7mM+iBQMX _2+2MiHv- Bi ?�b #22M 7QmM/ i?�i i?2 �M/`22p
#QmM/ bi�i2b �`2 � +QMb2[m2M+2 Q7 MQMi`BpB�H iQTQHQ;v Q7 i?2 MQ/�H bi`m+im`2 Q7 bmT2`+QM/m+@
iQ`b (Re)X

J�Mv i?2Q`B2b Q7 bmT2`+QM/m+iBpBiv ?�p2 K�BMHv bim/B2/ bBM;H2 #�M/ bvbi2Kb �M/ Bi Bb
#2HB2p2/ i?�i i?2 T?vbB+b Bb [m�HBi�iBp2Hv mM+?�M;2/ BM bmT2`+QM/m+iQ`b rBi? 2ti`� BMi2`@
M�H /2;`22b Q7 7`22/QK bm+? �b Q`#Bi�H- bm#H�iiB+2- H�v2` �M/ p�HH2v Q` ?B;?2` bTBMX .2MbBiv
7mM+iBQM�H i?2Q`v (Rd- R3) �M/ �M;H2@`2bQHp2/ T?QiQ2KBbbBQM bT2+i`Qb+QTv U�_S1aV 2tT2`B@
K2Mib (RNĜkR) BM/B+�i2 i?�i B`QM TMB+iB/2 bmT2`+QM/m+iQ`b ?�p2 KmHiBTH2 62`KB bm`7�+2bX �
+QMb2Mbmb (kk) Bb i?�i KmHiBTH2 Q`#Bi�Hb TH�v �M 2bb2MiB�H `QH2 BM T�B`BM; K2+?�MBbK- /Bz2`BM;

d



3 *?�Ti2` RX AMi`Q/m+iBQM

7`QK Qi?2` bmT2`+QM/m+iQ`b BM+Hm/BM; ?B;?@Tc +mT`�i2bX AM/22/- � `2+2Mi i?2Q`2iB+�H bim/v
b?Qr2/ i?�i i?2 T`2b2M+2 Q7 bB;MB}+�Mi �KQmMi Q7 x2`Q 2M2`;v bi�i2b /m2 iQ BMi2`@Q`#Bi�H T�B`@
BM; BM B`QM TMB+iB/2 bmT2`+QM/m+iQ`b (kj)X Ai Bb �HbQ 2tT2+i2/ i?�i BMi2`@Q`#Bi�H T�B`BM; TH�vb
�M BKTQ`i�Mi `QH2 BM i?2 Qi?2` K�i2`B�Hb *mx"B2a23 (k9- k8) �M/ uSi"B (ke- kd)X JQ`2Qp2`-
�_S1a 2tT2`BK2Mib Q7 KQMQH�v2` 62a2 ;`QrM QM a`hBP3 bm#bi`�i2 (k3ĜjR) b?Qr2/ i?�i Bib
bmT2`+QM/m+iBM; bi�i2 ?�b � 7mHHv ;�TT2/ 2M2`;v /BbT2`bBQM Q7 [m�bBT�`iB+H2b- #mi i?2 /Bb@
T2`bBQM ?�b � MQMi`BpB�H �MBbQi`QTv (jR)X h?2 ;`QmT Q7 �;i2`#2`; `2+2MiHv T`2/B+i2/ i?�i Bib
bmT2`+QM/m+iBM; bi�i2 ?�b d@r�p2 bvKK2i`v rBi?Qmi MQ/2b (jk)X h?Bb Bb /m2 iQ }MBi2 #mi iQQ
H�`;2 bTBM@Q`#Bi +QmTHBM; �M/ MQMi`BpB�H BMi2`@Q`#Bi�H T�B`BM;- r?2`2�b ivTB+�H d@r�p2 bi�i2b
?�p2 iQTQHQ;B+�HHv T`Qi2+i2/ MQ/2b BM bBM;H2@#�M/ bvbi2Kb (jj)X AM i?2B` i?2Q`v- i?2 bTBM@Q`#Bi
+QmTHBM; TH�vb �M 2bb2MiB�H `QH2X Ai Bb M2+2bb�`v iQ bi�#BHBx2 i?2 MQ/2H2bb bi�i2- #mi ;�T MQ/2b
�TT2�` B7 i?2 +QmTHBM; Bb iQQ H�`;2X � [m2biBQM Bb i?2 K2+?�MBbK i?�i H2�/b iQ � MQ/2H2bb- 7mHHv
;�TT2/ d@r�p2 bmT2`+QM/m+iBM; bi�i2- BX2X- ?Qr bm+? MQ/2H2bb bi�i2b 2K2`;2 r?2M MQ/2b �`2
2tT2+i2/ 7`QK bvKK2i`v\ AM i?Bb i?2bBb- r2 bim/v i?Bb Bbbm2 i?`Qm;? �M 2t�KBM�iBQM Q7 i?2
MQ/�H d@r�p2 bi�i2 #�b2/ QM i?2 2bi�#HBb?2/ +H�bbB}+�iBQM BM ;�TH2bb 72`KBQMB+ bvbi2Kb (j9Ĝje)X

�MQi?2` 72�im`2 Q7 KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b Bb i?2 TQbbB#BHBiv Q7 �M mMmbm�H ;�T
bi`m+im`2X AM mbm�H bBM;H2@#�M/ KQ/2Hb- bmT2`+QM/m+iBM; ;�Tb �`2 2Bi?2` MQ/2H2bb Q` Qi?2`rBb2-
?�p2 TQBMi Q` HBM2 MQ/2bX >Qr2p2`- KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b K�v ?�p2 � /Bz2`2Mi ivT2 Q7
;�T bi`m+im`2bX "Q;QHBm#Qp 62`KB bm`7�+2 (jd) Bb T`QTQb2/ 7Q` KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b
rBi? 2p2M@T�`Biv �M/ #`QF2M iBK2@`2p2`b�H bvKK2i`B2bX �b rBHH #2 2tTH�BM2/ BM a2+iBQM kXj-
"Q;QHBm#Qp 62`KB bm`7�+2b �`2 BM~�i2/ 7`QK TQBMi Q` HBM2 MQ/2b �M/ i?2v �`2 +?�`�+i2`Bx2/
#v � Z2 BMp�`B�Mi (j3) `2H�i2/ iQ T�`iB+H2@?QH2 +QMDm;�i2 �M/ T�`Biv bvKK2i`B2b (jN)X >Qr2p2`-
i?2B` 2tT2`BK2Mi�H bB;M�im`2b ?�p2 MQi v2i #22M 2tTHQ`2/X AM i?Bb i?2bBb- r2 b?Qr i?�i i?2
"Q;QHBm#Qp 62`KB bm`7�+2b K�v 2tTH�BM i?2`K�H +QM/m+iBpBiv �i HQr i2KT2`�im`2b BM i?2 ?2�pv
72`KBQM bmT2`+QM/m+iQ`b lSi3 r?2`2 TQH�` E2`` 2z2+i 2tT2`BK2Mi (9y) `2TQ`i2/ #`QF2M iBK2@
`2p2`b�H bvKK2i`vX

PmiHBM2 Q7 i?2 i?2bBb

h?Bb i?2bBb Bb Q`;�MBx2/ �b 7QHHQrbX *?�Ti2` k Bb � `2pB2r Q7 T�B`BM; bvKK2i`v BM mM+QMp2M@
iBQM�H bmT2`+QM/m+iQ`b �M/ iQTQHQ;v Q7 i?2B` ;�T MQ/2bX *?�Ti2`b j �M/ 9 �`2 i?2 K�BM T�`ib
Q7 i?Bb i?2bBbX *?�Ti2` 8 Bb � bmKK�`v �M/ +QM+HmbBQMX

AM *?�Ti2` k- r2 `2pB2r i?2 #�bBb Q7 mM+QMp2MiBQM�H bmT2`+QM/m+iBpBiv rBi? �M 2KT?�bBb
QM bmT2`+QM/m+iBM; ;�T MQ/2bX h?2 bim/v Q7 ;�T MQ/2b Bb BKTQ`i�Mi MQi QMHv iQ BMp2biB;�i2
i?2 T�B`BM; K2+?�MBbK #mi �HbQ iQ B/2MiB7v iQTQHQ;B+�HHv MQMi`BpB�H bm`7�+2 bi�i2bX AM a2+@
iBQM kXk- r2 #`B2~v `2pB2r i?2 iQTQHQ;B+�H +H�bbB}+�iBQM BM ;�TT2/ 72`KBQMB+ bvbi2Kb #�b2/ QM
�HiH�M/@wB`K#�m2` U�wV +H�bbB}+�iBQM (d-3)X am+? � iQTQHQ;B+�H +H�bbB}+�iBQM ?�b #22M ;2M2`@
�HBx2/ iQ ;�TH2bb 72`KBQMB+ bvbi2Kb BM+Hm/BM; MQ/�H bmT2`+QM/m+iQ`bX h?2B` ;�T MQ/2b ?�p2
iQTQHQ;B+�H +?�`;2b +?�`�+i2`Bx2/ #v Z Q` Z2 BMp�`B�MiX h?2b2 rBHH #2 mb2/ BM *?�Ti2` jX q2
�HbQ `2pB2r KmHiB@Q`#Bi�H T?vbB+b BM bmT2`+QM/m+iQ`bX AM a2+iBQM kXj- r2 2tTH�BM � M2r ivT2 Q7
bmT2`+QM/m+iBM; ;�T bi`m+im`2- "Q;QHBm#Qp 62`KB bm`7�+2b BMi`Q/m+2/ #v �;i2`#2`; 2i �HX (jd)X

*?�Ti2` j Bb i?2 }`bi K�BM T�`i Q7 i?Bb i?2bBb- �M/ r2 bim/v KQMQH�v2` bmT2`+QM/m+iQ`
62a2 ;`QrM QM a`hBP3 bm#bi`�i2X a2+iBQM jXR Bb � `2pB2r Q7 `2+2Mi 2tT2`BK2MibX AM a2+iBQM jXk-
r2 7QHHQr _27X (jk) �M/ BMi`Q/m+2 � bvKK2i`v@#�b2/ 2z2+iBp2 KQ/2H iQ /2b+`B#2 i?2 2H2+i`QMB+
bi`m+im`2 M2�` i?2 M @TQBMi Q7 "`BHHQmBM xQM2X h?2 KQ/2H mb2b QM2 `2T`2b2Mi�iBQM Q7 i?2 TQBMi
;`QmT D4hX h?Bb `2T`2b2Mi�iBQM Bb 7Qm`@/BK2MbBQM�H �M/ 7Q`Kb irQ #�M/b 2�+? Q7 r?B+? Bb
/Qm#Hv /2;2M2`�i2X AM i?Bb KQ/2H- MQ/�H TQBMib 2K2`;2 /m2 iQ BMi2`#�M/ bTBM@Q`#Bi +QmTHBM;X



*?�Ti2` RX AMi`Q/m+iBQM N

AM a2+iBQM jXj- r2 b?Qr i?�i i?2 iQTQHQ;B+�H +?�`;2b Q7 i?2b2 MQ/�H TQBMib �`2 � 2Z BMp�`B�Mi
#�b2/ QM i?2 2bi�#HBb?2/ +H�bbB}+�iBQM 7Q` ;�TH2bb 72`KBQMB+ bvbi2Kb (je)X h?2`2 �`2 irQ
iQTQHQ;B+�HHv /Bz2`2Mi T?�b2b- �M/ i?2v ?�p2 /Bz2`2Mi ivT2b Q7 /BbT2`bBQMH2bb �M/`22p bm`7�+2
bi�i2bX AM a2+iBQM jX9- r2 +QMbB/2` i?2 +�b2 i?�i i?2 iBK2@`2p2`b�H bvKK2i`v Bb #`QF2M #v
�TTHvBM; i?2 w22K�M }2H/X q2 b?Qr i?2 T`2b2M+2 Q7 iQTQHQ;B+�HHv T`Qi2+i2/ MQ/�H TQBMib �M/
MQ/�H HBM2b �M/ i?2v �`2 +?�`�+i2`Bx2/ #v Z2 BMp�`B�MibX

*?�Ti2` 9 Bb i?2 b2+QM/ K�BM T�`i- �M/ r2 bim/v i?2 KmHiB@+QKTQM2Mi bmT2`+QM/m+iQ`
lSi3X a2+iBQM 9XR `2pB2rb `2H2p�Mi 2tT2`BK2Mib iQ B/2MiB7v i?2 ;�T bvKK2i`vX PM2 TH�mbB#H2
+�M/B/�i2 Q7 ;�T bvKK2i`v Bb E2u `2T`2b2Mi�iBQM BM i?2 TQBMi ;`QmT D6hX >Qr2p2`- i?Bb /Q2b
MQi 2tTH�BM i?�i i?2`K�H +QM/m+iBpBiv b?Qrb i?�i i?2 T`2b2M+2 Q7 � }MBi2 `2bB/m�H /2MbBiv Q7
bi�i2b Q` M2Bi?2` � }MBi2 `�iBQ Q7 i?2 BM@TH�M2 iQ c@�tBb i?2`K�H +QM/m+iBpBiv mMH2bb BKTm`Biv
2z2+ib �`2 i�F2M BMiQ �++QmMiX h?2`27Q`2- BM Q`/2` iQ 2tTH�BM bm+? HQr@i2KT2`�im`2 #2?�p@
BQ`b- r2 bi�`i BM a2+iBQM 9Xk 7`QK i?2 KQ/2H BMi`Q/m+2/ BM _27bX (9RĜ9j) 7Q` /2b+`B#BM; i?2
MQ`K�H@bi�i2 2H2+i`QMB+ bi`m+im`2 BM lSi3 �M/ +QMbB/2` � irQ@/BK2MbBQM�H `2T`2b2Mi�iBQM E1g

bvKK2i`v BM a2+iBQM 9XjX 6Q` i?Bb 2p2M@T�`Biv T�B`BM;- r2 �TTHv i?2 B/2� Q7 "Q;QHBm#Qp 62`KB
bm`7�+2bX h?Bb E1g `2T`2b2Mi�iBQM BM+Hm/2b i?2 p@- d@ �M/ f @ r�p2 T�B`BM; �KTHBim/2bX AM a2+@
iBQM 9X9- r2 b?Qr i?�i i?2 BM@TH�M2 p@r�p2 T�B`BM; �KTHBim/2 M22/b ?�p2 � }MBi2 �KTHBim/2
iQ `2�HBx2 i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX q2 +�H+mH�i2 i?2 i?2`K�H +QM/m+iBpBiv �M/ b?Qr
i?�i i?Bb 2tTH�BMb 2tT2`BK2Mib BM lSi3 �b 7�` �b i?2 p@r�p2 �KTHBim/2 Bb MQi iQQ bK�HHX

*?�Ti2` 8 Bb i?2 bmKK�`v BM i?Bb i?2bBb �M/ r2 �HbQ K�F2 bQK2 `2K�`Fb 7Q` 7mim`2 rQ`FbX
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*?�Ti2` k

LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H
bmT2`+QM/m+iQ`b

AM i?Bb +?�Ti2`- r2 `2pB2r bQK2 Q7 i?2 #�bBb Q7 mM+QMp2MiBQM�H bmT2`+QM/m+iBpBivX AM K�Mv
mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b- i?2 bmT2`+QM/m+iBM; ;�T p�MBb?2b �i TQBMib Q` �HQM; HBM2b
QM i?2 62`KB bm`7�+2b BM i?2 bi�i2X h?2v �`2 +�HH2/ ;�T MQ/2b �M/ BKTHv i?2 T`2b2M+2 Q7
HQr@2M2`;v 2t+Bi�iBQMbX �7i2` � `2pB2r Q7 i?2 iQTQHQ;B+�H +H�bbB}+�iBQM BM ;�TT2/ 72`KBQMB+
bvbi2Kb- r2 7QHHQr i?2 rQ`Fb Q7 oQHQpBF (99) �M/ BMi`Q/m+2 � T?2MQK2MQHQ;B+�H KQ/2H Q7
bmT2`+QM/m+iQ`b rBi? TQBMi MQ/2b iQ /2KQMbi`�i2 i?�i i?2 TQBMi MQ/2b ?�p2 iQTQHQ;B+�H
+?�`;2bX q2 �HbQ `2pB2r Q`#Bi�H /2;`22b Q7 7`22/QK BM bmT2`+QM/m+iQ`bX 6QHHQrBM; i?2 rQ`Fb
Q7 �;i2`#2`; 2i �H (jd- 98)- r2 2tTH�BM � M2r ivT2 Q7 bmT2`+QM/m+iBM; ;�T bi`m+im`2 BX2X-
"Q;QHBm#Qp 62`KB bm`7�+2b- BM � KmHiB@Q`#Bi�H bmT2`+QM/m+iQ` rBi? 2p2M@T�`Biv �M/ #`QF2M
iBK2@`2p2`b�H bvKK2i`B2bX

kXR :�T 7mM+iBQM �M/ Bib bvKK2i`v
kXRXR aBM;H2@#�M/ KQ/2H
lM+QMp2MiBQM�H bmT2`+QM/m+iBpBiv Bb +?�`�+i2`Bx2/ ;�T 7mM+iBQM �M/ Bib bvKK2i`v (jj)X 6Q` Bib
/2}MBiBQM- r2 }`bi +QMbB/2` bBM;H2@#�M/ bmT2`+QM/m+iQ`b rBi? i?2 7QHHQrBM; 2z2+iBp2 >�KBH@
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/m+iBM; bi�i2b- *QQT2` T�B`b ?�p2 � MQM@p�MBb?BM; �MQK�HQmb 2tT2+i�iBQM p�Hm2 hck�1c�k�2i-
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h?2M- i?2 K2�M@}2H/ >�KBHiQMB�M Bb ;Bp2M #v
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r?2`2 "̂ (k) �M/ �̂ (k) �`2 2⇥ 2 K�i`B+2b BM i?2 bTBM bT�+2X
h?2 ;�T 7mM+iBQM ?�b i?2 bvKK2i`v BM k bT�+2 �M/ +�M #2 +H�bbB}2/ #v i?2 iQi�H bTBM Q7

*QQT2` T�B`X 6Q` bBM;H2i T�B`BM;- i?2 ;�T 7mM+iBQM ?�b iQ #2 �M 2p2M 7mM+iBQM BM kX h?2M-

�̂ (k) =  (k) i�y =


0  (k)

� (k) 0

�
,  (�k) =  (k) . UkX8V

A7 "�1�2 (k) = " (k) ��1,�2 - i?2 [m�bBT�`iB+H2 2M2`;v 7Q` bTBM@bBM;H2i Bb

E (k) =
q
" (k)2 + | (k)|2. UkXeV

PM i?2 Qi?2` ?�M/- 7Q` i`BTH2i T�B`BM;- i?2 ;�T 7mM+iBQM ?�b iQ #2 �M Q// 7mM+iBQM BM k �M/

�̂ (k) = (d (k) · �) i�y =


�dx (k) + idy (k) dz (k)

dz (k) dx (k) + idy (k)

�
, d (�k) = �d (k) , UkXdV

rBi? d = (dx, dy, dz) p2+iQ` r?B+? i`�Mb7Q`Kb �b � p2+iQ` mM/2` bTBM `Qi�iBQM (9e)X A7
"�1�2 (k) = " (k) ��1,�2 - i?2 [m�bBT�`iB+H2 2M2`;v 7Q` bTBM@i`BTH2i Bb

E± (k) =
q
" (k)2 + |d (k)|2 ± |d (k)⇥ d (k)⇤|. UkX3V

A7 i?2 +�b2 |d⇥ d⇤
| 6= 0- i?2 bmT2`+QM/m+iBM; bi�i2 Bb +�HH2/ MQM@mMBi�`v- #2+�mb2 �̂ (k) �̂† (k)

Bb MQi T`QTQ`iBQM�H iQ i?2 B/2MiBiv K�i`BtX

kXRXk ai`m+im`2 Q7 ;�T MQ/2b
AM i?2 "*a i?2Q`v- i?2 T�B`BM; BMi2`�+iBQM Q`B;BM�i2b 7`QK 2H2+i`QM@T?QMQM +QmTHBM; �M/ Bb
BbQi`QTB+ BM k bT�+2- �M/ i?2`27Q`2 i?2 ;�T 7mM+iBQM Bb �HbQ BbQi`QTB+ Ua22 6B;X kXR U�VVX PM
i?2 Qi?2` ?�M/- BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b r?2`2 T�B`BM; BMi2`�+iBQM Q`B;BM�i2b 7`QK
2H2+i`QM +Q``2H�iBQMb- i?2 T�B`BM; BMi2`�+iBQM ?�b bi`QM; �MBbQi`QTvX *QMb2[m2MiHv- i?2 bmT2`@
+QM/m+iBM; ;�T �HbQ ?�b bi`QM; �MBbQi`QTv BM K�Mv +�b2b- �M/ Bi +�M p�MBb? �i TQBMib Q` HBM2b
QM i?2 62`KB bm`7�+2bX h?2v �`2 +�HH2/ ;�T MQ/2b- Q` bBKTHv MQ/2bX PM2 Q7 i?2 2t�KTH2b
Bb ?B;?@Tc +mT`�i2b- �M/ Bi Bb #2HB2p2/ i?�i i?2 ;�T 7mM+iBQM ?�b d@r�p2 �MBbQi`QTv /m2 iQ
bi`QM; 2H2+i`QM +Q``2H�iBQMX 6B;m`2 kXRU#V b?Qrb d@r�p2 T�B`BM; UKQ`2 T`2+Bb2Hv dx2�y2@r�p2VX
h?2 x2`Q TQBMib Q7 i?2 ;�T 7mM+iBQM �`2 HQ+�i2/ BM i?2 /B`2+iBQM Q7 ±45� �M/ ±135� �M/ i?2v
7Q`K HBM2 MQ/2bX :�T MQ/2b BKTHv i?2 T`2b2M+2 Q7 HQr@2M2`;v 2t+Bi�iBQMbX aT2+B}+ ?2�i �M/
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6B;m`2 kXR, a+?2K�iB+ };m`2b Q7 ;�T 7mM+iBQM BM U�V s@r�p2  (k) = �0 �M/ U#V d@r�p2 T�B`BM;
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;�T 7mM+iBQM QM i?2 62`KB bm`7�+2b- `2bT2+iBp2HvX

h�#H2 kXR, .2MbBiv Q7 bi�i2b ⇢ (!) �i HQr@2M2`;v `2;BQM 7Q` /Bz2`2Mi bi`m+im`2 Q7 ;�T MQ/2bX
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i?2`K�H +QM/m+iBpBiv- T2M2i`�iBQM /2Ti?- �M/ LJ_ `2H�t�iBQM `�i2 �`2 bi`QM;Hv �z2+i2/ #v
;�T MQ/2bX h?2v b?Qr TQr2`@H�r i2KT2`�im`2 /2T2M/2M+2b �i HQr@i2KT2`�im`2b- /Bz2` 7`QK
+QMp2MiBQM�H 7mHHv ;�TT2/ bmT2`+QM/m+iQ`bX h?2`27Q`2- i?2 bi`m+im`2 Q7 ;�T MQ/2b TH�vb �M
BKTQ`i�Mi `QH2 iQ /Bb+mbb T`QT2`iB2b bm+? �b bT2+B}+ ?2�i- i?2`K�H +QM/m+iBpBiv- T2M2i`�iBQM
/2Ti?- LJ_ `2H�t�iBQM `�i2- imMM2HBM; bT2+i`Qb+QTv- �M/ T?QiQ2KBbbBQM bT2+i`Qb+QTvX h�@
#H2 kXR bmKK�`Bx2b i?2 /2MbBiv Q7 bi�i2b ⇢ (!) = V

�1
P

k �(!�Ek) BM � HQr@2M2`;v `2;BQM 7Q`
i?2 /Bz2`2Mi ivT2b Q7 ;�T MQ/2b- r?2`2 V Bb i?2 pQHmK2 Q7 i?2 bvbi2K �M/ Ek Bb i?2 2M2`;v
Q7 [m�bBT�`iB+H2 rBi? KQK2MimK kX

h?2 >�KBHiQMB�M BM 1[X UkXRV ?�b bQK2 bvKK2i`B2b i?�i `2T`2b2Mi2/ #v � ;`QmT GX h?2
;`QmT G +QMbBbib Q7 i?2 ;HQ#�H ;�m;2 bvKK2i`v ;`QmT U(1)- iBK2@`2p2`b�H bvKK2i`v ;`QmT-
i?2 bTBM `Qi�iBQM bvKK2i`v ;`QmT alUkV- �M/ �HbQ bT�+2 ;`QmTX aB;`Bbi �M/ l2/� +H�bbB}2/
i?2 TQbbB#H2 bmT2`+QM/m+iBM; bi�i2b BM � bvbi2K rBi? i?2 ;`QmT G- BM+Hm/BM; �HbQ bTBM@Q`#Bi
+QmTHBM; rBi? ;2M2`�HBx2/ :BMx#m`; G�M/�m i?2Q`v (jj)X q2 b?Qr i?�i #�bBb 7mM+iBQMb Q7 i?2
B``2/m+B#H2 `2T`2b2Mi�iBQMb f (k) Q7 i2i`�;QM�H TQBMi ;`QmT UD4hV �M/ i?2 ?2t�;QM�H TQBMi
;`QmT UD6hV BM h�#H2 kXk �M/ kXj- `2bT2+iBp2HvX Uh?2B` +?�`�+i2` i�#H2b �`2 b?QrM BM �T@



R9 *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b

h�#H2 kXk, "�bBb 7mM+iBQMb Q7 i?2 B``2/m+B#H2 `2T`2b2Mi�iBQMb f (k) Q7 i?2 i2i`�;QM�H TQBMi
;`QmT UD4hVX

f (k) f (k)
A1g c, k

2
x + k

2
y, k

2
z A1u kx�x + ky�y, kz�z

A2g kxky
�
k
2
x � k

2
y

�
A2u ky�x � kx�y

B1g k
2
x � k

2
y B1u kx�x � ky�y

B2g kxky B2u ky�x + kx�y

Eg {kxkz, kykz} Eu {kx�z, ky�z}

h�#H2 kXj, "�bBb 7mM+iBQMb Q7 i?2 B``2/m+B#H2 `2T`2b2Mi�iBQMb f (k) Q7 i?2 ?2t�;QM�H TQBMi
;`QmT UD6hVX

f (k) f (k)
A1g c, k

2
x + k

2
y, k

2
z A1u kx�x + ky�y, kz�z

A2g kxky
�
k
2
x � 3k2y

� �
k
2
y � 3k2x

�
A2u ky�x � kx�y

B1g kzkx
�
k
2
x � 3k2y

�
B1u kx

�
k
2
x � 3k2y

�
�z, kz

⇥�
k
2
x � k

2
y

�
�x � 2kxky�y

⇤

B2g kzky
�
k
2
y � 3k2x

�
B2u ky

�
k
2
y � 3k2x

�
�z, kz

⇥�
k
2
x � k

2
y

�
�y � 2kxky�x

⇤

E1g {kxkz, kykz} E1u {kx�z, ky�z} , {kz�x, kz�y}

E2g
�
k
2
x � k

2
y, 2kxky

 
E2u {kx�x � ky�y, ky�x + kx�y}

T2M/Bt *XV

kXk hQTQHQ;v BM bmT2`+QM/m+iQ`b
kXkXR hQTQHQ;B+�H +H�bbB}+�iBQM BM ;�TT2/ 72`KBQMB+ bvbi2Kb
"27Q`2 r2 /Bb+mbb iQTQHQ;v BM MQ/�H bmT2`+QM/m+iQ`b- r2 #`B2~v `2pB2r iQTQHQ;B+�H +H�bbB@
}+�iBQMb Q7 ;�TT2/ 72`KBQMB+ bvbi2KbX � TBQM22`BM; rQ`F Q7 /Bb+Qp2`BM; BMi2;2` [m�MimK
>�HH 2z2+i (R) �M/ i?2 T`2b2M+2 Q7 BMp�`B�Mi [m�MiBiv �bbQ+B�i2/ rBi? h?QmH2bb@EQ?KQiQ@
LB;?iBM;�H2@/2M LBDBb UhELLV 7Q`KmH� (k) ?�b #`Qm;?i � MQp2H T2`bT2+iBp2 iQ p�`BQmb +QM@
/2Mb2/ K�ii2` bvbi2KbX G�M/�m i?2Q`v Bb bm++2bb7mH BM +?�`�+i2`BxBM; K�Mv T?�b2b #v � HQ+�H
Q`/2` T�`�K2i2` #mi bm+? BMi2;2` [m�MimK >�HH bvbi2Kb �`2 MQi +H�bbB}2/ #v G�M/�m i?2Q`vX
h?2v ?�p2 � MQMHQ+�H Q`/2` T�`�K2i2` �M/ iQTQHQ;B+�H T?�b2b (j)X h?2 MQMHQ+�H Q`/2` T�@
`�K2i2` BKTHB2b ǳ#mHF@2/;2 +Q``2bTQM/2M+2 (9)Ǵ �M/ T`2/B+ib i?2 T`2b2M+2 Q7 ;�TH2bb KQ/2b
�i bm`7�+2b Q` BM pQ`iB+2b (Rj- R9)X h?2b2 ;�TH2bb KQ/2b �`2 `Q#mbi �;�BMbi T2`im`#�iBQMb
i?�i T`2b2`p2 i?2 bvKK2i`v Q7 i?2 bvbi2KbX aBM+2 i?2M- iQTQHQ;v BM ;�TT2/ 72`KBQMB+ bvb@
i2Kb ?�b �ii`�+i2/ Km+? �ii2MiBQMX AM BMi2;2` [m�MimK >�HH bvbi2Kb- i?2 >�HH +QM/m+i�M+2
Bb [m�MiBx2/ �M/ iQTQHQ;B+�H +H�bbB}+�iBQMb vB2H/ Z BMp�`B�Mi [m�MiBiv +�HH2/ *?2`M MmK#2`X
hQTQHQ;B+�H BMbmH�iQ`b 7QmM/ }`bi BM >;h2f*/h2 [m�MimK r2HHb (e) �`2 +?�`�+i2`Bx2/ MQMi`Bp@
B�H Z2 BMp�`B�Mi Q7 #�M/ iQTQHQ;vX h?2v ?�p2 ;�TH2bb bm`7�+2 bi�i2b r?BH2 i?2B` #mHF bi�i2b �`2
7mHHv ;�TT2/X �X SX a+?Mv/2` 2i �HX (d) /2p2HQT2/ i?2 i2M7QH/@r�v +H�bbB}+�iBQM r?B+? Bb �HbQ
+�HH2/ �HiH�M/@wB`K#�m2` U�wV +H�bbB}+�iBQM (3)- 7Q` ;�TT2/ BMbmH�iQ`b �M/ bmT2`+QM/m+iQ`b BM
�`#Bi`�`v /BK2MbBQMb D rBi?Qmi BMi2`�+iBQMb +?�`�+i2`Bx2/ #v iBK2@`2p2`b�H UT V- T�`iB+H2@?QH2



*?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b R8

UCV- �M/ +?B`�H USV bvKK2i`B2bX

kXkXk LQ/�H bmT2`+QM/m+iQ`b
aQ 7�`- r2 ?�p2 `2pB2r2/ iQTQHQ;B+�H +H�bbB}+�iBQM BM ;�TT2/ 72`KBQMB+ bvbi2Kb �M/ MQMi`BpB�H
bm`7�+2 bi�i2b �TT2�` �b � +QMb2[m2M+2 Q7 ǳ#mHF@2/;2 +Q``2bTQM/2M+2ǴX AM i?Bb b2+iBQM- r2
b22 i?�i iQTQHQ;B+�H +H�bbB}+�iBQM +�M #2 �TTHB2/ iQ ;�TH2bb 72`KBQMB+ bvbi2Kb BM+Hm/BM; MQ/�H
bmT2`+QM/m+iQ`b (RR- j9- 9d)X �b K2MiBQM2/ BM a2+iBQM kXRXk- ;�T MQ/2b BKTHv i?2 T`2b2M+2 Q7
HQr@2M2`;v 2t+Bi�iBQMbX >2`2- r2 BMi`Q/m+2 � T?2MQK2MQHQ;B+�H KQ/2H Q7 MQ/�H bmT2`+QM/m+@
iQ` rBi? TQBMi MQ/2b �b �M 2t�KTH2 �M/ b?Qr i?�i i?2 TQBMi MQ/2b ?�p2 iQTQHQ;B+�H +?�`;2bX
h?Bb �`;mK2Mi Bb #�b2/ QM _27bX (RR- 99)X

q2 +QMbB/2` bTBMH2bb bmT2`~mB/ 72`KBQMb rBi? +?B`�H px + ipy@r�p2 T�B`BM;X h?2B` >�KBH@
iQMB�M Bb ;Bp2M #v i?2 7QHHQrBM; "Q;QHBm#Qp@/2 :2MM2b U"/:V 7Q`K,

H (k) =

✓
k2

2m
� µ

◆
�z +

�0

kF
(kx�x + ky�y) ⌘ g (k) · �, µ =

k
2

F

2m
, UkXNV

r?2`2 S�mHB K�i`B+2b �i /2b+`B#2 i?2 T�`iB+H2@?QH2 /2;`22b Q7 7`22/QK �M/ kF Bb i?2 62`KB
r�p2 MmK#2`X h?2 2B;2Mp�Hm2b Q7 i?Bb >�KBHiQMB�M �`2 ±Ek rBi?

Ek =

s✓
k2

2m
� µ

◆2

+

✓
�0

kF

◆2 �
k2x + k2y

�
, UkXRyV

�M/ i?2`2 �`2 irQ TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2b Q7 i?2 Q`B;BM�H 62`KB bT?2`2
K± = (0, 0, ±kF )X *QMb2[m2MiHv- i?2 HQr@2M2`;v T?vbB+b �`QmM/ i?2 MQ/2b K± +�M #2
/2b+`B#2/ #v i?2 q2vH >�KBHiQMB�M

H± (p) =
�0

kF
(px�x + py�y)± vF pz�z, UkXRRV

r?2`2 p = k �K± �M/ vF = kF /m Bb i?2 62`KB p2HQ+BivX 6B;m`2b kXk U�V �M/ U#V b?Qr i?�i
irQ@TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2b Q7 i?2 62`KB bT?2`2 �M/ q2vH /BbT2`bBQM �`QmM/
i?2 MQ/2b- `2bT2+iBp2HvX _2K�`F�#Hv- i?2 TQBMi MQ/2b Q` q2vH MQ/2b �`2 MQi ;�TT2/ Qmi �M/
�`2 bi�#H2 �;�BMbi �`#Bi`�`v T2`im`#�iBQMb bBM+2 i?2 T2`im`#�iBQMb Dmbi b?B7i i?2 TQbBiBQM Q7
i?2 TQBMi MQ/2bX h?2b2 TQBMi MQ/2b ?�p2 iQTQHQ;B+�H +?�`;2b /2}M2/ #v

NC =
1

4⇡

Z

C
dk g̃ (k) ·

✓
@g̃ (k)

@k1
⇥
@g̃ (k)

@k2

◆
, UkXRkV

r?2`2 g̃ (k) = g (k) / |g (k)| Bb i?2 mMBi p2+iQ` }2H/ �M/ i?2 `2;BQM C Bb � bm`7�+2 r?B+?
2M+HQb2b � TQBMi MQ/2X h?Bb iQTQHQ;B+�H +?�`;2 Bb i?2 rBM/BM; MmK#2` Q7 g̃ (k)X 6B;m`2 kXk
U+V b?Qrb i?�i i?2 ?2/;2?Q; bi`m+im`2 Q7 i?2 mMBi p2+iQ` }2H/b g̃ (k) �`QmM/ � TQBMi MQ/2X
AM/22/- i?2 iQTQHQ;B+�H +?�`;2 7Q` i?2 TQBMi MQ/2 Q7 i?2 MQ`i? UbQmi?V TQH2 Bb +1 (�1)X

�M/`22p #QmM/ bi�i2b

aBM+2 i?2 RNNyb- Bi ?�b #22M FMQrM i?�i mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b ?�p2 bm`7�+2 #QmM/
bi�i2b +�HH2/ �M/`22p #QmM/ bi�i2b- r?B+? �TT2�` /m2 iQ bB;M +?�M;2 Q7 i?2 ;�T 7mM+iBQM (R8)X
w2`Q@2M2`;v �M/`22p #QmM/ bi�i2b �`2 /BbT2`bBQMH2bb BM KQK2MimK T�`�HH2H iQ � bm`7�+2X



Re *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b

6B;m`2 kXk, U�V :�T �MBbQi`QTv �M/ irQ TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2b Q7 i?2 62`KB
bT?2`2 K±X U#V q2vH /BbT2`bBQM �`QmM/ i?2 TQBMi MQ/2 U+V h?2 ?2/;2?Q; bi`m+im`2 Q7 i?2
mMBi p2+iQ` g̃ (k) �`QmM/ i?2 TQBMi MQ/2X

h?2v r2`2 Q#b2`p2/ BM i?2 ?B;?@Tc +mT`�i2b rBi? d@r�p2 T�B`BM;- �M/ i?2v +QMi`B#mi2 iQ
i?2 x2`Q@#B�b +QM/m+i�M+2 T2�F BM imMM2HBM; bT2+i`Qb+QTvX _2+2MiHv- Bi ?�b #22M 7QmM/ i?�i
i?2 �M/`22p #QmM/ bi�i2b �`2 � `2bmHi Q7 � MQMi`BpB�H iQTQHQ;v Q7 i?2 MQ/�H bi`m+im`2 Q7
bmT2`+QM/m+iQ`b (Re)X

kXkXj :�TH2bb +2Mi`QbvKK2i`B+ bvbi2Kb
AM i?2 T`2pBQmb b2+iBQM- r2 ?�p2 b?QrM i?2 bi�#BHBiv Q7 i?2 ;�T MQ/2b 7Q` bTBMH2bb bmT2`~mB/
rBi? +?B`�H px + ipy@r�p2 T�B`BM; �M/ b?QrM i?�i MQ/2b �`2 +?�`�+i2`Bx2/ #v � iQTQHQ;B+�H
+?�`;2X AM i?Bb b2Mb2- i?Qm;? i?2 ;HQ#�H iQTQHQ;B+�H BMp�`B�Mib +�MMQi #2 /2}M2/ BM ;�TH2bb
72`KBQMB+ bvbi2Kb- i?2 ;�T MQ/2b +�M �HbQ #2 +?�`�+i2`Bx2/ #v HQ+�H iQTQHQ;B+�H BMp�`B�Mib
�M/ +H�bbB}2/ #v �w Ui2M7QH/@r�vV +H�bbB}+�iBQM (93Ĝ8R)- bBKBH�` iQ 7mHHv ;�TT2/ 72`KBQMB+
bvbi2KbX �w +H�bbB}+�iBQM mb2b i?`22 bvKK2i`B2b, iBK2@`2p2`b�H UT V- T�`iB+H2@?QH2 UCV- �M/
+?B`�H USV bvKK2i`B2bX h?2b2 QT2`�iQ`b i`�Mb7Q`K i?2 bBM;H2@T�`iB+H2 >�KBHiQMB�M H (k) �b

TH (k)T�1 = H (�k) , T
2 = ±1,

CH (k)C�1 = �H (�k) , C
2 = ±1,

SH (k)S�1 = �H (k) , S
2 = 1,

UkXRjV

r?2`2 i?2 +?B`�H QT2`�iQ` Bb /2}M2/ �b S = �iTCX A7 i?2 iBK2@`2p2`b�H Q` i?2 T�`iB+H2@?QH2
+QMDm;�i2 BMp�`B�Mi- b[m�`2b Q7 iBK2@`2p2`b�H Q` T�`iB+H2@?QH2 +QMDm;�i2 QT2`�iQ`b �`2 2Bi?2`
THmb Q` KBMmb i?2 B/2MiBiv QT2`�iQ`bX h?2`27Q`2- i?2`2 �`2 3⇥3 = 9 +H�bb2b 7Q` i?2 >�KBHiQMB�M
#v mbBM; i?2 iBK2@`2p2`b�H �M/ i?2 T�`iB+H2@?QH2 +QMDm;�i2 QT2`�iQ`bX >Qr2p2`- i?2b2 �`2 MQi
v2i �HH i2M +H�bb2b bBM+2 Bi Bb �HbQ M2+2bb�`v iQ +QMbB/2` i?2 i`�Mb7Q`K�iBQM Q7 i?2 >�KBHiQMB�M
#v i?2 +?B`�H QT2`�iQ`X AM i?2 +�b2b Q7 #Qi? i?2 iBK2@`2p2`b�H �M/ i?2 T�`iB+H2@?QH2 +QMDm;�i2
bvKK2i`B2b �`2 �#b2Mi- i?2 +?B`�H bvKK2i`v 2Bi?2` T`2b2Mi Q` �#b2MiX h?mb- QM2 +�M Q#i�BM
3⇥3�1+2 = 10 TQbbB#H2 +H�bb2b Q7 i?2 >�KBHiQMB�MX q2 MQi2 i?�i i?2 iBK2@`2p2`b�H �M/ i?2
T�`iB+H2@?QH2 +QMDm;�i2 QT2`�iQ`b �`2 �MiBmMBi�`v- �M/ i?2 +?B`�H QT2`�iQ` Bb mMBi�`v �M/ i?2
iBK2@`2p2`b�H �M/ T�`iB+H2@?QH2 +QMDm;�i2 QT2`�iQ`b `2H�i2 >�KBHiQMB�Mb �i /Bz2`2Mi k TQBMibX



*?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b Rd

h�#H2 kX9, �w+I +H�bbB}+�iBQM Q7 ;�TH2bb +2Mi`QbvKK2i`B+ bvbi2Kb (je)X ±1 BM T �M/ C

+QHmKM BM/B+�i2b i?2 bB;M Q7 T
2 �M/ C

2X ⇥ /2MQi2b i?2 �#b2M+2 Q7 i?2 bvKK2i`vX h?2
?QKQiQTv ;`QmTb ⇡p i?�i /2i2`KBM2 i?2 +?�`;2b Q7 � MQ/2X D � dBZ � 1  p  D � 1 r?2`2
D Bb bT�iB�H /BK2MbBQM �M/ dBZ Bb i?2 /BK2MbBQM Q7 "`BHHQmBM xQM2X

T C S >QKQiQTv ;`QmTb
+H�bb ⇡0 ⇡1 ⇡2

� ⇥ ⇥ ⇥ 0 0 Z
�A +1 ⇥ ⇥ 0 Z2 Z2

�AA �1 ⇥ ⇥ 0 0 0
�AAA ⇥ ⇥ 1 0 Z 0
".A +1 +1 1 Z2 Z2 0
*AA �1 �1 1 0 0 0
. ⇥ +1 ⇥ Z2 y 2Z
* ⇥ �1 ⇥ 0 0 Z

.AAA �1 +1 1 0 2Z 0
*A +1 �1 1 0 Z Z2

h?Bb +H�bbB}+�iBQM Bb }`biHv �TTHB2/ iQ ;�TT2/ 72`KBQMB+ bvbi2KbX Ai 2tT�M/b iQ p�`BQmb
+QM/2Mb2/ K�ii2` bvbi2Kb rBi? �//BiBQM�H bvKK2i`B2b (8kĜ88)X AM i?Bb b2+iBQM- r2 i�F2 i?2
�//BiBQM�H bvKK2i`v �b BMp2`bBQM bvKK2i`v �M/ r2 #`B2~v `2pB2r i?2 iQTQHQ;B+�H +H�bbB}+�iBQM
BM ;�TH2bb +2Mi`QbvKK2i`B+ bvbi2Kb (je)- /m##2/ i?2 �w+I +H�bbB}+�iBQM- r?B+? rBHH #2 mb2/
H�i2` BM *?�Ti2`b j �M/ 9X

AM i?2 +2Mi`QbvKK2i`B+ bvbi2Kb- i?2 BMp2`bBQM bvKK2i`v Bb T`2b2`p2/X h?2 BMp2`bBQM
QT2`�iQ` P i`�Mb7Q`Kb >�KBHiQMB�M �b

PH (k)P�1 = H (�k) , P
2 = 1. UkXR9V

*QK#BMBM; T �M/ C rBi? i?2 BMp2`bBQM QT2`�iQ` P -
T H (k) T �1 = H (k) , T

2 = ±1, T ⌘ TP,

CH (k) C�1 = �H (k) , C
2 = ±1, C ⌘ CP.

UkXR8V

T �M/ C /Q MQi HBMF rBi? i?2 KQK2MimK k iQ �kX h?2v BKTQb2 HQ+�H +QMbi`�BMib BM k
bT�+2 �M/ #2+QK2 `2H2p�Mi 7Q` i?2 iQTQHQ;B+�H +H�bbB}+�iBQM Q7 i?2 MQ/2bX LQi2 i?�i T �M/ C

�`2 �HbQ �MiBmMBi�`v- �M/ i?2 b2i QT2`�iQ`b {T , C, S} Bb K�i?2K�iB+�HHv 2[mBp�H2Mi iQ i?2 b2i
{T,C, S}X h?2`27Q`2- r2 /2}M2 i2M7QH/ bvKK2i`v +H�bb2b #v T - C �M/ SX h�#H2 kX9 b?Qrb i?2
iQTQHQ;B+�H +H�bbB}+�iBQM Q7 ;�TH2bb +2Mi`QbvKK2i`B+ bvbi2Kb (je)X h?2 ?QKQiQTv ;`QmTb ⇡p
i?�i /2i2`KBM2 i?2 +?�`;2b Q7 � MQ/2 �`2 i?Qb2 rBi? �CL�1  p  D�1 r?2`2 �CL = D�dBZ

Bb i?2 MQ/2 +Q/BK2MbBQM 7Q` dBZ@/BK2MbBQM�H "`BHHQmBM xQM2X

kXj JmHiB@Q`#Bi�H T?vbB+b BM bmT2`+QM/m+iQ`b
kXjXR "Q;QHBm#Qp 62`KB bm`7�+2b
6BM�HHv- r2 KQp2 QM KmHiB@Q`#Bi�H T?vbB+b BM bmT2`+QM/m+iQ`bX >2`2- Q`#Bi�H bi�M/b 7Q` i?2
2ti`� /2;`22b Q7 7`22/QK bm+? �b Q`#Bi�H- bm#H�iiB+2- H�v2` �M/ p�HH2vX A``2bT2+iBp2 Q7 i?2



R3 *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b

K�Mv ivT2b Q7 i?2 �//BiBQM�H /2;`22 Q7 7`22/QK- bmT2`+QM/m+iBM; bi�i2b BM i?2 KmHiB@Q`#Bi�H
K�i2`B�Hb �`2 #2HB2p2/ iQ #2 [m�HBi�iBp2Hv i?2 b�K2 �b i?2 bBM;H2@Q`#Bi�H QM2bX h?2 T`QT2`iB2b
i?�i r2 ?�p2 K2MiBQM2/ �#Qp2 �HbQ ?QH/ 7Q` KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`bX

AM i?Bb b2+iBQM- r2 BMi`Q/m+2 � M2r ivT2 Q7 bmT2`+QM/m+iBM; ;�T i?�i r2 +�HH "Q;QHBm#Qp
62`KB bm`7�+2b (jd)X lbm�H bmT2`+QM/m+iBM; ;�Tb �`2 2Bi?2` MQ/2H2bb Q` Qi?2`rBb2- ?�p2 TQBMi
Q` HBM2 MQ/2bX >Qr2p2`- KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b rBi? 2p2M@T�`Biv �M/ #`QF2M iBK2@
`2p2`b�H bvKK2i`v K�v ?�p2 � /Bz2`2Mi +�i2;Q`v Q7 ;�T bi`m+im`2X q2 b?Qr i?�i i?Bb M2r
ivT2 Q7 MQ/2b Bb BM~�i2/ TQBMi Q` HBM2 MQ/2b �M/ i?�i i?2v �`2 +?�`�+i2`Bx2/ #v � Z2 BMp�`B�MiX
h?2 7QHHQrBM; �`;mK2Mib �`2 #�b2/ QM _27bX (jd- 98)X

q2 bi�`i rBi? � ;2M2`�H bBM;H2@2H2+i`QM >�KBHiQMB�M rBi? irQ Q`#Bi�Hb #v

HN (k) =
1

2

X

i,j=0,x,y,z

ci,j (k) ⌧i ⌦ �j , UkXReV

r?2`2 ⌧i (�j) K�i`B+2b �`2 S�mHB K�i`B+2b BM i?2 Q`#Bi�H UbTBMV bT�+2X >2`2- r2 +QMbB/2` i?2
+�b2 i?�i i?2 irQ Q`#Bi�H ?�p2 `2�H r�p2 7mM+iBQMbX

q2 �bbmK2 i?2 T�`Biv bvKK2i`v �M/ i?2 iBK2@`2p2`b�H bvKK2i`v 7Q` i?Bb >�KBHiQMB�MX
aBM+2 r2 +QMbB/2` QMHv 2p2M@T�`Biv bi�i2b- r2 `2bi`B+i iQ � bm#bT�+2 r?2`2 i?2 2B;2Mp�Hm2b Q7
BMp2`bBQM QT2`�iQ` P �`2 +1X h?Bb Bb �++QKTHBb?2/ #v ci,j(�k) = ci,j(k) �M/ P = ⌧0⌦�0 = 14X
P �M/ iBK2@`2p2`b�H QT2`�iQ` T �+i �b

PHN (k)P�1 = HN (�k) , UkXRdV
THN (k)T�1 = HN (�k) , UkXR3V

r?2`2 T = ⌧0 ⌦ i�yK r?2`2 K Bb i?2 +QKTH2t@+QMDm;�iBQM QT2`�iQ`X *QK#BMBM; P �M/ T -
r2 Q#i�BM HQ+�H +QMbi`�BMi `2H�iBQM BM k bT�+2-

(PT )HN (k) (PT )�1 = HN (k) . UkXRNV

.m2 iQ i?Bb +QMbi`�BMi- r2 b?QmH/ 2KT?�bBx2 i?�i Bi Bb 2�bBHv b?QrM i?�i QMHv bBt E`QM2+F2`
T`Q/m+ib ⌧0⌦�0- ⌧x⌦�0- ⌧z⌦�0- ⌧y⌦�x- ⌧y⌦�y- �M/ ⌧y⌦�z +�M �TT2�` BM >�KBHiQMB�M UkXReV
�M/ i?2 Qi?2` E`QM2+F2` T`Q/m+ib /Q MQiX

AM Q`/2` iQ ;�BM � /22T2` mM/2`bi�M/BM; Q7 i?Bb KQ/2H- r2 +QMbB/2` Bib bT2+B�H +�b2 +Q``2@
bTQM/BM; iQ i?2 ;2M2`�HBx2/ GmiiBM;2`@EQ?M KQ/2H (8e)-

HN (k) = c0I4 + cxy
JxJy + JyJx

p
3

+ cyz
JyJz + JzJy

p
3

+ czx
JzJx + JxJz

p
3

+c3z2�r2
2J2

z � J
2
x � J

2
y

3
+ cx2�y2

J
2
x � J

2
y

p
3

, UkXkyV

r?2`2 J Ƕb �`2 i?2 �M;mH�` KQK2Mi� Q7 J = 3/2 ;Bp2M #v

Jx =
1

2

2

664

0
p
3 0 0

p
3 0 2 0
0 2 0

p
3

0 0
p
3 0

3

775 , Jy =
i

2

2

664

0 �
p
3 0 0

p
3 0 �2 0
0 2 0 �

p
3

0 0
p
3 0

3

775 ,

and Jz =
1

2

2

664

3 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 �3

3

775 .

UkXkRV



*?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b RN

h?2b2 K�i`B+2b �`2 `2H�i2/ iQ i?2 }p2 T`Q/m+ib ⌧i ⌦ �j �b

⌧x ⌦ �0 = U
†J

2
x � J

2
y

p
3

U, UkXkkV

⌧z ⌦ �0 = U
† 2J

2
z � J

2
x � J

2
y

3
U, UkXkjV

⌧y ⌦ �x = U
†JyJz + JzJy

p
3

U, UkXk9V

⌧y ⌦ �y = U
†JzJx + JxJz

p
3

U, UkXk8V

⌧y ⌦ �z = U
†JxJy + JyJx

p
3

U, UkXkeV

rBi? i?2 mMBi�`v K�i`Bt

U =

2

664

1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0

3

775 . UkXkdV

LQr r2 +QMbB/2` bmT2`+QM/m+iBM; bi�i2b i?�i ?�p2 2p2M@T�`Biv �M/ r2 bmTTQb2 x2`Q iQi�H
KQK2MimK *QQT2` T�B`bX q2 r`Bi2 i?2 ;�T 7mM+iBQM �b

� (k) =

0

@
X

i,j=0,x,y,z

 i,j (k) ⌧i ⌦ �j

1

AUT . UkXk3V

r?2`2 i?2 mMBi�`v T�`i Q7 i?2 iBK2@`2p2`b�H Q2T`�iQ`

UT = ⌧0 ⌦ i�y =

2

664

0 0 0 1
0 0 �1 0
0 1 0 0
�1 0 0 0

3

775 , UkXkNV

�M/  i,j (�k) =  i,j (k) bBM+2 r2 7Q+mb QM 2p2M@T�`Biv T�B`BM;bX S�mHB T`BM+BTH2 `2[mB`2b 2Bi?2`
Q`#Bi�H@i`BTH2i �M/ bTBM@bBM;H2i Q` Q`#Bi�HHv@bBM;H2i �M/ bTBM@i`BTH2i T�B`BM;X h?2`27Q`2- QMHv
bBt E`QM2+F2` T`Q/m+ib ⌧0⌦�0- ⌧x⌦�0- ⌧z⌦�0- ⌧y⌦�x- ⌧y⌦�y- �M/ ⌧y⌦�z +�M �TT2�` BM i?2
;�T 7mM+iBQM UkXk3VX >2M+2- r2 Q#i�BM i?2 bBt TQbbB#H2 ;�Tb K�i`B+2b ⌘k BM i?2 Q`#Bi�H@bTBM
`2T`2b2Mi�iBQM- r?B+? �`2 ;Bp2M #v

⌘s = UT , UkXjyV

⌘xy =
JxJy + JyJx

p
3

UT , UkXjRV

⌘yz =
JyJz + JzJy

p
3

UT , UkXjkV

⌘zx =
JzJx + JxJz

p
3

UT , UkXjjV

⌘3z2�r2 =
2J2

z � J
2
x � J

2
y

3
UT , UkXj9V

⌘x2�y2 =
J
2
x � J

2
y

p
3

UT . UkXj8V



ky *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b

h?2 ;�T K�i`Bt ⌘s `2T`2b2Mib �M Q`#Bi�HHv i`BpB�H bTBM@bBM;H2i UJ = 0V �M/ Tm`2 BMi`�#�M/
T�B`BM;X >Qr2p2`- i?2 Qi?2` }p2 ;�T K�i`B+2b `2T`2b2Mi Q`#Bi�HHv MQMi`BpB�H bTBM@[mBMi2i
UJ = 2V �M/ BM+Hm/2 #Qi? BMi`�@ �M/ BMi2`#�M/ T�B`BM;bX � ;2M2`�H bmT2`+QM/m+iBM; bi�i2
Bb � KBt2/ bi�i2 rBi? � HBM2�` +QK#BM�iBQM Q7 i?2 T`Q/m+i Q7 i?2b2 ;�Tb �M/ k@/2T2M/2Mi
+Q2{+B2MibX

h?2 BM~�i2/ MQ/2b +�HH2/ "Q;QHBm#Qp 62`KB bm`7�+2b iQ �TT2�` BM i?2 2p2M@T�`Biv bmT2`@
+QM/m+iBM; bi�i2 rBi? #`QF2M iBK2@`2p2`b�H bvKK2i`vX �b �M 2t�KTH2- r2 +QMbB/2` bT?2`B+�HHv
� bvKK2i`B+ MQ`K�H >�KBHiQMB�M

HN =
�
↵k2

� µ
�

14 + � (k · J)2 , UkXjeV

r?2`2 ↵- bTBM@Q`#Bi +QmTHBM; �- �M/ +?2KB+�H TQi2MiB�H µ �`2 �HH +QMbi�MiX h?Bb +Q``2bTQM/b iQ
i?2 GmiiBM;2`@EQ?M KQ/2H rBi? c0 = (↵+ 5�/4)k2

�µ- cxy =
p
3�kxky- cyz =

p
3�kykz- czx =

p
3�kzkx- c3z2�r2 = �

⇥
k
2
z �

�
k
2
x + k

2
y

�
/2
⇤

�M/ cx2�y2 =
p
3�
�
k
2
x � k

2
y

�
/2X Aib 2B;2Mp�Hm2b �`2

✏± = c0 ±

q
c2xy + c2yz + c2zx + c

2

3z2�r2 + c
2

x2�y2 . UkXjdV

6Q` bBKTHB+Biv- r2 +QMbB/2` i?2 +�b2 i?�i QMHv QM2 Q7 i?2 irQ #�M/ +`Qbb2b i?2 +?2KB+�H
TQi2MiB�H bQ i?�i i?2`2 Bb QMHv QM2 MQ`K�H bi�i2 62`KB bm`7�+2X

G2i mb +QMbB/2` �M �MQK�HQmb T�`i Q7 >�KBHiQMB�M rBi? #`QF2M iBK2@`2p2`b�H bvKK2i`vX
h?2 "/: >�KBHiQMB�M Bb ;Bp2M #v

H (k) =


HN (k) � (k)
�† (k) �H

T
N (�k)

�
. UkXj3V

q2 +QMbB/2` � +?B`�H bmT2`+QM/m+iBM; bi�i2 rBi? � KBtim`2 Q7 bTBM@bBM;H2i �M/ +?B`�H [mBMi2i
T�B`BM;bX h?Bb Bb

� (k) = �1 (k) ⌘s +�0 (⌘zx + i⌘yz) UkXjNV

r?2`2 �1 �M/ �0 �`2 `2�H +QMbi�Mi �M/ i?2 7Q`K2` UH�ii2`V T�B`BM; Bb bTBM@bBM;H2i U@[mBMi2iV
T�B`BM;X q2 i�F2  (k) = kz (kx + iky) i?�i Bb +?B`�H �M/ #`2�Fb iBK2@`2p2`b�H bvKK2i`v �M/
i?2 H�ii2` T�B`BM; �HbQ /Q2bX

AM Q`/2` iQ b22 i?2 2z2+i Q7 KBtBM; Q7 bTBM@bBM;H2i �M/ bTBM@[mBMi2i T�B`BM;- r2 }`bi +QMbB/2`
i?2 +�b2 Q7 QMHv bTBM@bBM;H2i T�B`BM;X 6Q` i?Bb +�b2- i?2 ;�T ?�b irQ TQBMi MQ/2b BM i?2 MQ`i?
�M/ bQmi? TQH2b �M/ i?2 HBM2 MQ/2 BM i?2 #�b�H TH�M2 Ukz = 0VX JBtBM; QM bTBM@[mBMi2i
T�B`BM;- i?2 Q`B;BM�H TQBMi �M/ i?2 HBM2 MQ/2b �`2 BM~�i2/ �M/ 7Q`K irQ@/BK2MbBQM�H bm`7�+2b
�b b?QrM BM 6B;X kXj- r?B+? r2 +�HH i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX aBM+2 Bi Bb /B{+mHi iQ
�M�HviB+�HHv Q#i�BM i?2 2B;2Mp�Hm2b Q7 i?2 "/: >�KBHiQMB�M UkXj3V- r2 bQHp2/ MmK2`B+�HHvX
h?2b2 "Q;QHBm#Qp 62`KB bm`7�+2b �`2 HQ+�i2/ � #Bi 7�` 7`QK Q`B;BM�HHv 2tT2+i2/ MQ/2bX

kXjXk Z2 BMp�`B�Mi Q7 "Q;QHBm#Qp 62`KB bm`7�+2b
AM i?2 T`2pBQmb b2+iBQM- r2 ?�p2 b22M i?�i TQBMi �M/ HBM2 MQ/2b �`2 BM~�i2/ �M/ #2+QK2
� M2r ivT2 Q7 ;�Tb MQ/2b- BX2X- i?2 "Q;QHBm#Qp 62`KB bm`7�+2b BM 2p2M@T�`Biv KmHiB@Q`#Bi�H
bmT2`+QM/m+iBM; bi�i2b rBi? #`QF2M iBK2@`2p2`b�H bvKK2i`vX AM i?Bb b2+iBQM- r2 b?Qr i?�i
i?Bb "Q;QHBm#Qp 62`KB bm`7�+2b �`2 iQTQHQ;B+�HHv bi�#H2 �M/ �`2 +?�`�+i2`Bx2/ #v Z2 BMp�`B�Mi
[m�MiBiv (jd-jN)X



*?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b kR

6B;m`2 kXj, "Q;QHBm#Qp 62`KB bm`7�+2b UQT�[m2 Q`�M;2V BM � +?B`�H bmT2`+QM/m+iBM; bi�i2
�M/ MQ`K�H bi�i2 62`KB bm`7�+2 Ub2KB@i`�MbT�`2MiVX h?2 TQBMi �M/ HBM2 MQ/2b i?�i �`2
T`2/B+i2/ #v bBM;H2@#�M/ i?2Q`v �`2 `2/ /Qib �M/ HBM2- `2bT2+iBp2HvX q2 b2i T�`�K2i2`b
(↵, �, µ, �0, �1) = (1, �4/9, 8/9, 1/5, 1/20)X h?Bb Bb i?2 +�b2 i?�i i?2 MQ`K�H bi�i2 ?�b
QMHv QM2 62`KB bm`7�+2 �`QmM/ � TQBMiX

h?2 >�KBHiQMB�M H (k) BM 1[X UkXj3V ?�b MQi QMHv T�`Biv bvKK2i`v #mi �HbQ T�`iB+H2@?QH2
bvKK2i`vX h?2 BMp2`bBQM QT2`�iQ` �M/ i?2 T�`iB+H2@?QH2 +QMDm;�iBQM QT2`�iQ`b �+i �b

PH (k)P�1 = H (�k) ,
CH (k)C�1 = �H (�k) ,

UkX9yV

r?2`2 P = �0 ⌦ 14 �M/ C = �x ⌦ 14K rBi? i?2 S�mHB K�i`B+2b �i BM i?2 T�`iB+H2@?QH2 bT�+2X
*QK#BMBM; rBi? C �M/ P - r2 Q#i�BM HQ+�H +QMbi`�BMi `2H�iBQM BM k bT�+2-

(CP )H (k) (CP )�1 = �H (k) , UkX9RV

"2+�mb2 (CP )2 = +18- QM2 +�M }M/ mMBi�`v QT2`�iQ` ⌦ i?�i i`�Mb7Q`K H (k) �b �MiB@
bvKK2i`B+ K�i`BtX q2 /2}M2 UCP ⌘ UCP = �x ⌦ 14 r?2`2 UC = �x ⌦ 14X h?2M-

UCPH (k)T U
†
CP = �H (k) . UkX9kV

"2+�mb2 UCP Bb bvKK2i`B+- Bi +�M #2 /B�;QM�HBx2/ �b

UCP = Q⇤QT
, UkX9jV



kk *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b

r?2`2 Q Bb � mMBi�`v K�i`Bt �M/ ⇤ Bb � /B�;QM�H K�i`BtX AMb2`iBM; i?Bb BMiQ 1[X UkX9kV-

Q⇤QT
H (k)T Q

⇤⇤†
Q

† = �H (k) . UkX99V

aBM+2 ⇤ Bb � /B�;QM�H K�i`Bt- Bib `QQi-
p
⇤ = diag

�p
�1,

p
�2, · · ·

�
+�M #2 /2}M2/- 2p2M i?Qm;?

�i �`2 +QKTH2t �M/
p
⇤
†
=
⇣p
⇤
⌘�1

X h?2M Bi Bb 2�bBHv b?QrM i?2 7QHHQrBM; `2H�iBQM-

⇣p
⇤
†
Q

†
H (k)Q

p

⇤
⌘T

= �

p

⇤
†
Q

†
H (k)Q

p

⇤. UkX98V

>2M+2- �M �MiB@bvKK2i`B+ +QKTH2t K�i`Bt +�M #2 BMi`Q/m+2/ #v H̃ (k) = ⌦†
H (k)⌦ r?2`2

i?2 mMBi�`v QT2`�iQ` ⌦ = Q
p
⇤X PM2 +�M /2}M2 Z2 BMp�`B�Mi [m�MiBiv rBi? i?2 bB;M Q7

S7�{�M (jd)

P (k) = sgn
h
Pf H̃ (k)

i
. UkX9eV

q2 MQi2 i?�i i?Bb S7�{�M Bb `2�H bBM+2 Bi Bb � TQHvMQKB�H Q7 2p2M /2;`22 Q7 i?2 +QKTQM2Mib
Q7 i?2 K�i`Bt H̃- r?B+? Bb Tm`2Hv BK�;BM�`vX _2+2Mi bim/B2b ?�p2 b?QrM i?�i � 62`KB bm`7�+2
BM CP BMp�`B�Mi >�KBHiQMB�M ?�b MQMi`BpB�H Z2 +?�`;2 �M/ Bi Bb bi�#H2 �;�BMbi CP BMp�`B�Mi
T2`im`#�iBQMb (j3-jN)X q2 MQr 2tT`2bb i?2 iQTQHQ;B+�H +?�`;2 BM i2`Kb Q7 i?2 S7�{�M P (k)X
aBM+2

h
Pf H̃ (k)

i2
= det H̃ (k) = detH (k)- i?2 x2`Qb Q7 P (k) HQ+�i2 �i i?2 MQ/2b BM bmT2`@

+QM/m+iBM; bi�i2X h?mb- B7 i?2 QTTQbBi2 bB;M Q7 P (k) b2T�`�i2b � `2;BQM BM KQK2MimK bT�+2
#v � irQ@/BK2MbBQM�H bm`7�+2- i?Bb 62`KB bm`7�+2 Bb ;m�`�Mi22/ #v i?2 7QHHQrBM; iQTQHQ;B+�H
[m�MiBiv

(�1)l = P (k�)P (k+) UkX9dV

r?2`2 k+Uk�V Bb KQK2Mi� BMbB/2 UQmibB/2V Q7 i?2 62`KB bm`7�+2X AM i?2 MQ`K�H@bi�i2- i?Bb Z2

BMp�`B�Mi Bb i`BpB�H bBM+2 P (k) = ✏+✏� Bb �Hr�vb MQM@M2;�iBp2X 6m`i?2`KQ`2- BM i?2 +�b2 Q7
iBK2@`2p2`b�H@bvKK2i`B+ bmT2`+QM/m+iQ`b �HbQ- i?2`2 Bb MQ MQMi`BpB�H Z2 +?�`;2 bBM+2 P (k) +�M
#2 +?Qb2M MQM@M2;�iBp2 7Q` �HH KQK2MimK bT�+2 (jdĜjN)X >Qr2p2`- BM i?2 +�b2 Q7 bmT2`+QM@
/m+iQ`b rBi? #`QF2M iBK2@`2p2`b�H bvKK2i`v T�B`BM;- bBM+2 i?2`2 Bb � `2;BQM rBi? P (k) < 0
BM ;2M2`�H- � iQTQHQ;B+�HHv T`Qi2+i2/ `2;BQM BM KQK2MimK bT�+2- +�HH2/ "Q;QHBm#Qp 62`KB
bm`7�+2- rBi? i?2 MQMi`BpB�H Z2 +?�`;2 K�v �`Bb2X

kXjXj S2`im`#�iBQM �TT`Q�+? iQ "Q;QHBm#Qp 62`KB bm`7�+2b
q2 ?�p2 b22M i?�i i?2 iQTQHQ;B+�HHv bi�#H2 "Q;QHBm#Qp 62`KB bm`7�+2b K�v �TT2�` BM 2p2M@
T�`Biv bmT2`+QM/m+iBM; bi�i2 rBi? #`QF2M iBK2@`2p2`b�H bvKK2i`v �M/ �`2 +?�`�+i2`Bx2/ #v
Z2 BMp�`B�Mi [m�MiBiv (�1)lX G2i mb +QMbB/2` i?2 Q`B;BM Q7 i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX AM
i?Bb b2+iBQM- r2 mb2 � T2`im`#�iBQM �TT`Q�+? �M/ b?Qr i?�i i?2 "Q;QHBm#Qp 62`KB bm`7�+2b
2K2`;2 /`Bp2M #v BMi2`M�HHv �MBbQi`QTB+ T�B`BM; (98)X

q2 bi�`i 7`QK � irQ@Q`#Bi�H MQ`K�H >�KBHiQMB�M ;Bp2M #v

HN (k) = (✏k,0 � µ) 14 + ✏k · �, UkX93V

r?2`2 � =
�
�
1
, · · · , �

5
�

Bb i?2 p2+iQ` Q7 i?2 }p2 1m+HB/2�M .B`�+ K�i`B+2b �M/ ✏k,0- �M/
✏k = (✏k,1, · · · , ✏k,5) �`2 `2�H 2p2M 7mM+iBQMb Q7 kX PM2 +�M Q#i�BM i?Bb >�KBHiQMB�M 7`QK



*?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b kj

i?2 >�KBHiQMB�M UkXkyV #v � mMBi�`v i`�Mb7Q`K�iBQMX q2 �bbmK2 i?�i i?2 MQ`K�H bi�i2 ?�b
#Qi? BMp2`bBQM bvKK2i`v UP V �M/ iBK2@`2p2`b�H bvKK2i`v UT V r?2`2 T = KUT �M/ r2 +?Qb2
UT = �

1
�
2 rBi?Qmi HQbb Q7 ;2M2`�HBivX h?2 MQ`K�H >�KBHiQMB�M UkX93V ?�b irQ /Bz2`2Mi

2B;2Mp�Hm2b Ek,± � µ 2�+? Q7 r?B+? Bb /Qm#Hv /2;2M2`�i2

Ek,± � µ = ✏k,0 ± |✏k|� µ. UkX9NV

h?2 BMp2`bBQM �M/ iBK2@`2p2`b�H bvKK2i`B2b �HHQr mb iQ H�#2H i?2 irQ 2B;2Mbi�i2b #v � Tb2m@
/QbTBM BM/2t � = ±1X

L2ti- r2 +QMbB/2` T�B`BM; TQi2MiB�H i?�i ?�b 2p2M T�`BivX h?2 ;2M2`�H 7Q`K Q7 i?2 2p2M
T�`Biv T�B`BM; TQi2MiB�H Bb ;Bp2M #v

� (k) = (⌘k,0 + ⌘k · �)UT , UkX8yV

UT =

2

664

0 0 0 1
0 0 1 0
0 1 0 0
1 0 0 0

3

775 , UkX8RV

r?2`2 i?2 T�B`BM; �KTHBim/2b ⌘k,0 �M/ ⌘k = (⌘k,1, · · · , ⌘k,5) �`2 2p2M 7mM+iBQMb Q7 kX h?2
}`bi �M/ b2+QM/ i2`Kb BM 1[X UkX8yV `2T`2b2Mi BMi2`M�HHv BbQi`QTB+ �M/ �MBbQi`QTB+ T�B`BM;-
`2bT2+iBp2HvX

hQ b?Qr BMi2`M�HHv BbQi`QTB+ �MBbQi`QTB+ T�B`BM; 2tTHB+BiHv- r2 KQp2 QM i?2 Tb2m/QbTBM
#�bBbX h?2 K�i`Bt Q7 i?2 "/: >�KBHiQMB�M BM i?2 Tb2m/QbTBM #�bBb Bb

2

664

(Ek,+ � µ)�0 0
0 (Ek,� � µ)�0

�̃ (k)

�̃† (k) (�Ek,+ + µ)�0 0
0 (�Ek,� + µ)�0

3

775 , UkX8kV

�M/ i?2 T�B`BM; TQi2MiB�H Bb MQr �b

�̃ (k) =


 k,+i�y ( k,I + idk · �) i�y

( k,I � idk · �) i�y  k,�i�y

�
, UkX8jV

r?2`2 i?2 BMi`�#�M/ T�B`BM; TQi2MiB�H  k,± Bb

 k,± = ⌘k,0 ±
✏k · ⌘k

|✏k|
, UkX89V

�M/ i?2 BMi2`#�M/ T�B`BM; TQi2MiB�H ?�b i?2 7QHHQrBM; `2H�iBQM,

| k,I |
2 + |dk|

2 = |⌘k|
2
�

|✏k · ⌘k|
2

|✏k|
2

. UkX88V

h?2 7Q`K Q7 i?2 BMi2`#�M/ T�B`BM; TQi2MiB�Hb bTBM@bBM;H2i  k,I �M/ bTBM@i`BTH2i dk /2T2M/b QM
i?2 +?QB+2 Q7 i?2 Tb2m/QbTBM #�bBb #mi r2 MQi2 i?�i i?2 Qz@/B�;QM�H #HQ+Fb BM 1[X UkX8jV �`2 i?2
BMi2`#�M/ T�B`BM; TQi2MiB�H �M/ i?2v Q`B;BM�i2 7`QK i?2 BMi2`M�HHv �MBbQi`QTB+ T�B`BM; ⌘kX h?Bb
BMi2`#�M/ T�B`BM; TQi2MiB�H T`QpB/2b �M BKTQ`i�Mi +QMi`B#miBQM iQ `2�HBx2 "Q;QHBm#Qp 62`KB
bm`7�+2bX hQ b22 i?�i- r2 mb2 � T2`im`#�iBQM �TT`Q�+? �M/ Q#i�BM �M 2z2+iBp2 >�KBHiQMB�M



k9 *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b

7Q` i?2 HQr2`@2M2`;v #�M/X � b+?2K�iB+ TB+im`2 Q7 i?2 T2`im`#�iBQM �TT`Q�+? Bb b?QrM BM
6B;X kX9 U�VX q2 /2MQi2 i?2 "/: >�KBHiQMB�M rBi? i?2 Tb2m/QbTBM #�bBb �b

H̃k =

"
Hk,+ Hk,I

H
†
k,I Hk,�

#
, UkX8eV

r?2`2 i?2 /B�;QM�H #HQ+Fb Hk,± `2T`2b2Mi BMi`�#�M/ "/: >�KBHiQMB�M ;Bp2M #v

Hk,± =


(Ek,± � µ)�0  k,±i�y
 k,±i�y � (Ek,± � µ)�0

�
, UkX8dV

�M/ i?2 /B�;QM�H #HQ+F Hk,I `2T`2b2Mib BMi2`#�M/ T�B`BM; �M/ Bb

Hk,I =


0 ( k,I + idk · �) i�y�

 k,I + id⇤
k · �T

�
i�y 0

�
. UkX83V

G2i mb �bbmK2 i?�i QMHv HQr2`@2M2`;v #�M/ +`Qbb2b i?2 62`KB H2p2H �M/ i?�i i?2 2M2`;v
;�T Q7 irQ #�M/b Bb Km+? H�`;2` i?�M i?2 T�B`BM; TQi2MiB�H- |Ek,+ � Ek,�| � max (⌘k,0,⌘k)X
h?2 :`22MǶb 7mM+iBQM 7Q` i?2 HQr2`@2M2`;v #�M/ bi�i2b Bb ;Bp2M #v

G
�1

� (k,!) = ! �Hk,� �H
†
k,I (! �Hk,+)

�1
Hk,I

' ! �Hk,� + (Ek,+ � Ek,�)
�1

H
†
k,I�zHk,I . UkX8NV

>2`2- r2 mb2 i?2 �TT`QtBK�iBQM Hk,+ ' (Ek,+ � µ)�z- r?2`2 �z Bb i?2 S�mHB K�i`Bt BM
i?2 T�`iB+H2@?QH2 bT�+2 �M/ +QMbB/2` i?2 7`2[m2M+v ! ⇠ Ek,� � µX h?2`27Q`2- i?2 2z2+iBp2
>�KBHiQMB�M 7Q` i?2 HQr2`@2M2`;v #�M/ Bb

H
e↵

k,� = Hk,� + �Hk,�, UkXeyV

r?2`2

�Hk,� =


��µk,� + �hk,� · � 0

0 �µk,� � �hk,� · �T

�
. UkXeRV

>2`2- i?2 2z2+iBp2 +?2KB+�H TQi2MiB�H b?B7i �µk,� �M/ Tb2m/Q@K�;M2iB+ }2H/ �hk,� �`2 +�H+m@
H�i2/ 7Q` i?2 T�B`BM; TQi2MiB�H UkX8jV �M/ i?2 `2bmHib �`2

�µk,� = �
| k,I |

2 + |dk|

2 |✏k|
, UkXekV

�hk,� =
idk ⇥ d⇤

k � 2 Im ( k,Idk)

2 |✏k|
. UkXejV

q2 MQi2 i?�i Tb2m/Q@K�;M2iB+ }2H/ �hk,� QMHv T`2b2Mi r?2M i?2 ;�T #`2�Fb iBK2@`2p2`b�H
bvKK2i`vX AM/22/- �hk,� +�M #2 r`Bii2M rBi? T`QD2+iBQM QT2`�iQ`b Pk,� r?B+? T`QD2+i QMiQ
i?2 HQr2` 2M2`;v #�M/b �i KQK2MimK k BM

�hk,� =
Tr
⇥
�† (k)Pk,��Pk,�� (k)

⇤

4 |✏k|
. UkXe9V



*?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b k8

interband pairing

intraband pairing

6B;m`2 kX9, a+?2K�iB+ TB+im`2b 7Q` U�V � T2`im`#�iBQM �TT`Q�+? �M/ U#V ;Bp2M i?2 2z2+iBp2
KQ/2H 7Q` i?2 HQr2`@2M2`;v #�M/X h?B+F bQHB/ HBM2b `2T`2b2Mi /Qm#Hv /2;2M2`�i2 bT2+i`� �M/
i?2 `2/ /Qib �`2 i?2 MQ/2bX

h?Bb Bb mM/2`biQQ/ �b Tb2m/QbTBM TQH�`Bx�iBQM Q7 i?2 MQM@mMBi�`v bmT2`+QM/m+iBM; bi�i2 BM
HQr2` 2M2`;v #�M/bX *QMb2[m2MiHv- i?2 2B;2Mp�Hm2b Q7 i?2 2z2+iBp2 KQ/2H UkXeyV �`2 ;Bp2M #v

± |�hk,�| ±

q
[Ek,� � (µ+ �µk,�)]

2 + | k,�|
2
. UkXe8V

q?2M i?2 Tb2m/Q@K�;M2iB+ }2H/ �hk,� Bb MQMx2`Q �i MQ/2b Q7 i?2 BMi`�#�M/ T�B`BM; TQi2MiB�H
 k,�- i?2 HQr2` 2M2`;v #�M/b Bb bTHBi �M/ b?B7i2/ iQ }MBi2 2M2`;B2b- Bi ;Bp2b `Bb2 iQ "Q;QHBm#Qp
62`KB bm`7�+2bX 6B;m`2 kX9 U#V BHHmbi`�i2b i?2 2K2`;2M+2 Q7 i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX
h?2 2z2+iBp2 Tb2m/Q@K�;M2iB+ }2H/ bTHBib i?2 HQr2` 2M2`;v #�M/ iQ 7Q`K i?2 "Q;QHBm#Qp 62`KB
bm`7�+2b- i?Bb 2z2+iBp2 }2H/ Q`B;BM�i2b 7`QK BMi2`M�HHv �MBbQi`QTB+ T�B`BM; ⌘kX



ke *?�Ti2` kX LQ/�H iQTQHQ;v BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b



*?�Ti2` j

LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM;
KQMQH�v2` 62a2 QM a`hBP3

_2+2MiHv- �;i2`#2`; 2i �HX T`QTQb2/ BM _27X (jd) i?�i KQMQH�v2` 62a2 QM a`hBP3 bm#bi`�i2
Bb � MQ/2H2bb d@r�p2 bmT2`+QM/m+iQ`- �M/ i?�i i?2 T�B`BM; Q`B;BM�i2b 7`QK � bK�HH bTBM@Q`#Bi
+QmTHBM;X h?2 MQ/2H2bb d@r�p2 bi�i2 ?�b �H`2�/v #22M /Bb+mbb2/ 7Q` +mT`�i2b (8d) #mi bTBM@Q`#Bi
+QmTHBM; ?�b MQi #22M i�F2M BMiQ �++QmMiX AM i?Bb +?�Ti2`- #�b2/ QM i?2 `2+2Mi i?2Q`v (jd)-
r2 2t�KBM2 i?2 2pQHmiBQM rBi? BM+`2�bBM; bTBM@Q`#Bi +QmTHBM; 7`QK i?2 MQ/2H2bb bi�i2 iQ i?2
MQ/�H bi�i2 7`QK � pB2rTQBMi Q7 iQTQHQ;vX q2 b?Qr i?�i i?Bb 2pQHmiBQM /2T2M/b bi`QM;Hv QM
i?2 Q`#Bi�H /2;`22b Q7 7`22/QK BM *QQT2` T�B`bX AM T�`iB+mH�`- i?2`2 �`2 irQ ivT2b Q7 d@r�p2
T�B`b- r?B+? r2 +�HH Q`#Bi�HHv i`BpB�H �M/ Q`#Bi�HHv MQMi`BpB�HX AM #Qi? +�b2b- i?2 ;�T MQ/2b �`2
+?�`�+i2`Bx2/ #v � Z BMp�`B�Mi �M/ +�``v ±2 iQTQHQ;B+�H +?�`;2b `2H�i2/ iQ � +?B`�H bvKK2i`vX
>Qr2p2`- i?2B` +?�`;2 /Bbi`B#miBQM BM i?2 KQK2MimK bT�+2 Bb /Bz2`2Mi #2ir22M i?2 irQ +�b2b-
�M/ i?Bb `2bmHib BM � /Bz2`2Mi 2pQHmiBQM BM r?B+? i?2b2 MQ/2b �MMB?BH�i2 iQ 7Q`K � MQ/2H2bb
bi�i2X q2 b?Qr i?�i i?2 irQ ivT2b 2t?B#Bi /Bz2`2Mi �M/`22p ~�i #�M/ bT2+i`� �i b�KTH2
2/;2bX AM a2+iBQM jX9- r2 b?Qr � TQbbB#BHBiv Q7 T`Q#BM; i?Bb MQ/2H2bb bi�i2 #v �TTHvBM; �M
BM@TH�M2 K�;M2iB+ }2H/X h?Bb }2H/ H2�/b iQ i?2 2K2`;2M+2 Q7 iQTQHQ;B+�HHv T`Qi2+i2/ MQ/�H
TQBMib �M/ HBM2- r?B+? �`2 +?�`�+i2`Bx2/ #v � Z2 BMp�`B�MiX

jXR AMi`Q/m+iBQM
JQMQH�v2` 62a2 ;`QrM QM a`hBP3 bm#bi`�i2 ?�b ;2M2`�i2/ Km+? �ii2MiBQM /m2 iQ Bib ?B;?
bmT2`+QM/m+iBM; i`�MbBiBQM i2KT2`�im`2 Tc- r?B+? Bb ?B;?2` i?�M �HH i?2 Qi?2` 62@#�b2/ bm@
T2`+QM/m+iQ`b (83)X Zm�bBT�`iB+H2 BMi2`72`2M+2 2tT2`BK2Mib (8N) �M/ b+�MMBM; imMM2HBM; KB@
+`Qb+QTv UahJV (83- ey) bm;;2bi � TH�BM s@r�p2 T�B`BM; bi�i2X �M;H2@`2bQHp2/ T?QiQ2KBbbBQM
bT2+i`Qb+QTv U�_S1aV 2tT2`BK2Mib (k3ĜjR) �HbQ bmTTQ`i i?Bb #v Q#b2`pBM; � 7mHHv ;�TT2/
[m�bBT�`iB+H2 2M2`;v /BbT2`bBQM- i?Qm;? rBi? � MQMi`BpB�H �MBbQi`QTv (jR)X Ua22 6B;bX jXRU+V
�M/ U/VXV h?2 s@r�p2 T�B`BM; bi�i2 BM i?Bb K�i2`B�H Bb � TmxxH2 bBM+2 bmT2`+QM/m+iBpBiv Bb 2t@
T2+i2/ iQ #2 /`Bp2M #v `2TmHbBp2 2H2+i`QM@2H2+i`QM BMi2`�+iBQMb (kk)X 6m`i?2`KQ`2- KQMQH�v2`
62a2 H�+Fb i?2 ?QH2 TQ+F2ib �`QmM/ i?2 �@TQBMi BM i?2 "`BHHQmBM wQM2 U"wV- r?B+? 2tBbi BM
Qi?2` B`QM TMB+iB/2 +QKTQmM/b Ub22 6B;X jXRU#VVX AM i?2 Qi?2` B`QM TMB+iB/2b- i?2 s±@r�p2
T�B`BM; Bb HBF2Hv (Rd- R3) �M/ i?Bb Bb /`Bp2M #v bTBM ~m+im�iBQMb �bbQ+B�i2/ rBi? 2H2+i`QM b+�i@
i2`BM;b #2ir22M i?2 2H2+i`QM �M/ i?2 ?QH2 TQ+F2i (kk)X h?2b2 ~m+im�iBQMb �`2 �#b2Mi BM i?2
KQMQH�v2` 62a2 �M/ i?2`27Q`2 i?2 s±@r�p2 T�B`BM; Bb mMHBF2HvX h?Bb ?�b H2/ iQ � /2#�i2 �#Qmi

kd



k3 *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

6B;m`2 jXR, U�V *`vbi�H bi`m+im`2 Q7 i?2 KQMQH�v2` 62a2 QM a`hBP3 bm#bi`�i2X U#V 62`KB
bm`7�+2b Q7 KQMQH�v2` 62a2 QM a`hBP3 bm#bi`�i2 7`QK �_S1a 2tT2`BK2Mi (ed)X U+V �M/
U/V �MBbQi`QTB+ bmT2`+QM/m+iBM; ;�T QM i?2 2HHBTb2@HBF2 62`KB bm`7�+2 7`QK �_S1a 2tT2`B@
K2Mi (jR)X

i?2 T�B`BM; bvKK2i`vX aQK2 T`QTQb�Hb �`2 `2pB2r2/ BM _27X (eR) �M/ i?2v BM+Hm/2 +QMp2M@
iBQM�H s@r�p2 (8N- ek)- BM+BTB2Mi s@r�p2 (ej)- 2ti2M/2/ s@r�p2 (e9)- 7mHHv ;�TT2/ bTBM@i`BTH2i
T�B`BM; (e8)- �M/ MQ/2H2bb d@r�p2 T�B`BM; (jk-ee)X

_2+2MiHv- i?2 ;`QmT Q7 �;i2`#2`; ?�b `22t�KBM2/ i?2 T�B`BM; bvKK2i`v #�b2/ QM i?2
M�im`2 Q7 i?2 K�;M2iB+ +Q``2H�iBQMb BM KQMQH�v2` 62a2 (jk- e3)X AM2H�biB+ M2mi`QM b+�ii2`BM;
2tT2`BK2Mi BM bBM;H2 +`vbi�H 62a2 (eN) Q#b2`p2/ bi`BT2 K�;M2iB+ ~m+im�iBQMb �M/ �HbQ ~m+im@
�iBQMb �bbQ+B�i2/ rBi? +?2+F2`#Q�`/ �MiB72``QK�;M2iB+ U*"@�6JV Q`/2` Ua22 6B;X jXkVX h?2
QMb2i Q7 M2K�iB+ Q`/2` bmTT`2bb2b *"@�6J (eN)X 6B`bi@T`BM+BTH2b bTBM@bTB`�H +�H+mH�iBQMb (e3)
�HbQ T`2/B+i2/ 2M?�M+2/ *"@�6J ~m+im�iBQMb BM KQMQH�v2` 62a2- +H�BK2/ i?�i i?Bb bvbi2K
bBib M2�` � [m�MimK bTBM@~m+im�iBQM K2/B�i2/ bTBM T�`�K�;M2iB+ ;`QmM/ bi�i2X JQiBp�i2/
#v i?2 T`2b2M+2 Q7 *"@�6J ~m+im�iBQMb- � bvKK2i`v #�b2/ k · p i?2Q`v r�b /2p2HQT2/ iQ
/2b+`B#2 72`KBQMb �`QmM/ M TQBMi BM i?2 "w +QmTH2/ iQ i?2b2 ~m+im�iBQMb (jk-dy)X h?Bb i?2@
Q`v T`2/B+ib � 7mHHv ;�TT2/ d@r�p2 bi�i2 (jk)X h?Qm;? bvKK2i`v �`;mK2Mib mbm�HHv T`2/B+i
� MQ/�H d@r�p2 bi�i2 (jj)- i?Bb i?2Q`v `2p2�Hb i?�i MQ/�H TQBMib 2K2`;2 QMHv B7 i?2 `2H2p�Mi
BMi2`#�M/ bTBM@Q`#Bi +QmTHBM; 2t+22/b i?2 bmT2`+QM/m+iBM; ;�TX h?Bb i?2Q`v i?2`2#v M�im@
`�HHv �++QmMib 7Q` i?2 }MBi2 ;�T KBMBK� Q#b2`p2/ �HQM; i?2 2tT2+i2/ MQ/�H /B`2+iBQMb Q7 i?2
d@r�p2 bi�i2 (jR)X



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 kN

インターネット公表に関する同意が
得られなかったため非公表

6B;m`2 jXk, JQK2MimK /2T2M/2M+2 Q7 i?2 Lû2H �M/ bi`BT2 bTBM ~m+im�iBQMb �i 4 �M/
110 E (eN)X U�V a+?2K�iB+ KQK2MimK /2T2M/2M+2 Q7 i?2 Lû2H �M/ bi`BT2 bTBM ~m+im�iBQMb BM
i?2 (H,K) TH�M2 Q7 "`BHHQmBM xQM2X U#V@UbV *QMbi�Mi@2M2`;v BK�;2b �+[mB`2/ �i 4 Q` 110 E
�i BM/B+�i2/ 2M2`;B2bX qBi? BM+`2�bBM; ?B;?2` 2M2`;B2b- i?2 Lû2H �M/ bi`BT2 bTBM ~m+im�iBQM
Qp2`H�T �M/ +Qp2` � #`Q�/ �`2�X

� M�im`�H [m2biBQM Bb r?�i Bb i?2 K2+?�MBbK i?�i H2�/b iQ � 7mHHv ;�TT2/ d@r�p2 bm@
T2`+QM/m+iBM; bi�i2X AM/22/- QM2 +�M �bF ?Qr bm+? MQ/2H2bb bi�i2b �`2 `2�HBx2/ r?2M ;�T
MQ/2b �`2 2tT2+i2/ 7`QK bvKK2i`vX AM i?Bb +?�Ti2`- r2 �//`2bb i?Bb [m2biBQM i?`Qm;? �M
2t�KBM�iBQM Q7 i?2 2pQHmiBQM Q7 i?2 MQ/�H d@r�p2 bi�i2X h?Bb [m2biBQM Bb M�im`�HHv `2H�i2/ iQ
i?2 ;`QrBM; `2b2�`+? QM iQTQHQ;B+�H BMbmH�iQ` �M/ bmT2`+QM/m+iQ`b (Ry- R9- dR)X Ai Q`B;BM�HHv
bi�`i2/ rBi? � bim/v QM ;�TT2/ bvbi2Kb (dR) bm+? �b [m�MimK >�HH bvbi2Kb �M/ iQTQHQ;B+�H
BMbmH�iQ`b- �M/ i?2B` bm`7�+2 bi�i2b �`2 +?�`�+i2`Bx2/ #v ǳ#mHF@2/;2 +Q``2bTQM/2M+2 (9)XǴ JQ`2
`2+2MiHv i?Bb ?�b #22M 2ti2M/2/ iQ ;�TH2bb bvbi2Kb bm+? �b q2vH �M/ .B`�+ b2KBK2i�Hb (dk)
�M/ mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b (RR)X AM MQ/�H mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b- i?2 bB;M
+?�M;2 Q7 i?2 T�B`BM; TQi2MiB�H QM i?2 62`KB bm`7�+2 H2�/b iQ /BbT2`bBQMH2bb �M/`22p #QmM/
bi�i2b �i � bm`7�+2 Q7 i?2 bvbi2K (R8)X h?2b2 bi�i2b �`2 +?�`�+i2`Bx2/ #v iQTQHQ;B+�H �`;m@
K2Mib (Re-dj)X h?2`27Q`2- bim/B2b Q7 MQ/2b BM mM+QMp2MiBQM�H bmT2`+QM/m+iQ`b �`2 BKTQ`i�Mi
MQi QMHv iQ B/2MiB7v i?2 T�B`BM; K2+?�MBbK #mi �HbQ iQ +H�`B7v iQTQHQ;B+�H bm`7�+2 bi�i2bX

�Hi?Qm;? d@r�p2 bi�i2b mbm�HHv ?�p2 iQTQHQ;B+�HHv T`Qi2+i2/ MQ/2b BM bBM;H2@#�M/ bvbi2Kb-
i?2b2 MQ/�H TQBMib +�M #2 �MMB?BH�i2/ BM KmHiB@#�M/ bmT2`+QM/m+iQ`b (d9- d8)X Ai ?�b #22M
TQBMi2/ Qmi i?�i i?2 MQ/�H TQBMib K2`;2 M2�` i?2 �@TQBMi rBi? i?Qb2 rBi? rBM/BM; MmK@
#2`b Q7 QTTQbBi2 bB;M BM B`QM@#�b2/ bmT2`+QM/m+iQ`b (de)X � MQ/2H2bb d@r�p2 T�B`BM; ?�b �HbQ
#22M /Bb+mbb2/ 7Q` +mT`�i2b (8d)X h?2b2 T`2pBQmb rQ`Fb /B/ MQi i�F2 �++QmMi Q7 bTBM@Q`#Bi
+QmTHBM;- r?B+? Bb 2bb2MiB�H BM Qm` i?2Q`vX q2 rBHH b?Qr i?2 �MMB?BH�iBQM Q7 MQ/2b /m2 iQ
/2+`2�bBM; bTBM@Q`#Bi +QmTHBM; �M/ i?�i i?2 MQ/�H +?�`;2 Bb T`Qi2+i2/ #v � +?B`�H bvKK2i`v
i?�i Bb i?2 T`Q/m+i Q7 iBK2@`2p2`b�H �M/ T�`iB+H2@?QH2 bvKK2i`B2bX q2 �HbQ }M/ i?�i i?2 MQ/2
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6B;m`2 jXj, 62`KB bm`7�+2b BM MQ`K�H bi�i2b U�V rBi?Qmi bTBM@Q`#Bi +QmTHBM; �M/ U#V rBi?
bTBM@Q`#Bi +QmTHBM; vso = 12 K2o ³X h?2 mMBib Q7 ?Q`BxQMi�H �M/ p2`iB+�H �t2b �`2 ³�1X h?2
Qi?2` T�`�K2i2`b �`2 ;Bp2M BM i?2 K�BM i2tiX

�MMB?BH�iBQM /2T2M/b mTQM i?2 Q`#Bi�H bi`m+im`2 Q7 i?2 ;�T 7mM+iBQM �M/ }M/ irQ ivT2b Q7
B2g T�B`BM;, U�V Q`#Bi�HHv i`BpB�H mbm�H dxy@r�p2 �M/ U#V Q`#Bi�HHv MQMi`BpB�H T�B`BM; rBi? MQ
KQK2MimK /2T2M/2M+2X 6Q` i?2 H�ii2` MQMi`BpB�H +�b2- MQ/2 �MMB?BH�iBQM �`Bb2b BM � M�im`�H
�M/ bi`�B;?i7Q`r�`/ K�MM2`X 6Q` i?2 Q`#Bi�HHv i`BpB�H +�b2- i?2 �MMB?BH�iBQM Bb MQi bi`�B;?i@
7Q`r�`/- �M/ T`Q+22/b BMBiB�HHv i?`Qm;? i?2 +`2�iBQM Q7 �//BiBQM�H MQ/2b #27Q`2 �MMB?BH�iBM;
�b i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM; /2+`2�b2bX

jXk 1z2+iBp2 KQ/2H
� TBQM22`BM; i?2Q`2iB+�H KQ/2H 7Q` B`QM #�b2/ bmT2`+QM/m+iQ`b r�b BMi`Q/m+2/ #v Em`QFB
2i �H (Rd)X h?2v mb2 i2M Q`#Bi�H �M/ irQ bTBM /2;`22b Q7 7`22/QK �M/ Q7i2M i?2v Q#b+m`2b
i?2 mM/2`HvBM; T?vbB+bX AM i?Bb b2+iBQM- r2 #`B2~v `2pB2r bvKK2i`v@#�b2/ k · p@HBF2 i?2Q`v
7Q` KQMQH�v2` 62a2X h?Bb /2b+`B#2b i?2 2H2+i`QMB+ bi�i2b Q7 KQMQH�v2` 62a2 M2�` i?2 62`KB
H2p2H (jk)X .2MbBiv 7mM+iBQM�H i?2Q`v +�H+mH�iBQMb b?Qr i?�i i?2 62`KB bm`7�+2 �`QmM/ M @TQBMi
Bb K�BMHv K�/2 Q7 irQ Q`#Bi�Hb- �M/ i?2v �`2 HBM2�` +QK#BM�iBQMb Q7 {xz, yz} �M/ x

2
� y

2

Q`#Bi�Hb Q7 62 BQMbX h?2v �`2 /2b+`B#2/ #v 7Qm` 2H2+i`QMB+ bi�i2b UrBi? irQ Q`#Bi�H �M/ irQ bTBM
/2;`22b Q7 7`22/QKV i?`Qm;? �M 2z2+iBp2 k·p i?2Q`vX h?2 bBKTHB+Biv Q7 i?Bb KQ/2H �HHQrb BMbB;?i
BMiQ i?2 mM/2`HvBM; T?vbB+bX Ai �HbQ +�Tim`2b i?2 `2H2p�Mi T?vbB+b Q7 i?2 bmT2`+QM/m+iBM; bi�i2
i?�i �TT2�`b BM KQMQH�v2` 62a2 (e8)X aBKBH�` 2z2+iBp2 KQ/2Hb �`2 BMi`Q/m+2/ #v *?m#mFQp
2i �H (dd) �M/ _�;?m 2i �H (d3)X h?2B` KQ/2Hb /Q MQi +QMi�BM i?2 bTBM@Q`#Bi +QmTHBM;- r?B+?
TH�vb �M 2bb2MiB�H `QH2 7Q` Qm` KQ/2HX

AM i?Bb i?2Q`v- i?2 irQ@/BK2MbBQM�H MQ`K�H@bi�i2 >�KBHiQMB�M Bb

H0(k) = ✏0 (k)�0⌧0 + �xy (k)�0⌧z + [�x (k)�y + �y (k)�x] ⌧x, UjXRV

r?2`2 k = (kx, ky) Bb i?2 KQK2MimK b?B7i 7`QK M @TQBMi BM "w �M/ i?2 irQ ivT2b Q7 S�mHB



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 jR

h�#H2 jXR, 6mM+iBQM BM >�KBHiQMB�M UjXRV �M/ b2i Q7 i?2 T�`�K2i2`b i?�i `2�bQM�#Hv /2b+`B#2
i?2 62`KB bm`7�+2X

✏0(k) (k2x + k
2
y)/2m� µ µ 55 K2o

�xy(k) akxky 1/(2m) 1375 K2o ³2

�x(k) vsokx a 600 K2o ³2

�y(k) vsoky vso  15 K2o ³

h�#H2 jXk, avKK2i`v Q7 7mM+iBQMb f(k) �M/ i?2 S�mHB K�i`B+2b ⌧j �M/ �i mb2/ BM i?2 k · p
KQ/2H (jk)X h?2v �`2 +?�`�+i2`Bx2/ #v B``2/m+B#H2 `2T`2b2Mi�iBQMb � �i i?2 �@TQBMi Q7 "wX

� f(k) ⌧j �i � f(k) ⌧j

A1g ✏0(k) ⌧0 � A1u � ⌧y

A2g � � �z A2u � �

B1g k
2
x � k

2
y � � B1u � �

B2g kxky ⌧z � B2u � ⌧x

Eg � � {�x, �y} Eu {kx, ky} �

K�i`B+2b ⌧i �M/ �i /2b+`B#2 i?2 Q`#Bi�Hb �M/ bTBM /2;`22b Q7 7`22/QK- `2bT2+iBp2HvX h?2 ⌧x
i2`K Bb i?2 bTBM@Q`#Bi +QmTHBM;- r?B+? TH�vb �M 2bb2MiB�H `QH2 BM i?2 d@r�p2 bmT2`+QM/m+iBM;
bi�i2X Aib K�;MBim/2 Bb `2H�i2/ iQ i?2 QM@bBi2 bTBM@Q`#Bi +QmTHBM; #mi �HbQ /2T2M/b QM Qi?2`
7�+iQ`bX h?2`27Q`2- Bi K�v #2 bK�HH 2p2M B7 i?2 QM@bBi2 bTBM@Q`#Bi +QmTHBM; Bb bm#bi�MiB�HX
�b Q#b2`p2/ #v �M;H2@`2bQHp2/ T?QiQ2KBbbBQM bT2+i`Qb+QTv U�_S1aV- i?2 62`KB bm`7�+2 Bb
`2�bQM�#Hv /2b+`B#2/ rBi? i?2 T�`�K2i2`b Ua22 h�#H2 jXRVX

6B;m`2b jXj b?Qrb i?2 62`KB bm`7�+2b BM U�V rBi?Qmi bTBM@Q`#Bi +QmTHBM; �M/ U#V rBi?
bTBM@Q`#Bi +QmTHBM; vso = 12 K2o ³X h?2 MQ`K�H bi�i2 /BbT2`bBQM Bb ;Bp2M #v ⇠

± = ✏0 ±q
�2x + �2y + �2xy �M/ i?�i ?�p2 TQbBiBp2@?2HB+Biv �M/ M2;�iBp2@?2HB+Biv- `2bT2+iBp2HvX h�#H2 jXk

b?Qrb i?�i bvKK2i`v Q7 p�`BQmb 7mM+iBQMb Q7 k �M/ i?2 S�mHB K�i`B+2b ⌧j �M/ �iX
amT2`+QM/m+iBM; T�B`BM; Bb +QMbB/2`2/ iQ #2 BM/m+2/ #v i?2 ~m+im�iBQMb �bbQ+B�i2/ rBi?

*"@�6J (jk)X �;i2`#2`; 2i �H �bbmK2/ i?�i i?Bb bTBM@~m+im�iBQM BM/m+2b mbm�H bTBM@bBM;H2i
�M/ BMi`�@#�M/ *QQT2` T�B`b �M/ i?2v Q#i�BM2/ irQ ivT2b Q7 dxy@HBF2 T�B`BM; #v bQHpBM; i?2
HBM2�` ;�T 2[m�iBQMX LQi2 i?�i rBi? MQMx2`Q bTBM@Q`#Bi +QmTHBM;- i?2 bTBM@bBM;H2i T�B`BM; rBHH
;2M2`�HHv KBt rBi? �M 2p2M T�`Biv bTBM@i`BTH2i T�B`BM; (dy)X AKTQ`i�MiHv- 7Q` i?Bb +?�Ti2`-
i?2`2 �`2 irQ bm+? T�B`BM; bi�i2b i?�i �`2 /2b+`B#2/ BM KQ`2 /2i�BH #2HQrX h?2 >�KBHiQMB�M
Bb ;Bp2M #v i?2 7QHHQrBM; BM i?2 "Q;QHBm#Qp@/2 :2MM2b 7Q`K,

H(k) = �z [✏0 (k)�0⌧0 + �xy (k)�0⌧z + �x (k)�y⌧x]

+�y (k)�0�x⌧x + i�y [�d (k) ⌧0 +�z (k) ⌧z] i�y UjXkV

r?2`2 �d(k) = �2kxky/k
2
0
- �z(k) = �0- i?2 �i K�i`B+2b /2b+`B#2 i?2 T�`iB+H2@?QH2 /2;`22 Q7

7`22/QK- �M/ r2 i�F2 i?2 ivTB+�H 62`KB r�p2 p2+iQ` k0 = 0.2 ³�1X h?2 irQ ;�T 7mM+iBQMb
�d (k) �M/ �z (k) #Qi? #2HQM; iQ B2g `2T`2b2Mi�iBQMX h?2 i2`K �d (k) ⌧0 ?�b � i`BpB�H T�`i BM
Q`#Bi�H �M/ � k@/2T2M/2M+2 Q7 B2g bvKK2i`vX h?2 �z (k) ⌧z ?�b �M Q`#Bi�H QT2`�iQ` rBi? B2g

bvKK2i`v �M/ MQ k@/2T2M/2M+2X "Qi? �d (k) �M/ �z (k) +?�MM2Hb ?�p2 i?2 b�K2 bvKK2i`v
�M/ ?v#`B/Bx2 BM ;2M2`�HX



jk *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

AM Q`/2` iQ ;�BM � /22T2` mM/2`bi�M/BM; Q7 i?2b2 irQ ivT2b Q7 B2g T�B`BM;- Bi Bb +QMp2MB2Mi
iQ +?�M;2 iQ i?2 #�M/ #�bBbX h?2 >�KBHiQMB�M UjXkV Bb r`Bii2M BM #HQ+F /B�;QM�H 7Q`K rBi?
irQ 4⇥ 4 K�i`B+2bX PM2 Q7 i?2b2 K�i`B+2b Bb

2

664

✏0 + �xy �y � i�x 0 �d +�z

�y + i�x ✏0 � �xy ��d +�z 0
0 ��d +�z �✏0 + �xy �y + i�x

�d +�z 0 �y � i�x �✏0 � �xy

3

775 , UjXjV

r?BH2 i?2 Qi?2` K�i`Bt Bb ;Bp2M #v i`�Mb7Q`KBM; �i ! ��i �M/ �x ! ��xX S2`7Q`KBM; �
mMBi�`v i`�Mb7Q`K�iBQM i?�i /B�;QM�HBx2b i?2 MQ`K�H T�`i Q7 i?2 >�KBHiQMB�M- r2 Q#i�BM BM
i?2 #�M/ #�bBb- r2 }M/
2

6666666664

✏0 +
q
�2x + �2y + �2xy 0 �

�z(�y�i�x)q
�2
x+�2

y+�2
xy

�d +
�z�xyq

�2
x+�2

y+�2
xy

0 ✏0 �

q
�2x + �2y + �2xy ��d +

�z�xyq
�2
x+�2

y+�2
xy

�z(�y�i�x)q
�2
x+�2

y+�2
xy

�
�z(�y�i�x)q
�2
x+�2

y+�2
xy

��d +
�z�xyq

�2
x+�2

y+�2
xy

�✏0 +
q
�2x + �2y + �2xy 0

�d +
�z�xyq

�2
x+�2

y+�2
xy

�z(�y�i�x)q
�2
x+�2

y+�2
xy

0 �✏0 �

q
�2x + �2y + �2xy

3

7777777775

UjX9V

h?Bb #�M/ #�bBb `2T`2b2Mi�iBQM b?Qrb i?�i i?2 >�KBHiQMB�M ?�b #Qi? BMi`�#�M/ �M/ BMi2`@
#�M/ T�B`BM;bX h?2 BMi2`#�M/ T�B`BM; �`Bb2b QMHv 7`QK i?2 Q`#Bi�HHv MQMi`BpB�H +?�MM2H �z

BM +QK#BM�iBQM rBi? i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM;X h?2 BMi`�#�M/ T�B`BM; +QMi�BMb #Qi?
T�B`BM; +?�MM2Hb- �M/ i?2 Q`#Bi�HHv MQMi`BpB�H �z +?�MM2H �+[mB`2b k@/2T2M/2M+2 rBi? B2g

bvKK2i`vX 6B;m`2 jX9 b?Qrb i?2 T�B`BM; �MBbQi`QTv BM +�b2 Q7 QMHv U�V Q`#Bi�HHv i`BpB�H T�B`BM;
�M/ U#V Q`#Bi�HHv MQMi`BpB�H QM2 BM i?2 #�M/ #�bBbX LQi2 i?�i ?2`2 QMHv bTBM@bBM;H2i T�B`BM;b
�`2 +QMbB/2`2/X AM ;2M2`�H- bTBM@bBM;H2i �M/ i`BTH2i T�B`BM;b +�M ?v#`B/Bx2 /m2 iQ i?2 BMi2`#�M/
bTBM@Q`#Bi +QmTHBM;X

h?2 BMi2`#�M/ T�B`BM; ;2M2`�i2b � ;�TH2bb bmT2`+QM/m+iBM; dxy bi�i2- T`QpB/2/ i?�i i?2
BMi2`#�M/ bTBM@Q`#Bi +QmTHBM; Bb bm{+B2MiHv bK�HHX hQ 2t�KBM2 i?2 +QM/BiBQM Q7 i?2 2K2`;2M+2
Q7 MQ/�H TQBMib �HQM; i?2 MQ/�H /B`2+iBQM kx = 0 Q` ky = 0- Bi Bb mb27mH iQ +QMbB/2` i?2
[m�bBT�`iB+H2 2M2`;v Q7 i?2 >�KBHiQMB�M UjXkV-

E±(k) =

r
✏
2
0
+ �2xy + �2x + �2y +�

2

d +�
2
z ± 2

q
(✏0�xy +�d�z)

2 +
�
�2x + �2y

� �
✏
2
0
+�2

z

�
.UjX8V

�HQM; i?2 MQ/�H /B`2+iBQM ky = 0- bQ i?�i �xy = �y = �d = 0- r2 Q#i�BM E±(k) =���
p
✏
2
0
+�2

z ± |�x|

���X h?Bb b?Qrb �M/ i?2`27Q`2 7QHHQrBM; `2H�iBQM �i i?2 MQ/�H TQBMib UH�#2H2/
k⇤V-

✏
2

0 (k
⇤) = �

2

x (k
⇤)��2

z (k
⇤) . UjXeV

h?2 MQ/�H TQBMib �HQM; i?2 /B`2+iBQMb Q7 kx = 0 Q` ky = 0 K�v �TT2�` QM+2 i?2 BMi2`#�M/
bTBM@Q`#Bi +QmTHBM; b�iBb}2b |�x| > �zX �b |�x| /2+`2�b2b- � i`�MbBiBQM Q++m`b 7`QK � MQ/�H iQ
� 7mHHv ;�TT2/ bi�i2- r?B+? r2 BMp2biB;�i2 BM i?2 `2K�BM/2` Q7 i?Bb +?�Ti2`X LQi2 i?�i i?Bb
i?2Q`v BKTHB2b i?�i ;�T KBMBK� BM i?2 ;�TT2/ bi�i2 HQ+�i2 �HQM; i?2 MQ/�H /B`2+iBQMb BM i?2
MQ/�H T?�b2- r?B+? �;`22b rBi? r?�i Bb Q#b2`p2/ BM �_S1a K2�bm`2K2Mib (jR)X 6B;m`2 jX8



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 jj

kx

k y

kx

k y
6B;m`2 jX9, S�B`BM; �MBbQi`QTv �M/ iQTQHQ;B+�H +?�`;2b BM U�V Q`#Bi�HHv i`BpB�H T�B`BM; �M/
U#V Q`#Bi�HHv MQMi`BpB�H T�B`BM; BM #�M/ #�bBb rBi? QMHv BMi`�#�M/ T�B`BM;X h?2 bQHB/ HBM2b
`2T`2b2Mi 62`KB bm`7�+2 BM MQ`K�H bi�i2bX h?2 +B`+H2b `2T`2b2Mib ±2 iQTQHQ;B+�H +?�`;2X Ua22
a2+iBQM jXjXV

b?Qrb E�(k) QM i?2 62`KB bm`7�+2b 7Q` vso = 12 K2o ³U�V �M/ vso = 80 K2o ³U#VX �HQM;
i?2 /B`2+iBQMb Q7 kx = 0 Q` ky = 0- i?2 KBMBK� Q7 E�(k) HQ+�i2 #2ir22M i?2 62`KB bm`7�+2b
BM i?2 MQ`K�H bi�i2X q?2M i?2 bTBM@Q`#Bi +QmTHBM; Bb bi`QM; Uvso = 80 K2o ³V- MQ/2b 2tBbi
�M/ i?2v HQ+�i2 #2ir22M i?2 62`KB bm`7�+2bX

jXj h`�MbBiBQM Q7 +?B`�H iQTQHQ;B+�H +?�`;2b
jXjXR *?B`�H iQTQHQ;B+�H +?�`;2b
LQr r2 2t�KBM2 ?Qr i?2 7mHHv ;�TT2/ dxy bi�i2 �TT2�`b �b i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM;
/2+`2�b2bX h?2 7QHHQrBM; b2+iBQMb �`2 i?2 K�BM T�`ib Q7 *?�Ti2` jX q?2M i?2 BMi2`#�M/ bTBM@
Q`#Bi +QmTHBM; Bb bm{+B2MiHv H�`;2- i?2 T�B`BM; bi�i2 Bb MQ/�HX q2 b?Qr i?�i i?2 MQ/�H TQBMi
+�M #2 +?�`�+i2`Bx2/ #v � iQTQHQ;B+�H +?�`;2 i?�i Bb � 2Z BMp�`B�MiX h?2 F2v bvKK2i`B2b BM
/2}MBM; i?Bb +?�`;2 �`2 iBK2@`2p2`b�H T �M/ T�`iB+H2@?QH2 +QMDm;�iBQM C- r?B+? �+i QM H(k)
�b

TH(k)T�1 = H(�k), UjXdV
CH(k)C�1 = �H(�k), UjX3V

r?2`2 T = K�0⌧0 (i�y)- C = K�x⌧0�0- �M/ K Bb �;�BM i?2 +QKTH2t +QMDm;�i2 QT2`�iQ`X aBM+2
T
2 = �1 �M/ C

2 = 1- i?Bb >�KBHiQMB�M #2HQM;b iQ �HiH�M/@wB`M#�m2` U�wV +H�bb .AAA (d)X
6m`i?2`KQ`2- r2 /2}M2 � +?B`�H QT2`�iQ` S = �iTC = �x⌧0�y- �M/ SH(k)S�1 = H(k)X
aBM+2 S �MiB+QKKmi2b rBi? H(k)- H(k) +�M #2 r`Bii2M BM � #HQ+F Qz@/B�;QM�H 7Q`K mbBM; i?2



j9 *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

6B;m`2 jX8, :�T �MBbQi`QTv UbQHB/V QM i?2 MQ`K�H@bi�i2 62`KB bm`7�+2b U/�b?2/V 7Q` U�V vso =
12 K2o ³ �M/ U#V vso = 80 K2o ³X �HQM; i?2 /B`2+iBQMb kx = 0 �M/ ky = 0- i?2 ;�T KBMBK�
HB2b #2ir22M i?2 62`KB bm`7�+2bX

#�bBb BM r?B+? S Bb /B�;QM�H,

V H(k)V † =


0 q(k)

q
†(k) 0

�
, UjXNV

r?2`2

q(k) = ✏0 (k) ⌧0�0 + �xy (k) ⌧z�0 + �x (k) ⌧x�y + �y (k) ⌧x�x

+i (�d (k) ⌧0 +�z⌧z)�0, UjXRyV

LQi2 i?�i det q(k⇤) = 0 �i i?2 MQ/�H TQBMi k⇤ #2+�mb2 Q7 E�(k⇤) = 0X
AM i?2 +H�bb .AAA BM irQ /BK2MbBQM�H bvbi2Kb- � iQTQHQ;B+�H +?�`;2 +�M #2 /2}M2/ #v i?2

rBM/BM; MmK#2` (j9)- r?B+? Bb ;Bp2M #v

WL =
1

2⇡i

I

L
dkl · Tr

⇥
q
�1(k)rkl

q(k)
⇤
, UjXRRV

r?2`2 i?2 +QMiQm` L Bb � HQQT �`QmM/ i?2 MQ/�H TQBMiX h?Bb +?�`;2 Bb �M BMi2;2` BMp�`B�MiX h?2
>�KBHiQMB�M ?�b i?2 T�`Biv bvKK2i`v- �M/ i?Bb 2Mbm`2b � irQ@7QH/ /2;2M2`�+v Q7 i?2 MQ/�H
TQBMiX *QMb2[m2MiHv- 2�+? MQ/2 ?�b � 2Z iQTQHQ;B+�H +?�`;2 (je)X q2 }M/ i?�i i?2 i`BpB�H
�M/ MQMi`BpB�H ;�T 7mM+iBQMb BM i?2 Q`#Bi�H bT�+2 ?�p2 /Bz2`2Mi MQ/�H iQTQHQ;B+�H +?�`;2
/Bbi`B#miBQMb BM KQK2MimK bT�+2 �b b?QrM BM 6B;X jX9 �M/ i?�i � iQTQHQ;B+�H i`�MbBiBQM 2tBbib
#2ir22M i?2b2 irQ +�b2bX

hQ mM/2`bi�M/ i?2 /Bz2`2Mi MQ/�H +?�`;2 /Bbi`B#miBQMb- Bi Bb mb27mH iQ +QMbB/2` i?2 HBKBi
BM r?B+? i?2 BMi2`#�M/ T�B`BM; +�M #2 B;MQ`2/X h?Bb Bb �+?B2p2/ #v b2iiBM; �z = 0 BM i?2
Q`#Bi�HHv i`BpB�H +�b2 �M/ #v b2iiBM; �d = 0 �M/ |�i| ⌧ |�xy| BM i?2 Q`#Bi�HHv MQMi`BpB�H +�b2X
q?2M i?2 BMi2`#�M/ T�B`BM; Bb M2;HB;B#H2- i?2 MQ/�H TQBMib BM irQ #�M/b �`2 BM/2T2M/2MiX AM
i?Bb +�b2- 7QHHQrBM; _27b (Re-dj)- 1[X UjXRRV Bb bBKTHB}2/ iQ

WL± = �

X

k02SL±

sgn
⇣
@kl⇠

±
k

��
k=k0

⌘
sgn

⇣
�±

k0

⌘
. UjXRkV



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 j8

6B;m`2 jXe, *QMiQm` L UbQHB/ HBM2V- i?2 62`KB bm`7�+2 U/Qii2/ HBM2V �M/ b2i Q7 TQBMib SL =�
k+

0
,k�

0

 
BM 1[X jXRkX h?2 bB;M Q7 + �M/ � `2T`2b2Mi bB;M Q7 dxy bmT2`+QM/m+iBM; ;�T-

`2bT2+iBp2HvX

r?2`2 ⇠± = ✏0 ±

q
�2x + �2y + �2xy- �±

k Bb i?2 bmT2`+QM/m+iBM; ;�T Q7 ±@?2HB+Biv �M/ i?2 bmK
Bb Qp2` i?2 b2i Q7 TQBMib SL± ;Bp2M #v i?2 BMi2`b2+iBQM Q7 ±@?2HB+Biv 62`KB bm`7�+2 rBi? i?2
QM2@/BK2MbBQM�H +QMiQm` L

± Ua22 6B;m`2 jXeVX
q2 +QMbB/2` 2tTHB+BiHv i?2 iQTQHQ;B+�H +?�`;2b Q7 i?2 �/D�+2Mi T�B` Q7 MQ/�H TQBMib BM

kx(> 0) /B`2+iBQM- (k⇤�x , 0) �M/ (k⇤+x , 0) rBi? 0 < k
⇤�
x < k

⇤+
x X AM i?2 Q`#Bi�HHv i`BpB�H +�b2- i?2

bmT2`+QM/m+iBM; ;�T �±
k Q7 #Qi? #�M/b Bb B/2MiB+�H �±

k = ��dX h?2`27Q`2- irQ MQ/�H TQBMib
rBHH ?�p2 i?2 iQTQHQ;B+�H +?�`;2b rBi? i?2 b�K2 bB;MX q2 +�HH i?Bb i?2 b�K2 bB;M T�B` bi�i2X
PM i?2 Qi?2` ?�M/- BM i?2 Q`#Bi�HHv MQMi`BpB�H +�b2- �±

k ⇠ ⌥�xy�z- i?2 irQ MQ/�H TQBMib ?�p2
i?2 QTTQbBi2 bB;M Q7 iQTQHQ;B+�H +?�`;2X q2 +�HH i?Bb i?2 QTTQbBi2 bB;M T�B` bi�i2bX AM ;2M2`�H-
i?2 Q`#Bi�HHv i`BpB�H �M/ MQMi`BpB�H ;�T 7mM+iBQMb ?v#`B/Bx2- #mi i?2 MQ/2b �`2 biBHH +H�bbB}2/ �b
2Bi?2` b�K2 bB;M T�B` Q` QTTQbBi2 bB;M T�B` bi�i2X � i`�MbBiBQM #2ir22M i?2b2 irQ iQTQHQ;B+�H
bi�i2b Q++m`b rBi? p�`vBM; i?2 bTBM@Q`#Bi +QmTHBM;X AM #Qi? +�b2b- �b i?2 bTBM@Q`#Bi +QmTHBM;
/2+`2�b2b- � ;�TT2/ dxy bi�i2 Kmbi �`Bb2 �bbmKBM; i?�i �z 6= 0X h?2 /2p2HQTK2Mi Q7 i?Bb
;�TH2bb bi�i2 Bb BMimBiBp2Hv +H2�` 7Q` QTTQbBi2 bB;M T�B` bi�i2b- #mi 7Q` b�K2 bB;M T�B` bi�i2bX

hQ mM/2`bi�M/ i?Bb TQBMi- r2 ;2M2`�HBx2 i?2 i`2�iK2Mi Q7 iQTQHQ;B+�H +?�`;2X h?2 iQTQ@
HQ;B+�H +?�`;2 UjXRRV +�M #2 r`Bii2M BM i?2 7QHHQrBM; 7Q`K,

WL =
1

⇡

I

L
dkl ·rkl

tan�1

"
2 (✏0�d � �xy�z)

✏
2
0
� �2x � �2y � �2xy ��

2

d +�
2
z

#
UjXRjV

h?Bb Bb i?2 rBM/BM; MmK#2` Q7 i?2 p2+iQ` }2H/ (✏2
0
��

2
x��

2
y��

2
xy��

2

d+�
2
z, 2 (✏0�d � �xy�z))

�`QmM/ i?2 MQ/�H TQBMiX h?2 i2`K r?B+? /2i2`KBM2b r?2i?2` i?2 b�K2 Q` QTTQbBi2 bB;M T�B`
Bb i?2 MmK2`�iQ` ✏0�d � �xy�z- bBM+2 i?2 /2MQKBM�iQ` ✏2

0
� �

2
x � �

2
y � �

2
xy ��

2

d +�
2
z #2?�p2b

bBKBH�`Hv 7Q` #Qi? +�b2bX am#biBimiBM; k@/2T2M/2M+2- i?2 MmK2`�iQ` Bb ;Bp2M #v

✏0 (k)�d (k)� �xy (k)�z = kxky

✓
�2

k
2
0

✏0 (k)� a�0

◆
. UjXR9V



je *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

setats riap ngis emassetats riap ngis etisoppo nodeless states

6B;m`2 jXd, a+?2K�iB+ TB+im`2 Q7 i`�MbBiBQM iQ MQ/2H2bb bi�i2b 7`QK QTTQbBi2 UH27iV �M/ b�K2
bB;M T�B` bi�i2b U`B;?iVX h?2 �``Qrb `2T`2b2Mi i?�i irQ MQ/�H TQBMib K2`;2 rBi? 2�+? Qi?2`X
AM b�K2 bB;M T�B` bi�i2b- 2�+? BMM2` MQ/�H TQBMi bTHBib BMiQ i?`22 MQ/�H TQBMib Ubm``QmM/2/
#v � /Qii2/ HBM2V BM i`�MbBiBQM iQ MQ/2H2bb bi�i2bX

A7 �2 = 0- i?2 bB;M Q7 i?2 MmK2`�iQ` Bb i?2 b�K2 �i i?2 irQ MQ/�H TQBMib k⇤� �M/ k⇤+X
h?Bb H2�/b iQ iQTQHQ;B+�H +?�`;2b Q7 QTTQbBi2 bB;M- BX2X- QTTQbBi2 bB;M T�B` bi�i2bX >Qr2p2`- B7
�2 6= 0 �M/ bB;M Q7 �2/k

2
0
✏0 (k) � a�0 +?�M;2b Bib bB;M #2ir22M i?2 irQ MQ/�H TQBMib- i?2

iQTQHQ;B+�H +?�`;2b ?�p2 i?2 b�K2 bB;M- H2�/BM; iQ i?2 b�K2 bB;M T�B` bi�i2bX AM Q`/2` iQ
Q#i�BM � +QM/BiBQM iQ /BbiBM;mBb? i?2b2 irQ +�b2b- r2 +QMbB/2` ky = 0 /B`2+iBQM �M/ /2}M2 k̃x

�b i?2 bQHmiBQM Q7 ✏0(k̃x)�ak
2
0
�0/�2 = 0X AM i?2 +�b2 Q7 b�K2 bB;M T�B` bi�i2- k⇤�x < k̃x < k

⇤+
x -

�M/ i?Bb Bb MQi b�iBb}2/ 7Q` QTTQbBi2 bB;M T�B` bi�i2bX qBi? i?2 MQ/�H +QM/BiBQM 1[X UjXeV- r2
Q#i�BM i?2 7QHHQrBM; BM2[m�HBiv-

2mv
2

so �mA < a
�0

�2

k
2

0 < 2mv
2

so +mA UjXR8V

rBi?

A =

r
2
µ

m
v2so �

�2
0

m2
+ v4so. UjXReV

G2i mb +QMbB/2` i?2 +�b2 Q7 �0 = 11 K2o �M/ �2 = �1.5 K2o- r?B+? r�b mb2/ 2�`HB2`
iQ `2T`Q/m+2 � ;�T �MBbQi`QTv +QMbBbi2Mi rBi? 2tT2`BK2Mi- �M/ �bbmK2 � bi`QM; BMi2`#�M/
bTBM@Q`#Bi +QmTHBM; vso = 80 K2o ³X h?2M i?Bb Bb +H�bbB}2/ �b QTTQbBi2 bB;M T�B` bi�i2bX

LQr r2 im`M iQ bim/v ?Qr i?2 ;�TH2bb dxy bi�i2 /2p2HQTb r?2M MQ/�H TQBMib K2`;2 �M/
�MMB?BH�i2X h?Bb ?�b #22M bim/B2/ BM .B`�+ �M/ q2vH b2KBK2i�Hb (dk) �M/ �HbQ BM s@�M/ d@r�p2
bmT2`+QM/m+iQ`b (de)- #mi bTBM@Q`#Bi +QmTHBM; Bb MQi �M 2bb2MiB�H BMi2`�+iBQM BM i?Qb2 +�b2bX
AM i?2 +�b2 Q7 QTTQbBi2 bB;M T�B` bi�i2b- i?2 MQ/�H TQBMib �MMB?BH�i2 �b i?2 BMi2`#�M/ bTBM@
Q`#Bi +QmTHBM; /2+`2�b2bX >Qr2p2`- BM +�b2 Q7 b�K2 bB;M T�B` bi�i2b- MQ/�H TQBMib +�MMQi
�MMB?BH�i2 /B`2+iHv #2+�mb2 i?2B` iQTQHQ;B+�H +?�`;2b ?�p2 i?2 b�K2 bB;M- �M/ r2 }M/ �M
BMpQHp2/ K2+?�MBbK BHHmbi`�i2/ BM 6B;X jXdX AM/22/- �b i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM;
/2+`2�b2b- irQ MQ/�H TQBMib �`2 +`2�i2/ M2�` i?2 QH/ MQ/�H TQBMi UT�M2H U+VVX �b i?2 bTBM@
Q`#Bi +QmTHBM; 7m`i?2` /2+`2�b2b- QM2 MQ/�H TQBMi bi�vb M2�` k⇤�- r?BH2 irQ MQ/�H TQBMib KQp2
Qz i?2 kx Q` ky �tBbX qBi? /2+`2�bBM; i?2 bTBM@Q`#Bi +QmTHBM;- i?2v +QMiBMm2 iQ KQp2 �M/
�MMB?BH�i2 BM T�B`b rBi? Qi?2` MQ/2b KQpBM; 7`QK �MQi?2` /B`2+iBQMX 6B;m`2 jX3 b?Qrb i?2
T?�b2 /B�;`�K Q7 +?B`�H iQTQHQ;B+�H +?�`;2 /Bbi`B#miBQMX h?2`2 �`2 }p2 `2;BQMb, MQ/2H2bb-



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 jd
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opposite sign pair states

nodeless states

same sign pair states

6B;m`2 jX3, S?�b2 /B�;`�K Q7 +?B`�H iQTQHQ;B+�H +?�`;2 /Bbi`B#miBQM BM (�0, vso) bT�+2X h?2`2
�`2 }p2 `2;BQMb, MQ/2H2bb- QTTQbBi2 Ub�K2V bB;M bi�i2b �M/ irQ bi�i2b r?B+? ?�p2 3 MQ/�H
TQBMib MQi QM i?2 kx �M/ ky �tBbX q2 b2i �2 = �1.5 [meV] �M/ i?2 #H�+F /Qi `2T`2b2Mib i?2
T�`�K2i2`b r?B+? `2T`Q/m+2b � ;�T �MBbQi`QTv +QMbBbi2Mi rBi? 2tT2`BK2Mi BM � KQMQH�v2`
62a2 QM a`hBP3X

QTTQbBi2 Ub�K2V bB;M bi�i2b �M/ irQ bi�i2b r?B+? ?�p2 3 MQ/�H TQBMib MQi QM i?2 kx �M/ ky

�tBbX AM/22/- BM +�b2 Q7 b�K2 bB;M T�B` bi�i2b- MQ/�H TQBMib +�MMQi �MMB?BH�i2 /B`2+iHv �M/ i?2
i`�MbBiBQM iQ MQ/2H2bb bi�i2b Q++m`b i?`Qm;? i?2 bi�i2b rBi? Re MQ/�H TQBMibX

jXjXk �M/`22p ~�i #�M/
q2 }M/ i?�i 2Bi?2` b�K2 bB;M T�B` bi�i2b Q` QTTQbBi2 bB;M T�B` bi�i2b �TT2�` r?2M i?2 bm@
T2`+QM/m+iBM; bi�i2 rBi? bi`QM; bTBM@Q`#Bi +QmTHBM; ?�b ;�T MQ/2bX h?2 bi�i2 r?B+? ?�b 3
MQ/�H TQBMib MQi QM i?2 kx �M/ ky �tBb QMHv 2tBbib BM � M�``Qr `�M;2 Q7 T�`�K2i2`b- �M/ bQ
r2 /Q MQi +QMbB/2` Bi 7m`i?2` ?2`2X Ai rQmH/ #2 Q7 BMi2`2biBM; 2tT2`BK2Mi�HHv B/2MiB7v b�K2
bB;M Q` QTTQbBi2 bB;M T�B` bi�i2bX �b r2 b?Qr #2HQr- QM2 +�M B/2MiB7v i?`Qm;? �M 2t�KBM�iBQM
Q7 2/;2 bi�i2bX >Qr2p2`- r2 MQi2 BM �/p�M+2 i?�i i?2 p�Hm2b Q7 i?2 bTBM@Q`#Bi +QmTHBM; mb2/
#2HQr �`2 H�`;2` i?�M i?Qb2 BM KQMQH�v2` 62a2 ;`QrM QM a`hBP3X h?mb- r2 /Q MQi T`2/B+i �
~�i #�M/ 7Q` i?Bb K�i2`B�H #mi i?2`2 biBHH 2tBbi BM@;�T 2/;2 bi�i2b i?�i �`2 MQi iQTQHQ;B+�HHv
T`Qi2+i2/X AM Q`/2` iQ Q#b2`p2 i?2K- Bi Bb M2+2bb�`v iQ 2M?�M+2 bTBM@Q`#Bi +QmTHBM;- #v mbBM;



j3 *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

6B;m`2 jXN, a+?2K�iB+ TB+im`2b Q7 i?2 `2H�iBQM #2ir22M WL UH27iV �M/ N(ky) U`B;?iV BM +�b2 Q7
U�V QTTQbBi2 bB;M T�B` �M/ U#V b�K2 bB;M T�B` bi�i2bX _2/ �M/ #Hm2 TQBMib BM/B+�i2 WL = +2
�M/ �2- `2bT2+iBp2HvX

iQ mb2 � /Bz2`2Mi bm#bi`�i2 Q` /QTBM; +�``B2`b- 7Q` 2t�KTH2 rBi? h2X
LQ/�H TQBMib rBi? i?2 MQMi`BpB�H iQTQHQ;B+�H +?�`;2b BKTHv i?2 2tBbi2M+2 Q7 /BbT2`bBQMH2bb

BM KQK2MimK T�`�HH2H iQ �M 2/;2- �M/`22p #QmM/ bi�i2b rBi? ~�i #�M/ bT2+i`� �i b�KTH2
2/;2bX _272`2M+2b (Re- j8) b?Qr2/ i?�i i?2 MmK#2` Q7 �M/`22p ~�i #�M/ Bb `2H�i2/ iQ i?2
QM2@/BK2MbBQM�H rBM/BM; MmK#2` N(kk) /2}M2/ #v

N
�
kk
�
=

Z
dk? · Tr

⇥
q
�1(k)rk?q(k)

⇤
, UjXRdV

r?2`2 kk (k?) Bb KQK2MimK T�`�HH2H UT2`T2M/B+mH�`V iQ i?2 bm`7�+2X q2 MQr +QMbB/2` i?2
+�b2 i?�i 2/;2b `mMMBM; �HQM; i?2 y@/B`2+iBQM �M/ i?2M kk = (0, ky) �M/ k? = (kx, 0)X 6B;@
m`2 jXN b?Qrb i?�i i?2 `2H�iBQM #2ir22M i?2 QM2@/BK2MbBQM�H rBM/BM; MmK#2` N(ky) �M/ i?2
iQTQHQ;B+�H +?�`;2 WL /2}M2/ BM 1[X jXRRX 6B;m`2 jXN U�V b?Qrb BM i?2 +�b2 Q7 QTTQbBi2 bB;M
T�B` bi�i2b Bb MQMx2`Q |N (ky) | 7Q` ky #2ir22M i?2 MQ/�H TQBMib B7 i?2B` iQTQHQ;B+�H +?�`;2b
?�p2 QTTQbBi2 bB;MbX AM i?2 +�b2 Q7 b�K2 bB;M T�B` bi�i2b |N (ky) | Bb MQMx2`Q 7Q` �HH KQK2Mi�
#2ir22M i?2 Qmi2`KQbi MQ/�H TQBMib U6B;m`2 jXN U#VVX

6Q` 7m`i?2` BMp2biB;�iBQM- r2 BMi`Q/m+2 � H�iiB+2 KQ/2H +Q``2bTQM/BM; iQ i?2 "/: >�KBH@
iQMB�M BM 1[X UjXkVX q2 `2TH�+2 ki ! sin ki �M/

�
k
2
x + k

2
y

�
/(2m) ! 2t (2� cos kx � cos ky)



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 jN

rBi? t = (2m)�1 BM 1[X UjXkV �M/ mb2 Ai� �M/ Bi� 7Q` �MMB?BH�iBQM QT2`�iQ`b Q7 irQ Q`#Bi�Hb-
bTBM � =" �M/ # 2H2+i`QM �i iX q2 /BpB/2 H BMiQ i?`22 T�`ib- bH0- HSOC �M/ H�- �M/ i?2v
�`2 ;Bp2M #v

H0 = �t

X

hi,ji,�

⇣
A

†
i�Aj� +B

†
i�Bj�

⌘
� (µ� 4t)

X

i,�

h
A

†
i�Ai� +B

†
i�Bi�

i

+
a

4

X

i,�

⇣
A

†
i�Ai+x+y� +A

†
i+x+y�Ai� �

⇣
A

†
i�Ai+x�y� +A

†
i+x�y�Ai�

⌘⌘

�
a

4

X

i,�

h
B

†
i�Bi+x+y� +B

†
i+x+y�Bi� �

⇣
B

†
i�Bi+x�y� +B

†
i+x�y�Bi�

⌘i
, UjXR3V

HSOC = �
vso

2

X

i

h⇣
A

†
i"Bi+x# �A

†
i+x"Bi#

⌘
�

⇣
A

†
i#Bi+x" �A

†
i+x#Bi"

⌘

+
⇣
B

†
i"Ai+x# �B

†
i+x"Ai#

⌘
�

⇣
B

†
i#Ai+x" �B

†
i+x#Ai"

⌘i

+
vso

2i

X

i

h⇣
A

†
i"Bi+y# �A

†
i+y"Bi#

⌘
+
⇣
A

†
i#Bi+y" �A

†
i+y#Bi"

⌘

+
⇣
B

†
i"Ai+y# �B

†
i+y"Ai#

⌘
+
⇣
B

†
i#Ai+y" �B

†
i+y#Ai"

⌘i
, UjXRNV

H� = �
�2

4k2
0

X

i

h⇣
A

†
i"A

†
i�x�y# +A

†
i"A

†
i+x+y#

⌘
�

⇣
A

†
i"A

†
i�x+y# +A

†
i"A

†
i+x�y#

⌘

�

⇣
A

†
i#A

†
i�x�y" +A

†
i#A

†
i+x+y"

⌘
+
⇣
A

†
i#A

†
i�x+y" +A

†
i#A

†
i+x�y"

⌘i

�
�2

4k2
0

X

i

h⇣
B

†
i"B

†
i�x�y# +B

†
i"B

†
i+x+y#

⌘
�

⇣
B

†
i"B

†
i�x+y# +B

†
i"B

†
i+x�y#

⌘

�

⇣
B

†
i#B

†
i�x�y" +B

†
i#B

†
i+x+y"

⌘
+
⇣
B

†
i#B

†
i�x+y" +B

†
i#B

†
i+x�y"

⌘i

+�0

X

i

h⇣
A

†
i"A

†
i# �A

†
i#A

†
i"

⌘
�

⇣
B

†
i"B

†
i# �B

†
i#B

†
i"

⌘i

+ h.c.. UjXkyV

h?Bb bvbi2K ?�b � +vHBM/`B+�H ;2QK2i`v rBi? irQ 2/;2b �i ix = 1 �M/ Nx BM i?2 x@/B`2+iBQM
�M/ T2`BQ/B+ BM i?2 y@/B`2+iBQMX q2 MmK2`B+�HHv /B�;QM�HBx2 i?Bb >�KBHiQMB�M 7Q` 2�+? ky �M/
2t�KBM2 2/;2 bi�i2bX q2 b2i Nx = 10000 �M/ 6B;m`2 jXRy b?Qrb i?2 2M2`;v bT2+i`� 7Q` i?2
7Qm` b2ib Q7 T�`�K2i2`b, U�V MQ MQ/�H TQBMib- U#V- U+V QTTQbBi2 bB;M T�B` bi�i2b �M/ U/V b�K2
bB;M T�B` bi�i2bX qBi?Qmi MQ/�H TQBMib- r2 /Q MQi ?�p2 �M/`22p ~�i #�M/X PM+2 MQ/�H TQBMib
�TT2�`- ~�i #�M/ bi�i2b �HbQ �TT2�`X AM +�b2b Q7 QTTQbBi2 bB;M T�B` bi�i2b U#V �M/ U+V- ~�i
#�M/b 2tBbi �i E = 0 #2ir22M i?2 irQ MQ/�H TQBMib i?�i ?�p2 QTTQbBi2 iQTQHQ;B+�H +?�`;2b-
�M/ i?2 MmK#2` Q7 i?2 ~�i #�M/ bi�i2b Bb irQ 7Q` 2�+? 2/;2X PM i?2 Qi?2` ?�M/- BM i?2 +�b2
Q7 U/V b�K2 bB;M T�B` bi�i2- ~�i #�M/b 2tBbi BM � T�`i BM+Hm/BM; ky = 0X 6Qm` ~�i #�M/ bi�i2b
+`Qbb ky = 0 �M/ irQ Q7 i?2K i2`KBM�i2 �i 2�+? Q7 i?2 irQ MQ/�H TQBMibX h?mb- i?2 MmK#2` Q7
~�i #�M/ bi�i2b Bb B/2MiB+�H rBi? |N(ky)| �b b?QrM BM 6B;X jXNX ai`B+iHv bT2�FBM;- BM 6B;X jXRy
U/V i?2 ;�T �i ky = 0 Bb }MBi2- #mi i?Bb Bb /m2 iQ i?2 }MBi2 bBx2 2z2+i �M/ MQi BMi`BMbB+X q2
?�p2 +QM}`K2/ i?�i i?2`2 Bb MQ ;�T �i ky = 0 #v mbBM; i?2 `2+m`bBp2 :`22MǶb 7mM+iBQM K2i?Q/
2tTH�BM2/ BM �TT2M/Bt "X



9y *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

6B;m`2 jXRy, 1M2`;v bT2+i`� 7Q` U�V MQ MQ/�H TQBMib U#V QTTQbBi2 bB;M T�B` U+V QTTQbBi2 bB;M
T�B` U/V b�K2 bB;M T�B` bi�i2bX q2 b2i i?2 T�`�K2i2`b �b (vso[meVÅ],�0[meV],�2[meV]) =U�V
(50, 11,�1.5), U#V (60, 11,�1.5), U+V (70, 11,�1.5) �M/ U/V (80, 4,�10)X h?2 p2`iB+�H �tBb Bb
b+�H2/ #v t = (2m)�1X

AM 2tT2`BK2Mib- #QmM/�`B2b K�v #2 KBb�HB;M2/X Ai Bb rQ`i? K2MiBQMBM; i?2B` 2z2+ib QM i?2
/BbiBM+i iQTQHQ;B+�H T?�b2b �M/ i?2 `2bmHi�Mi �MBbQi`QTv Q7 i?2 MmK#2` Q7 �M/22p ~�i #�M/bX
h?2 `2H�iBQM Q7 i?2 MmK#2` Q7 ~�i #�M/b �M/

��N
�
kk
��� Bb �HbQ mb27mH 7Q` i?2 +�b2 Q7 2/;2 MQi

T�`�HH2H iQ (1, 0) �M/ Q` (0, 1) /B`2+iBQMX 6Q` BMbi�M+2- +QMbB/2` 2/;2b �HQM; (1, 1) /B`2+iBQM
�M/ /2MQi2 i?2 T�`�HH2H +QKTQM2Mi Q7 r�p2 p2+iQ` kkX 6B;m`2 jXRR U�V �M/ U#V b?Qr i?2 R.
rBM/BM; MmK#2`

��N
�
kk
��� �M/ i?2 iQTQHQ;B+�H +?�`;2 WL 7Q` i?2 +�b2 QTTQbBi2 bB;M T�B` �M/

b�K2 bB;M T�B` bi�i2- `2bT2+iBp2HvX 6Q` #Qi? +�b2b N
�
kk
�
= 0 7Q` �Mv kk- �M/ i?2`27Q`2- MQ

�M/`22p ~�i #�M/ �TT2�`X
6BM�HHv- r2 MQi2 i?�i QM2 b?QmH/ i�F2 BMiQ �++QmMi i?2 BMi2`�+iBQM 2z2+ib 7Q` i?2 #QmM/

bi�i2bX Ai ?�b #22M TQBMi2/ Qmi i?�i i?2v �`2 bmb+2TiB#H2 iQ bm`7�+2 BMbi�#BHBiB2b /m2 iQ �
H�`;2 /2MbBiv Q7 bi�i2b BMi`BMbB+ iQ ~�i #�M/b (j8- dN)X h?2 KQbi HBF2Hv +�M/B/�i2 Bb 2/;2 72`@
`QK�;M2iBbK- r?B+? bTBib i?2 ~�i #�M/b (dN)X am+? � bm`7�+2 BMbi�#BHBiv Bb b22M BM imMM2HBM;
bT2+i`Qb+QTv 2tT2`BK2Mib BM i?2 +mT`�i2 bmT2`+QM/m+iQ` u"�2*m3P7- �M/ i?2 x2`Q@#B�b +QM@
/m+i�M+2 T2�F bTHBi #2HQr i?2 2/;2 i`�MbBiBQM i2KT2`�im`2- �TT`QtBK�i2Hv 0.1Tc (3y)X q2
H2�p2 i?2 bim/v Q7 TQbbB#H2 2/;2 BMbi�#BHBiB2b iQ 7mim`2 rQ`FX



*?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3 9R

6B;m`2 jXRR, a+?2K�iB+ TB+im`2b Q7 i?2 `2H�iBQM #2ir22M WL UH27iV �M/ N(kk) U`B;?iV BM +�b2
Q7 U�V QTTQbBi2 bB;M T�B` �M/ U#V b�K2 bB;M T�B` bi�i2bX q2 +QMbB/2` i?2 2/;2b `mMMBM; �HQM;
(1, 1) /B`2+iBQMX _2/ �M/ #Hm2 TQBMib BM/B+�i2 WL = +2 �M/ �2- `2bT2+iBp2HvX

jX9 1z2+ib Q7 BM@TH�M2 w22K�M }2H/
� `2+2Mi bim/v b?Qrb BM@TH�M2 w22K�M }2H/ BM/m+2b ;�TH2bb bmT2`+QM/m+iBpBiv rBi? � T�`iB�H
62`KB bm`7�+2 BM irQ@/BK2MbBQM�H bTBM@Q`#Bi@+QmTH2/ 2H2+i`QM bvbi2Kb (3R)X JQiBp�i2/ #v i?Bb
bim/v �M/ BM Q`/2` iQ Q#i�BM KQ`2 BM7Q`K�iBQM �#Qmi i?2 ;�T MQ/2b- r2 2t�KBM2 i?2 2z2+i
Q7 BM@TH�M2 w22K�M }2H/X h?2 w22K�M }2H/ bTHBib i?2 #�M/ �M/ #`2�Fb i?2 iBK2@`2p2`b�H
bvKK2i`vX >2`2- r2 �bbmK2 i?2 w22K�M }2H/ �TTHB2/ iQ i?2 x@/B`2+iBQM- i?2 +Q``2bTQM/BM;
>�KBHiQMB�M Bb H

x
Z
= �hx�z⌧0�xX

AM Q`/2` iQ mM/2`bi�M/ r?2M ;�T MQ/2b �`Bb2- r2 2t�KBM2 i?2 2M2`;v /BbT2`bBQM �HQM; i?2
MQ/�H /B`2+iBQM kx = 0 �M/ ky = 0X h?2 [m�bBT�`iB+H2 /BbT2`bBQMb 7Q` TQbBiBp2 2M2`;v �`2

E±(k) =

����
q
✏0 (k)

2 +�2
z ±

q
�x (k)

2 + h2x

���� (for k = (kx, 0)) UjXkRV

r?2`2 2�+? E±(k) p�Hm2 Bb /Qm#Hv /2;2M2`�i2 �M/

E±±(k) =

����
q
✏
2
0
(k) +�2

z ± �y (k)± hx

���� (for k = (0, ky)) . UjXkkV

*QMb2[m2MiHv- MQ/2b �TT2�` QM i?2 kx �tBb 7Q`
p
�2x + h2x > �z �M/ QM i?2 kx �tBb 7Q`

|�y|+ |hx| > �0X Ai Bb rQ`i? TQBMiBM; Qmi i?�i i?2 MQ/2b +�M �TT2�` 2p2M r?2M i?2 bTBM@Q`#Bi



9k *?�Ti2` jX LQ/�H iQTQHQ;v Q7 bmT2`+QM/m+iBM; KQMQH�v2` 62a2 QM a`hBP3

+QmTHBM; Bb r2�FX >Qr2p2`- bBM+2 i?2 >�KBHiQMB�M /Q2b MQi #2HQM; iQ i?2 bvKK2i`v +H�bb
.AAA- r2 +�MMQi �TTHv i?2 �M�HvbBb Q7 a2+iBQM jXj �M/ i?2B` MQ/2b �`2 MQi +?�`�+i2`Bx2/ #v
kZ BMp�`B�Mi 1[X UjXRRVX AM i?Bb b2+iBQM- r2 ;Bp2 i?2 iQTQHQ;B+�H +?�`;2b 7Q` bm+? MQ/2bX

6B;m`2 jXRk b?Qrb i?2 HBM2 �M/ TQBMib MQ/2b r?2M i?2 BM@TH�M2 }2H/ Bb �TTHB2/X S�M@
2Hb U�V@U+V �`2 i?2 +�b2 Q7 r2�F bTBM@Q`#Bi +QmTHBM;- vso = 12 K2o ³X AM i?Bb +�b2- bi`QM;
BM@TH�M2 w22K�M }2H/ hx 2tT�M/b MQ/�H HBM2bX PM+2 i?2 2tT�M/2/ MQ/�H HBM2b iQm+? 2�+?
Qi?2`- MQ/�H TQBMib �TT2�` QM i?2 kx �tBb US�M2H U#VVX 6B;m`2 jXRj b?Qrb i?�i i?2 [m�bBT�`iB@
+H2 /BbT2`bBQMb �HQM; i?2 ky �M/ kx �tBb BM i?2 +�b2 Q7 6B; jXRkU#VX ai`QM;2` }2H/ �MMB?BH�i2b
i?2 MQ/�H TQBMib #v iQm+?BM; i?2 MQ/�H HBM2b US�M2H U+VVX S�M2Hb U/V@U7V �`2 i?2 +�b2 Q7 bi`QM;
bTBM@Q`#Bi +QmTHBM;- vso = 80 K2o ³X �b r2 K2MiBQM2/ BM i?2 T`2pBQmb b2+iBQM- i?2 bi`QM;
bTBM@Q`#Bi +QmTHBM; K�F2b i?2 MQ/�H TQBMibX PM+2 BM@TH�M2 w22K�M }2H/ hx Bb �TTHB2/- i?2
MQ/�H TQBMib QM i?2 ky �tBb �`2 BM~�i2/ �M/ 7Q`K i?2 MQ/�H HBM2b US�M2H U/VVX >Qr2p2`- i?2
MQ/�H TQBMib BM kx �tBb biBHH `2K�BM mMiBH i?2 MQ/�H HBM2b iQm+? 2�+? Qi?2` BM kx �tBb US�M2H U7VVX

G2i mb /Bb+mbb i?2b2 MQ/�H HBM2b �M/ TQBMib 7`QK pB2rTQBMi Q7 bvKK2i`vX h?2 >�KBHiQMB�M
?�b �MQi?2` bvKK2i`v `2H�i2/ iQ i?2 bT�iB�H BMp2`bBQMX q2 /2}M2 i?2 BMp2`bBQM QT2`�iQ` I �b
I = �0⌧z�0- �M/ i?2M

IH(k)I�1 = H(�k). UjXkjV

h?2 BMp2`bBQM QT2`�iQ` I Bb mMBi�`v �M/ I
2 = 1X AM i?2 T`2b2M+2 Q7 i?2 BMp2`bBQM bvKK2i`v-

i?2 �w Y I +H�bbB}+�iBQM (je) +�M #2 �TTHB2/ Ua22 �HbQ a2+iBQM kXkXjVX q2 /Bb+mbb i?2 HBM2
�M/ TQBMi MQ/2b #�b2/ QM i?Bb +H�bbB}+�iBQMX

Z2 HBM2 +?�`;2

q2 b?Qr i?�i i?2 HBM2 MQ/2b +�M #2 +?�`�+i2`Bx2/ #v � Z2 BMp�`B�Mi (jd-jN)X *QK#BMBM; rBi?
C �M/ I-

(CI)H(k) (CI)�1 = �H(k). UjXk9V

�M/ (CI)2 = +1X PM2 +�M }M/ � mMBi�`v QT2`�iQ` ⌦ r?B+? i`�Mb7Q`Kb H(k) �b �MiB@bvKK2i`B+
K�i`BtX .2}M2 UCI ⌘ UCUI = �x⌧z�0 r?2`2 UC = �x⌧0�0 �M/ UI = �0⌧z�0- �M/ i?2M-

UCIH(k)TU †
CI = �H(k). UjXk8V

"2+�Qmb2 UCI Bb `2�H bvKK2i`B+- Bi +�M #2 /B�;QM�HBx2/ �b

UCI = Q⇤QT
, UjXkeV

r?2`2 Q Bb � mMBi�`v K�i`Bt �M/ ⇤ = diag (�1, · · · ,�8) rBi? |�j | = 1 7Q` �HH jǶbX AMb2`iBM;
i?Bb BMiQ �#Qp2-

Q⇤QT
H(k)TQ⇤⇤†

Q
† = �H(k). UjXkdV

aBM+2 ⇤ Bb /B�;QM�H- Bib b[m�`2 `QQi +�M #2 /2}M2/-
p
⇤ = diag (

p
�1, · · · ,

p
�8) �M/ Bi Bb 2�bv

iQ b?Qr i?2 7QHHQrBM; `2H�iBQM-
⇣p
⇤
†
Q

†
H(k)Q

p

⇤
⌘T

= �

p

⇤
†
Q

†
H(k)Q

p

⇤. UjXk3V
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- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

6B;m`2 jXRk, GBM2 �M/ TQBMib MQ/2b rBi? p�`vBM; BM@TH�M2 }2H/ hxX h?2 bQHB/ HBM2b `2T`2b2Mi
HBM2 MQ/2bX h?2 `2/ TQBMib BM U#V- U/V �M/ U2V `2T`2b2Mi TQbBiBQM Q7 MQ/�H TQBMibX aTBM@Q`#Bi
+QmTHBM; Bb U�@+V vso =Rk (K2o ³) �M/ U/@7V 3y (K2o ³)X

0.190 0.195 0.200 0.205 0.210
- 1.0

- 0.5

0.0

0.5

1.0

- 0.10 - 0.05 0.00 0.05 0.10
- 1.0

- 0.5

0.0

0.5

1.0

- 0.10 - 0.05 0.00 0.05 0.10
- 1.0

- 0.5

0.0

0.5

1.0

6B;m`2 jXRj, 1M2`;v /BbT2`bBQM �HQM; i?2 ky �tBb �i kx = k
i
x U�V �M/ k

o
x U#V �M/ �HQM; i?2 kx

�tBb �i ky = 0 U+VX LQi2 i?�i i?2`2 �`2 /Qm#Hv /2;2M2`�i2 �HQM; i?2 kx �tBb �M/ |E| ⇡ 20
7Q` i?2 Qi?2` 7Qm` #�M/bX h?2 T�`�K2i2`b �`2 vso = 12 (K2o ³) �M/ hx = 11 (K2o) b�K2 �b
6B; jXRkU#VX
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0

0

- 0.2 - 0.1 0.0 0.1 0.2

- 0.2

- 0.1

0.0

0.1

0.2

kx

k y

kx

ky

6B;m`2 jXR9, Z2 BMp�`B�Mi 7Q` U�V HBM2 �M/ U#V TQBMi MQ/2bX U�V h?2 `2;BQM Q7 P (k) < 0X U#V
S?�b2b U#Hm2 �M/ `2/ HBM2bV Q7 i?2 2B;2Mp�Hm2b Q̃ (k) BM 1[X UjX9RV �HQM; i?2 +QMiQm` L Ub?QrM
BM U+VV 2M+B`+HBM; � MQ/2bX 1�+? +QHQ` HBM2 Bb T�B` Q7 i?2 2B;2Mp�Hm2bX h?2 #Hm2 U`2/V HBM2b
BM/B+�i2 i?2 T`2b2M+2 Q7 � MQMi`BpB�H Ui`BpB�HV iQTQHQ;B+�H +?�`;2X h?2 T�`�K2i2`b �`2 vso = 12
(K2o ³) �M/ hx = 11 (K2o) b�K2 �b 6B; jXRkU#VX

>2M+2- �M �MiB@bvKK2i`B+ K�i`Bt Bb ;Bp2M #v H̃(k) = ⌦†
H(k)⌦ r?2`2 i?2 mMBi�`v QT2`�iQ`

⌦ = Q
p
⇤X 6Q` 2�+? HBM2 MQ/2- r2 +�M /2}M2 � Z2 BMp�`B�Mi (�1)l rBi? i?2 bB;M Q7 S7�{�M

P (k) = sgn
h
Pf H̃(k)

i
-

(�1)l = P (k�)P (k+), UjXkNV

r?2`2 k+ (k�) Bb KQK2Mi� BMbB/2 UQmibB/2V Q7 HBM2 MQ/2bX 6B;m`2 jXR9U�V b?Qrb i?2 `2;BQM Q7
P (k) < 0X h?2`27Q`2- 2�+? HBM2 MQ/2 ?�b Z2 BMp�`B�Mi (�1) BM i?Bb +�b2X

Z2 TQBMi +?�`;2

L2ti- r2 b?Qr i?�i i?2 TQBMi MQ/2b �`2 �HbQ +?�`�+i2`Bx2/ #v � Z2 BMp�`B�Mi (je- jN)X 1p2M
r?2M BM@TH�M2 w22K�M }2H/ Bb �TTHB2/- QM2 +�M /2}M2 i?2 Tb2m/Q@iBK2@`2p2`b�H QT2`�iQ` �b
T̃ = MzTIX >2`2 Mz = �z⌧z (i�z) Bb i?2 KB``Q` QT2`�iQ`- �M/ �+ib �b

MzH(k)M�1

z = H(k). UjXjyV

h?2M- i?2 Tb2m/Q@iBK2@`2p2`b�H QT2`�iQ` T̃ = �z⌧0 (i�x)K �+ib �b

T̃H(k)T̃�1 = H(k). UjXjRV

LQiB+2 i?�i i?Bb Tb2m/Q@iBK2@`2p2`b�H QT2`�iQ` T̃ /Q2b MQi HBMF i?2 KQK2MimK k iQ �k �M/
BKTQb2 � HQ+�H +QMbi`�BMi BM k bT�+2X aBM+2 T̃

2 = +1 �M/ (CI)2 = +1- i?Bb >�KBHiQMB�M
#2HQM;b iQ i?2 bvKK2i`v +H�bb ".A BM �w Y I +H�bbB}+�iBQM (je) �M/ � iQTQHQ;B+�H +?�`;2 Bb
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/2}M2/ �b � Z2 BMp�`B�MiX q?BH2 QM2 +�M /2}M2 i?2 b2+QM/ +?B`�H QT2`�iQ` S̃ = �iT̃CI �M/ �
`2H�i2/ Z BMp�`B�Mi rBM/BM; MmK#2` �b BM 1[X UjXRRV- i?Bb Z@BMp�`B�Mi rBM/BM; MmK#2` Bb x2`Q
BM i?Bb +�b2X h?Bb Bb #2+�mb2 +H�bb ".A BM �w Y I +H�bbB}+�iBQM ?�b QMHv Z2 BMp�`B�Mib Ua22
h�#H2 kX9XV

q2 MQr b?Qr i?�i i?2 TQBMi MQ/2b BM i?2 BM@TH�M2 w22K�M }2H/ ?�p2 � MQMi`BpB�H Z2

BMp�`B�MiX aBM+2 H(k) �MiB+QKKmi2b rBi? S̃- Bi Bb r`Bii2M BM i?2 7Q`K Q7 1[X UjXNV rBi? i?2
Qz@/B�;QM�H #HQ+F

q̃(k) = ✏0 (k) ⌧0�0 + �xy (k) ⌧z�0 + �x (k) ⌧x�y + �y (k) ⌧x�x � hx⌧0�x

+i (�d (k) ⌧z +�z (k) ⌧0)�z. UjXjkV

Ai Bb BMbi`m+iBp2 iQ /2}M2 i?2 +Q``2bTQM/BM; ~�i #�M/ >�KBHiQMB�M (d) 7QHHQrBM; _27X (j8)X h?2
>�KBHiQMB�M H(k) Bb /B�;QM�HBx2/ �b


0 q̃(k)

q̃
†(k) 0

� 
�
±
i (k)
⌘
±
i (k)

�
= ±�i (k)


�
±
i (k)
⌘
±
i (k)

�
, UjXjjV

r?2`2 i(= 1, 2, 3, 4) Bb i?2 BM/2t Q7 2B;2Mp�Hm2b bm+? i?�i 0  �1  �2  �3  �4X JmHiBTHvBM;
1[X UjXjjV #v H(k) QM2 KQ`2 iBK2- r2 Q#i�BM � T�B` Q7 9@/BK2MbBQM�H 2B;2Mp�Hm2 2[m�iBQMb

q̃(k)q̃†(k)�±
i (k) = �

2

i (k)�
±
i (k), UjXj9V

q̃
†(k)q̃(k)⌘±i (k) = �

2

i (k)⌘
±
i (k) UjXj8V

h?2`27Q`2- i?2 2B;2M7mM+iBQMb
⇥
�
±
i (k), ⌘

±
i (k)

⇤
Bb Q#i�BM2/ 7`QK i?2 2B;2Mp2+iQ`b Q7 q̃(k)q̃†(k)

Q` q̃
†(k)q̃(k),

q̃(k)q̃†(k)ui(k) = �
2

i (k)ui(k), UjXjeV
q̃
†(k)q̃(k)vi(k) = �

2

i (k)vi(k). UjXjdV

h?2 2B;2Mp2+iQ`b {ui(k)} �M/ {vi(k)} �`2 MQ`K�HBx2/X PM2 +�M 2�bBHv +?2+F i?�i {vi(k)} �`2
Q#i�BM2/ 7`QK

vi(k) =
1

�i
q̃
†(k)ui(k). UjXj3V

>2M+2- i?2 2B;2M7mM+iBQMb
⇥
�
±
i (k), ⌘

±
i (k)

⇤
�`2


�
±
i (k)
⌘
±
i (k)

�
=

1
p
2


ui(k)
±vi(k)

�
=

1
p
2


ui(k)

±q̃
†(k)ui(k)/�i

�
. UjXjNV

L2ti- r2 /2}M2 i?2 ~�i #�M/ >�KBHiQMB�M �b Q(k) = 1�2P (k) rBi? i?2 T`QD2+iQ` P (k) QMiQ
i?2 }HH2/ "HQ+? bi�i2b (d)-

Q(k) =
X

i


0 ui(k)v

†
i (k)

vi(k)ui(k)† 0

�
=
X

i

"
0 ui(k)u

†
i (k)

q̃(k)
�i(k)

q̃†(k)
�i(k)

ui(k)ui(k)† 0

#
UjX9yV

h?2`27Q`2- Bi Bb �;�BM `2T`2b2Mi2/ BM i?2 7Q`K Q7 1[X UjXNV �M/ i?2 Qz@/B�;QM�H #HQ+F Q7 Q(k)
`2�/b

Q̃(k) =
X

i

1

�i(k)
ui(k)u

†
i (k)q̃(k). UjX9RV
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�M/ i?Bb 4⇥ 4 K�i`Bt Bb MQi ?2`KBiB�MX
h?2 iQTQHQ;B+�H +?�`;2 Q7 i?2 TQBMi MQ/2b BM i?2 +H�bb ".A Bb /2i2`KBM2/ #v i`�+FBM;

i?2 2B;2Mp�Hm2b Q7 Q̃(k) (je)X h?2 2B;2Mp�Hm2b Q7 Q̃(k) �`2 irQ +QKTH2t +QMDm;�i2 T�B`b
±e

i↵ �M/ i?2B` T?�b2b ↵ K�v ?�p2 � MQMi`BpB�H rBM/BM; �HQM; i?2 +QMiQm` L 2M+B`+HBM; �
MQ/2X 6B;m`2 jXR9U#V b?Qrb i?�i T?�b2b Q7 irQ T�B`b Q7 i?2 2B;2Mp�Hm2b Q7 Q̃(k) �`QmM/ �
MQ/�H TQBMi BM +�b2 Q7 vso = 12 K2o ³ �M/ hx = 11 K2o- r?2`2 QM2 MQ/�H TQBMi 2tBbib
QM TQbBiBp2 kx �tBb Ub22 6B;X jXRkU#VVX h?2 T?�b2b Q7 QM2 T�B` TQBMi iQm+? �⇡ Q` ⇡ �M/
i?Bb BM/B+�i2b � MQMi`BpB�H rBM/BM; �`QmM/ LX AM ;2M2`�H Qm` 2B;?i@#�M/ KQ/2H UBM+Hm/BM;
T�`iB+H2@?QH2 bT�+2V- i?Bb rBM/BM; MmK#2` +QMb2`p2b QMHv Bib T�`Biv bBM+2 i?2 T�B` Q7 ±⇡

+`QbbBM;b Bb �HHQr2/ iQ �MMB?BH�i2 (je)X h?2`27Q`2- i?2 MQ/�H TQBMi ?�b i?Bb Z2 iQTQHQ;B+�H
+?�`;2X (Z2 topological charge) = (�1)N⇡ r?2`2 N⇡ Bb i?2 MmK#2` Q7 ⇡ iQm+?BM; TQBMibX
LQiB+2 i?�i i?2 MQ/�H TQBMi +�M #2 BM~�i2/ �M/ Kmi�i2 BMiQ � Z2 HBM2 MQ/2 #v iBHiBM; w22K�M
}2H/X h?2 HBM2 MQ/2 BM?2`Bib � Z2 iQTQHQ;B+�H +?�`;2 Q7 i?2 MQ/�H TQBMiX

6BM�HHv- r2 `2K�`F i?�i i?2 MQ/�H TQBMib Q`B;BM�iBM; 7`QK bi`QM; bTBM@Q`#Bi +QmTHBM;
rBi?Qmi w22K�M }2H/ ?�p2 irQ ivT2b Q7 iQTQHQ;B+�H +?�`;2b, Z iQTQHQ;B+�H +?�`;2b /2}M2/ BM
1[X UjXRRV �M/ MQMi`BpB�H Z2 +?�`;2 /2}M2/ 7`QK i?2 2B;2Mp�Hm2b Q7 Q̃(k)X

jX8 *QM+HmbBQM
q2 ?�p2 /Bb+mbb2/ BM i?Bb +?�Ti2` i?2 ;�T MQ/2b BM KQMQH�v2` 62a2 QM a`hBP3 bm#bi`�i2 7`QK
� iQTQHQ;B+�H T2`bT2+iBp2X q2 ?�p2 2KTHQv2/ i?2 2z2+iBp2 irQ@Q`#Bi�H KQ/2H r?B+? BM+Hm/2b
irQ ivT2b Q7 bmT2`+QM/m+iBM; T�B`BM;, Q`#Bi�HHv i`BpB�H rBi? mbm�H d@r�p2 �MBbQi`QTv �M/
Q`#Bi�HHv MQMi`BpB�H BbQi`QTB+ QM2X qBi? i?Bb KQ/2H- r2 ?�p2 2t�KBM2/ i?2 2pQHmiBQM rBi?
BM+`2�bBM; bTBM@Q`#Bi +QmTHBM; 7`QK i?2 2tT2`BK2Mi�HHv Q#b2`p2/ MQ/2H2bb bi�i2 iQ � MQ/�H
bi�i2 7`QK � pB2rTQBMi Q7 iQTQHQ;vX q2 ?�p2 b?QrM i?�i i?Bb 2pQHmiBQM /2T2M/b bi`QM;Hv QM
i?2 Q`#Bi�H /2;`22b Q7 7`22/QK BM *QQT2` T�B`bX Pm` rQ`F ?B;?HB;?ib i?2 �MMB?BH�iBQM Q7 ;�T
MQ/2b /m2 iQ bTBM@Q`#Bi +QmTHBM; �M/ /2KQMbi`�i2b i?�i i?2 MQ/�H +?�`;2 Bb T`Qi2+i2/ #v �
+?B`�H bvKK2i`vX

A7 i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM; Bb +QMi`QHH2/ iQ #2 bm{+B2MiHv bi`QM; #v mbBM; /Bz2`2Mi
bm#bi`�i2b Q` +�``B2`b /QTBM; 7Q` 2t�KTH2 rBi? h2- MQ/�H TQBMib �TT2�` rBi? +�``vBM; 2Z
iQTQHQ;B+�H +?�`;2bX q2 ?�p2 7QmM/ i?�i i?2 KQK2MimK@bT�+2 /Bbi`B#miBQM Q7 i?2 iQTQHQ;B+�H
+?�`;2b /2T2M/b bi`QM;Hv QM i?2 Q`#Bi�H +?�`�+i2` Q7 i?2 T�B`BM; �b b?QrM BM 6B;X jXdX q?2M
i?2 Q`#Bi�HHv i`BpB�H T�B`BM; Bb /QKBM�Mi- i?2 �/D�+2Mi T�B` Q7 MQ/�H TQBMib 2�+? �tBb ?�p2
iQTQHQ;B+�H +?�`;2b rBi? i?2 b�K2 bB;M Ub�K2 bB;M T�B` bi�i2VX PM i?2 Qi?2` ?�M/- r?2M
i?2 Q`#Bi�HHv MQMi`BpB�H T�B`BM; Bb /QKBM�Mi- i?2B` iQTQHQ;B+�H +?�`;2b ?�p2 QTTQbBi2 bB;Mb
UQTTQbBi2 bB;M T�B` bi�i2VX AM i?2 H�ii2` +�b2- i?2 MQ/�H TQBMib +�M K2`;2 �M/ �`2 �MMB?BH�i2/
/B`2+iHv rBi? /2+`2�bBM; BMi2`#�M/ bTBM@Q`#Bi +QmTHBM;- #2+�mb2 i?2v ?�p2 QTTQbBi2 iQTQHQ;B+�H
+?�`;2bX >Qr2p2`- BM i?2 +�b2 Q7 b�K2 bB;M T�B` bi�i2b- MQ/�H TQBMib +�MMQi �MMB?BH�i2 /B`2+iHvX
q2 ?�p2 7QmM/ i?�i i?Bb �MMB?BH�iBQM Q++m`b i?`Qm;? �M BMpQHp2/ K2+?�MBbKX �b i?2 BMi2`#�M/
bTBM@Q`#Bi +QmTHBM; /2+`2�b2b- irQ MQ/�H TQBMib �`2 +`2�i2/ M2�` i?2 QH/ MQ/�H TQBMiX �b i?2
bTBM@Q`#Bi +QmTHBM; 7m`i?2` /2+`2�b2b- QM2 MQ/�H TQBMi bi�vb r?BH2 irQ MQ/�H TQBMib KQp2
Qz i?2 kx@ Q` ky@�tBbX qBi? /2+`2�bBM; i?2 bTBM@Q`#Bi +QmTHBM;- i?2v +QMiBMm2 iQ KQp2 �M/
�MMB?BH�i2 BM T�B`b rBi? Qi?2` MQ/2b ?�pBM; KQp2/ 7`QK �MQi?2` /B`2+iBQMX h?2 MQ/�H TQBMib
rBi? i?2 MQMi`BpB�H iQTQHQ;B+�H +?�`;2b BKTHv i?2 2tBbi2M+2 Q7 �M/`22p #�M/ bi�i2b i?�i �`2
/BbT2`bBQMH2bb BM i?2 /B`2+iBQM T�`�HH2H iQ � b�KTH2 2/;2X q2 ?�p2 b?QrM i?�i �M/`22p ~�i
#�M/ bT2+i`� /Bz2` #2ir22M i?2 +�b2b Q7 b�K2 bB;M �M/ QTTQbBi2 bB;M T�B` bi�i2X
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q2 �HbQ +QMbB/2`2/ w22K�M +QmTHBM; iQ 2t�KBM2 i?2 2z2+ib Q7 #`QF2M iBK2@`2p2`b�H bvK@
K2i`vX AM i?Bb +�b2- r2 ?�p2 7QmM/ i?�i HBM2 �M/ TQBMi MQ/2b +�M �TT2�` 2p2M r?2M i?2
bTBM@Q`#Bi +QmTHBM; Bb r2�FX q2 ?�p2 /Bb+mbb2/ i?2b2 MQ/2b 7`QK pB2rTQBMi Q7 bvKK2i`v �M/
7QmM/ i?�i i?2v �`2 iQTQHQ;B+�HHv T`Qi2+i2/ #v � Z2 BMp�`B�MiX
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*?�Ti2` 9

"Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3

JmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b rBi? 2p2M@T�`Biv �M/ #`QF2M iBK2@`2p2`b�H bvKK2i`v K�v ?�p2
� 62`KB bm`7�+2 Q7 "Q;QHBm#Qp [m�bBT�`iB+H2b �i x2`Q 2M2`;v- r?B+? r2 +�HH "Q;QHBm#Qp 62`KB
bm`7�+2X "Q;QHBm#Qp 62`KB bm`7�+2 Bb iQTQHQ;B+�HHv T`Qi2+i2/ �M/ r2 �TTHv i?Bb B/2� iQ ?2�pv@
72`KBQM bmT2`+QM/m+iQ` lSi3X qBi? bvKK2i`v +QMbB/2`�iBQM- r2 T`QTQb2 i?2 T�`BM; Q7 KBt@
im`2 Q7 bTBM@bBM;H2i d@r�p2- bTBM@i`BTH2i BM@TH�M2 p@ �M/ Qmi@Q7@TH�M2 f @r�p2b i?�i #2HQM; iQ
i?2 irQ@/BK2MbBQM�H `2T`2b2Mi�iBQM E1g BM i?2 TQBMi ;`QmT D6hX q2 b?Qr i?�i � }MBi2 BM@
TH�M2 p@r�p2 T�B`BM; �KTHBim/2 ;Bp2b `Bb2 iQ i?2 "Q;QHBm#Qp 62`KB bm`7�+2b �M/ }MBi2 /2MbBiv
Q7 bi�i2b �i x2`Q 2M2`;vX q2 7m`i?2` +�H+mH�i2 i?2 i2KT2`�im`2 /2T2M/2M+2 Q7 i?2`K�H +QM/m+@
iBpBiv  #v mbBM; i?2 "QHixK�MM i?2Q`v rBi? `2H�t�iBQM iBK2 �TT`QtBK�iBQM �M/ b?Qr i?�i i?2
"Q;QHBm#Qp 62`KB bm`7�+2b 2tTH�BM 7Q` i?2 }MBi2 /T �M/ �MBbQi`QTv Q7 i?2`K�H +QM/m+iBpBiv
Q#b2`p2/ �`QmM/ T = 0X

9XR AMi`Q/m+iBQM
9XRXR JmHiB+QKTQM2Mi bmT2`+QM/m+iQ` lSi3
h?2 m`�MBmK bmT2`+QM/m+iQ` lSi3 ?�b �ii`�+i2/ �ii2MiBQM Qp2` KQ`2 i?�M irQ /2+�/2b /m2
iQ Bib KmHiBTH2 bmT2`+QM/m+iBM; T?�b2b (3k)X 1tT2`BK2Mi�H /�i� Q7 bT2+B}+ ?2�i (3jĜ38) �M/
mHi`�bQMB+ p2HQ+Biv (3e) bmTTQ`i i?�i i?2 i2KT2`�im`2 �M/ K�;M2iB+ }2H/ T?�b2 /B�;`�K ?�b
i?`22 bmT2`+QM/m+iBM; T?�b2b- �- "- �M/ * �b b?QrM BM 6B;m`2 9XRU�VX Ai Bb #2HB2p2/ (3d)
i?�i � r2�F �MiB72``QK�;M2iB+ Q`/2` #2HQr TN = 5 E (33ĜNy) bTHBib i?2 i`�MbBiBQM BMiQ irQ-
T
+
c ⇠ 550 KE �M/ T

�
c ⇠ 480 KEX h?2 * T?�b2 Bb bi�#H2 mM/2` ?B;? K�;M2iB+ }2H/ �i HQr

i2KT2`�im`2bX
h?2 T�B`BM; bvKK2i`v BM lSi3 Bb biBHH mM/2` ?Qi /2#�i2 (3k)X Ai Bb #2HB2p2/ i?�i i?2

bvKK2i`v #2HQM;b iQ 2Bi?2` QM2@ Q` irQ@/BK2MbBQM�H B``2/m+B#H2 `2T`2b2Mi�iBQM Q7 i?2 TQBMi
;`QmT D6h bBM+2 i?Bb Bb i?2 `2H2p�Mi TQBMi ;`QmT Q7 i?2 bT�+2 ;`QmT P63/mmc Q7 i?2 +`vbi�H
bi`m+im`2X h?2 KmHiBTH2 bmT2`+QM/m+iBM; T?�b2b BM/B+�i2 i?�i i?2 Q`/2` T�`�K2i2`b #2HQM;
iQ � irQ@/BK2MbBQM�H `2T`2b2Mi�iBQM (⌘1, ⌘2), E1g Q` E2g U2p2M@T�`BivV Q` E1u Q` E2u UQ//@
T�`BivVX G2i mb +?QQb2 i?2 #�b2b bm+? i?�i (⌘1, ⌘2) / (1, 0) BM i?2 � T?�b2 �M/ / (0, 1) BM
i?2 * T?�b2 (3k)X h?2 r2�F �MiB72``QK�;M2iB+ Q`/2` rBi? KQ/mH�iBQM p2+iQ` Q = (1/2, 0, 0)
HQr2`b i?2 +`vbi�H bvKK2i`v 7`QK ?2t�;QM�H iQ Q`i?Q`?QK#B+ UD2hV- �M/ `2/m+2b i?2 irQ@
/BK2MbBQM�H `2T`2b2Mi�iBQM Q7 i?2 TQBMi ;`QmT D6h iQ irQ QM2@/BK2MbBQM�H `2T`2b2Mi�iBQMbX
h?2 i`�MbBiBQM i2KT2`�im`2 bTHBib BMiQ irQ �b � +QMb2[m2M+2 (Nk- Nj)X JmQM bTBM `Qi�iBQM@

9N



8y *?�Ti2` 9X "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3

Normal インターネット公表に関する同意が
得られなかったため非公表

6B;m`2 9XR, U�V a+?2K�iB+ T?�b2 /B�;`�K Q7 lSi3 BM i?2 bT�+2 Q7 i2KT2`�im`2 �M/ K�;M2iB+
}2H/ (3k)X U#V J2�bm`2K2Mi Q7 E2`` 2z2+i (9y)X E2`` �M;H2 U`2/- H27i �tBbV �M/ i?2 `2�H T�`i Q7
i?2 Kmim�H BM/m+i�M+2 U#Hm2- `B;?i �tBbV �`2 THQii2/ �b � 7mM+iBQM Q7 i2KT2`�im`2X h?2 bQHB/

HBM2 Bb � ;mB/2 iQ i?2 2v2 Q7 i?2 TQH�` E2`` �M;H2 ✓K /

rh
1�

�
T
+
c /Tc

�2i h
1�

�
T
�
c /Tc

�2i 7Q`
T < T

�
c ' TKerX ✓K Bb T`QTQ`iBQM�H iQ i?2 b[m�`2 Q7 i?2 T`Q/m+i Q7 i?2 `2�H �M/ BK�;BM�`v

+QKTQM2Mib Q7 i?2 Q`/2` T�`�K2i2` (NR)X

`2H�t�iBQM (N9- N8) �M/ TQH�` E2`` 2z2+i 2tT2`BK2Mib (9y) b?Qr i?�i i?2 " T?�b2 #`2�Fb i?2
iBK2@`2p2`b�H bvKK2i`vX h?Bb BM/B+�i2b � +?B`�H T�B`BM; bvKK2i`v- (⌘1, ⌘2) / (1, i⌘) rBi?
`2�H ⌘X 6B;m`2 9XRU#V b?Qrb i?2 `2bmHi Q7 TQH�` E2`` 2z2+i (9y)X h?2 TQH�` E2`` �M;H2 ✓K Bb
T`QTQ`iBQM�H iQ i?2 b[m�`2 Q7 i?2 T`Q/m+i Q7 i?2 `2�H �M/ BK�;BM�`v +QKTQM2Mib Q7 i?2 Q`/2`
T�`�K2i2` (NR)X

h?2 ;�T MQ/2b bi`m+im`2 Q7 lSi3 ?�b #22M bim/B2/ #v i?2`K�H +QM/m+iBpBiv (Ne-Nd)- LJ_
1/T1 (N3)- bT2+B}+ ?2�i (38- NN)- T2M2i`�iBQM /2Ti? (Ryy- RyR)X h�#H2 9XR HBbib i?2 TQr2`@H�r
i2KT2`�im`2 /2T2M/2M+2b Q7 p�`BQmb [m�MiBiB2b BM i?2 HQr@i2KT2`�im`2 `2;BK2 T`2/B+i2/ 7Q`
TQH�` �M/ �tB�H ivT2 ;�T 7mM+iBQMbX h?2b2 `2bmHib BKTHv i?�i i?2 ;�T bi`m+im`2 Q7 lSi3 Bb
?v#`B/ (Ryk)- BX2X- i?2 +Q2tBbi2M+2 Q7 HBM2 �M/ TQBMi MQ/2bX h?2 }`bi T`QTQb�H Q7 ?v#`B/ ;�T
7mM+iBQM Bb E1g `2T`2b2Mi�iBQM #v SmiBFF� �M/ CQvMi (Ryj) �M/ H�i2` #v b2p2`�H �mi?Q`b (Nk-
Nj-Ry9)X Aib bTBM T�`i Bb bBM;H2i �M/ Bib Q`#Bi�H T�`i Bb d@r�p2, {kzkx, kykz}- i?2 ;�T ?�b � HBM2
MQ/2 BM i?2 #�b�H TH�M2 �M/ TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2b Q7 i?2 62`KB bm`7�+2 BM
i?2 MQ`K�H@bi�i2X h?Bb Bb +QMbBbi2Mi rBi? i?2 Q#b2`p2/ TQr2`@H�r i2KT2`�im`2 /2T2M/2M+2b
7Q` p�`BQmb [m�MiBiB2b BM i?2 HQr@i2KT2`�im`2 `2;BK2X >Qr2p2`- i?Bb E1g ;�T 7mM+iBQM Bb
BM+QKT�iB#H2 rBi? i?2 `2bmHi Q7 i?2 Mm+H2�` K�;M2iB+ `2H�t�iBQM ULJ_V EMB;?i b?B7i (Ry8)-
r?B+? BKTHB2b bTBM@i`BTH2i T�B`BM;X �MQi?2` TH�mbB#H2 +�M/B/�i2 Bb E2u `2T`2b2Mi�iBQM (RyeĜ
RyN)X Ai Bb bTBM@i`BTH2i T�B`BM; �M/ i?2 d p2+iQ` TQBMib �HQM; i?2 c �tBbX h?Bb 2tTH�BMb i?2
�MBbQi`QTv BM i?2 i2KT2`�im`2 /2T2M/2M+2 Q7 mTT2` +`BiB+�H }2H/ Hc2 (RRy-RRR)X Aib Q`#Bi�H T�`i
Bb f @r�p2,

�
kz
�
k
2
x � k

2
y

�
, 2kxkykz

 
- i?2 ;�T �HbQ ?�b � HBM2 MQ/2 BM i?2 #�b�H TH�M2 �M/ i?2

TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2bX h?Bb bi�i2 ?�b i?2 d p2+iQ` TQBMiBM; �HQM; i?2 c �tBb
/m2 iQ bi`QM; bTBM@Q`#Bi +QmTHBM; �M/ +�M 2tTH�BM i?2 �MBbQi`QTv Q7 Hc2 (RRy-RRR)X >Qr2p2`-
i?Bb E2u `2T`2b2Mi�iBQM Bb �HbQ BM+QKT�iB#H2 rBi? i?2 `2bmHi Q7 EMB;?i b?B7i (Ry8)- r?B+?
BKTHB2b i?�i i?2 d p2+iQ` ?�b irQ bTBM /B`2+iBQMbX _2+2Mi }2H/@Q`B2Mi�iBQM /2T2M/2Mi i?2`K�H



*?�Ti2` 9X "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3 8R

h�#H2 9XR, h2KT2`�im`2 /2T2M/2M+2b Q7 p�`BQmb [m�MiBiB2b �i HQr i2KT2`�im`2b BM lSi3- �M/
T`2/B+iBQM 7Q` TQH�` �M/ �tB�H ivT2 ;�T 7mM+iBQMbX

lSi3
SQH�` �tB�H
�0kz �0 (kx + iky)

h?2`K�H +QM/m+iBpBiv  (Ne- Nd) T
2

T
2

T
3

(30 mK < T )

LJ_ 1/T1 (N3) T
3

T
3

T
5

(100 mK < T )

aT2+B}+ ?2�i C (38- NN) T
2

T
2

T
3

(80 mK < T < 300 mK)
S2M2i`�iBQM /2Ti? ?: T ?: T ?: T 4

�
�2 (T )� �

�2 (0) (Ryy-RyR) k: T 2
k: T 3

k: T 2

+QM/m+iBpBiv 2tT2`BK2Mib (RRk-RRj) BM/B+�i2 �MQi?2` TQbbB#BHBiv- E1u `2T`2b2Mi�iBQM (RR9)X Aib
Q`#Bi�H T�`i Bb �MQi?2` f @r�p2,

�
kx
�
5k2z � 1

�
, ky

�
5k2z � 1

� 
- �M/ i?Bb T`2/B+ib � p2`iB+�H HBM2

MQ/2 BM #Qi? � �M/ * T?�b2b- �M/ irQ ?Q`BxQMi�H HBM2b MQ/2b BM #Qi? " �M/ * T?�b2bX
h?2 bTBM T�`i Q7 i?2 E1u `2T`2b2Mi�iBQM ?�b irQ +�M/B/�i2b 7Q` i?2 " T?�b2- TH�M�` bi�i2
(ŷkx + ẑky)

�
5k2z � 1

�
�M/ +?B`�H bi�i2 ẑ (kx + iky)

�
5k2z � 1

�
X Ai /2T2M/b QM r?2i?2` i?2 bTBM@

Q`#Bi +QmTHBM; Bb bi`QM; Q` MQiX h?2 TH�M2` bi�i2 Bb +QKT�iB#H2 rBi? i?2 `2bmHi Q7 EMB;?i
b?B7i (Ry8) bBM+2 i?2 d p2+iQ` +�M +?�M;2 Bib Q`B2Mi�iBQM #v K�;M2iB+ }2H/X PM i?2 Qi?2`
?�M/- BM i?2 +?B`�H bi�i2- i?2 d p2+iQ` Bb TBMM2/ iQ �HQM; i?2 c �tBb /m2 iQ bi`QM; bTBM@Q`#Bi
+QmTHBM;- �M/ i?Bb 2tTH�BMb i?2 �MBbQi`QTv Q7 Hc2 (RRy-RRR)X >Qr2p2`- i?2 }2H/@�M;H2 p�`B�iBQM
Q7 i?2 bT2+B}+ ?2�i 2tT2`BK2Mi (RR8) /B/ MQi Q#b2`p2 �Mv BM@TH�M2 �M;mH�` Qb+BHH�iBQM BM �Mv
T?�b2- r?BH2 �HH i?2 +�M/B/�i2 ;�T 7mM+iBQMb E1g- E1u- �M/ E2u #`2�Fb i?2 BM@TH�M2 `Qi�iBQM
bvKK2i`vX h�#H2 9Xk bmKK�`Bx2b +�M/B/�i2 ;�T 7mM+iBQMb BM i?2 " T?�b2X

�Hi?Qm;? b2p2`�H 2tT2`BK2Mib ?�p2 Q#b2`p2/ HBM2 MQ/2@HBF2 #2?�pBQ`b- "HQmMiǶb i?2Q@
`2K (RRe) BKTHB2b i?2 �#b2M+2 Q7 HBM2 MQ/2b BM i?2 bTBM@i`BTH2i irQ@/BK2MbBQM�H `2T`2b2Mi�iBQMb
bBM+2 i?2 HBM2 MQ/2b �`2 mMbi�#H2 �;�BMbi T2`im`#�iBQMb r?B+? T`2b2`p2 i?2 bvKK2i`v Q7 i?2
bvbi2KX _2+2MiHv- u�M�b2 �/QTi2/ � ;2M2`B+ Q`/2` T�`�K2i2` BM i?2 E2u `2T`2b2Mi�iBQM i�F@
BM; �++QmMi Q7 MQMbvKKQ`T?B+ +`vbi�H bvKK2i`v Q7 lSi3 �M/ b?Qr2/ i?�i �i KQbi N3 TQBMi
MQ/2b (9R)X

9XRXk h?2`K�H +QM/m+iBpBiv

amT2`+QM/m+iQ`b �`2 T2`72+i +QM/m+iQ`b Q7 2H2+i`QMB+ +m``2Mi #mi TQQ` +QM/m+iQ`b Q7 ?2�i
+m``2MiX AM 7�+i- i?2 +QMp2MiBQM�H bmT2`+QM/m+iQ`b �`2 7mHHv ;�TT2/ �M/ i?2B` i?2`K�H +QM@
/m+iBpBiv /BpB/2/ #v i2KT2`�im`2 /T rBi? �TT`Q�+?BM; x2`Q i2KT2`�im`2 /m2 iQ MQ i?2`K�HHv
2t+Bi2/ [m�bBT�`iB+H2b (RRd)X >Qr2p2`- i?2 bBim�iBQM Bb /Bz2`2Mi BM mM+QMp2MiBQM�H bmT2`+QM@
/m+iQ`b rBi? MQ/�H ;�TbX h?2 MQMx2`Q [m�bBT�`iB+H2 /2MbBiv Q7 bi�i2b Bb BM/m+2/ #v BKTm`BiB2b
�M/ i?Bb T`Q/m+2b � }MBi2 `2bB/m�H /T 2p2M �i T = 0 (RR3)X h?2 `2bB/m�H /T �i T = 0 r?B+?
Bb +�HH2/ mMBp2`b�H i`�MbTQ`i Bb i?2Q`2iB+�HHv TQBMi2/ Qmi }`bi #v S�i`B+F G22 (RRN)

lim
T!0

 (T )

T
=
⇡
2
kB

3
NF v

2

F
a~

2µ�0

, U9XRV
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h�#H2 9Xk, *�M/B/�i2 ;�T 7mM+iBQMb BM i?2 " T?�b2X �HH i?2 +�M/B/�i2 ;�T 7mM+iBQMb ?�p2
?Q`BxQMi�H HBM2 MQ/2b �M/ TQBMi MQ/2bX

+?B`�H E1g TH�M�` E1u +?B`�H E1u +?B`�H E2u

kz (kx + iky) (ŷkx + ẑky)
�
5k2z � 1

�
ẑ (kx + iky)

�
5k2z � 1

�
ẑkz (kx + iky)

2

JmHiB@+QKTQM2Mi d p2+iQ` (Ry8) LQ u2b LQ LQ

�MBbQi`QTv Q7 Hc2 (RRy-RRR) LQ \ u2b u2b

"`2�FBM; Q7 iBK2@`2p2`b�H u2b LQ u2b u2bbvKK2i`v (9y-N9-N8)
6B2H/@Q`B2Mi�iBQM /2T2M/2Mi u2b u2b u2b LQi?2`K�H +QM/m+iBpBiv (RRk-RRj)
6B2H/@�M;H2 /2T2M/2M+2 Q7 LQ LQ LQ LQi?2 bT2+B}+ ?2�i (RR8)

r?2`2 NF �M/ vF �`2 i?2 /2MbBiv Q7 bi�i2b �M/ i?2 p2HQ+Biv �i i?2 62`KB H2p2H- `2bT2+iBp2HvX a

Bb � +Q2{+B2Mi Q7 i?2 Q`/2` Q7 mMBiv r?B+? /2T2M/b QM i?2 iQTQHQ;v Q7 i?2 ;�T MQ/2 (RR3)X �0

Bb i?2 Bb i?2 K�tBKmK �KTHBim/2 Q7 i?2 bmT2`+QM/m+iBM; ;�T �M/ i?2 T�`�K2i2` µ Bb K2�bm`2/
7`QK i?2 bHQT2 Q7 i?2 ;�T �i MQ/2- �M/ i?Bb Bb ;Bp2M #v µ ⌘

1

�0

@�(�)
@� r?2`2 � Bb i?2 BM@TH�M2

�M;H2 Q7 i?2 r�p2 p2+iQ` QM +B`+mH�` 62`KB bm`7�+2X h?2 mMBp2`b�H i`�MbTQ`i Bb BM/2T2M/2Mi Q7
BKTm`Biv +QM+2Mi`�iBQM #2+�mb2 [m�bBT�`iB+H2 /2MbBiv �M/ b+�ii2`BM; `�i2 #Qi? BM+`2�b2 �M/
+�M+2H 2�+? Qi?2` �b BKTm`Biv +QM+2Mi`�iBQM BM+`2�b2bX AM/22/- i?Bb mMBp2`b�H #2?�pBQ` r�b
p2`B}2/ BM i?2 d@r�p2 bmT2`+QM/m+iQ` u"�2*m3P7 (Rky) �M/ p@r�p2 a`2_mP4 (RkR)X

h?2 i?2`K�H +QM/m+iBpBiv BM lSi3 r�b K2�bm`2/ #v b2p2`�H ;`QmTb �M/ Bib �MBbQi`QTv r�b
}`bi bim/B2/ #v GmbbB2` 2i �HX (Ne- Nd)X h?2`K�H +QM/m+iBpBiv ?�b i?2 /Bb�/p�Mi�;2 i?�i Bi Bb
/B{+mHi iQ b2T�`�i2 T?QMQM +QMi`B#miBQMb r?B+? �`2 /QKBM�Mi BM +QMp2MiBQM�H bmT2`+QM/m+@
iQ`bX >Qr2p2`- 7Q` ?B;?@[m�HBiv +`vbi�H lSi3- T?QMQM +QMi`B#miBQM ph iQ i?2 iQi�H i?2`K�H
+QM/m+iBpBiv  = e+ph +�M #2 B;MQ`2/ BM HQr i2KT2`�im`2bX AM/22/- ph Bb 2biBK�i2/ 7`QK
i?2 qB2/2K�MM@6`�Mx H�r (RR3) i?�i bi�i2b i?2 2H2+i`QM +QMi`B#miBQM iQ i?2 i?2`K�H +QM/m+@
iBpBiv e �M/ i?2 2H2+i`B+�H `2bBbiBpBiv ⇢ ?�p2 L0 = e⇢/T - r?2`2 +QMbi�Mi L0 Bb i?2 GQ`2Mx
MmK#2`X AM 7�+i- L(T ) = ⇢/T = 0.99L0 �i T = 0.1 E- i?Bb BKTHB2b  Bb KQbiHv 2H2+i`QMB+
#2HQr 0.1 E BM jh U�#Qp2 Hc2(0)V BM i?2 MQ`K�H bi�i2 (Ne)X

6B;m`2 9Xk U�V b?Qrb i?2 i2KT2`�im`2 /2T2M/2M+2 Q7 i?2`K�H +QM/m+iBpBiv �HQM; c@�tBb
c/T (RRj)X .�i� �i p2`v HQr i2KT2`�im`2b #2HQr jy KE BKTHB2b i?�i � }MBi2 p�Hm2 Q7 c/T Bb
2tT2+i2/ �i T = 0 �M/ i?Bb BM/B+�i2b � }MBi2 /2MbBiv Q7 bi�i2b Q7 [m�bBT�`iB+H2b �i x2`Q 2M2`;vX
PM2 2tT2+ib i?Bb c/T �;`22b rBi? i?2 mMBp2`b�H i`�MbTQ`i #mi Bi Bb �#Qmi 10 iBK2b bK�HH2`
i?�M i?2 T`2/B+iBQM (3k)X aBM+2 i?2 +`vbi�H bi`m+im`2 Bb MQi +m#B+ #mi ?2t�;QM�H- i?2 i?2`K�H
+QM/m+iBpBiv ?�b �MBbQi`QTvX 6B;m`2 9Xk U#V b?Qrb �MBbQi`QTv c/bX h?2 mbm�H E1g bi�i2 ?�b
TQBMi MQ/2b BM i?2 MQ`i? �M/ bQmi? TQH2b �M/ � HBM2 MQ/2 BM i?2 #�b�H TH�M2X A7 BKTm`Biv
2z2+ib �`2 B;MQ`2/- QM2 2tT2+ib i?�i i?Bb `�iBQ c/b p�MBb?2b �i T = 0X h?Bb Bb #2+�mb2
c Bb /QKBM�i2/ #v TQBMi MQ/2b rBi? HBM2�` /BbT2`bBQM +Q``2bTQM/BM; iQ /2MbBiv Q7 bi�i2b
⇠ !

2- r?BH2 b Bb /QKBM�i2/ #v HBM2 MQ/2 rBi? HBM2�` /BbT2`bBQM +Q``2bTQM/BM; iQ /2MbBiv Q7
bi�i2b ⇠ ! Ua22 �HbQ h�#H2 kXR BM *?�Ti2` kVX >Qr2p2`- �b b?QrM BM 6B;m`2 9Xk U#V- i?2 `�iBQ
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c
/

bインターネット公表に関する同意が
得られなかったため非公表

6B;m`2 9Xk, U�V h2KT2`�im`2 /2T2M/2M+2 Q7 i?2`K�H +QM/m+iBpBiv �HQM; c@�tBb c/T (RRj)X U#V
h2KT2`�im`2 /2T2M/2M+2 Q7 i?2 `�iBQ Q7 c@�tBb iQ BM@TH�M2 i?2`K�H +QM/m+iBpBiv c/b (Nd)X

�TT`Q�+?2b � }MBi2 p�Hm2 �i HQr2` i2KT2`�im`2bX
6BM�HHv- r2 +QKK2Mi QM i?2 Qi?2` 2tT2`BK2Mib iQ /2i2`KBM2 i?2 bvKK2i`v Q7 i?2 ;�TX

h?2 LJ_ `2H�t�iBQM `�i2 1/T1 p�`B2b BM T`QTQ`iBQM iQ T
3 �i HQr i2KT2`�im`2b (N3) Ua22

6B;X 9XjU�VVX h?Bb #2?�pBQ` BM/B+�i2b i?2 T`2b2M+2 Q7 i?2 HBM2 MQ/2b �M/ i?Bb Bb +QMbBbi2Mi
rBi? i?2`K�H +QM/m+iBpBiv �#Qp2 Ryy KEX h?2 2tT2`BK2Mib ?�p2 MQi v2i #22M T2`7Q`K2/ �i
p2`v HQr i2KT2`�im`2 #2HQr jy KE r?2`2 i?2 ;�TH2bb #2?�pBQ` Bb 2tT2+i2/X aT2+B}+ ?2�i Bb
�MQi?2` TQr2`7mH iQQH iQ p2`B7v i?2 MQ/�H bi`m+im`2 Q7 i?2 bmT2`+QM/m+iBM; ;�TX h?2`2 Bb MQ
TQr2` Q` �M mMmbm�H /2T2M/2M+2 BM C(T )/T �i HQr i2KT2`�im`2b #2HQr 0.1 K (38- NN)X Ua22
6B;X 9XjU#VV aQK2 ;`QmTb TQBMi2/ Qmi i?�i Bi Bb `2H�i2/ iQ �M �MiB72``QK�;M2iB+ HQM;@`�M;2
Q`/2`BM; (NN-Rkk)X

9Xk 1z2+iBp2 KQ/2H

AM i?Bb b2+iBQM- r2 BMi`Q/m+2 � KQ/2H i?�i /2b+`B#2b i?2 2H2+i`QMB+ bi`m+im`2 BM i?2 MQ`K�H@
bi�i2 Q7 lSi3 �M/ /2}M2 bQK2 bvKK2i`v QT2`�iQ`bX Zm�MimK Qb+BHH�iBQM K2�bm`2K2Mib
+QK#BM2/ rBi? #�M/ bi`m+im`2 +�H+mH�iBQMb (RkjĜRk8) b?Qr i?�i i?2`2 Bb � T�B` Q7 62`KB
bm`7�+2b +2Mi2`2/ �i i?2 A@TQBMi- i?`22 �i i?2 �@TQBMi �M/ irQ �i i?2 K@TQBMi BM lSi3X
>Qr2p2`- bBM+2 bK�HH 62`KB bm`7�+2b 2M+HQbBM; i?2 K@TQBMi ;Bp2 � bK�HH /2MbBiv Q7 bi�i2b-
i?2B` +QMi`B#miBQM K�v #2 � KBMQ` �M/ r2 B;MQ`2 i?2KX

h?2 bT�+2 ;`QmT Q7 lSi3 Bb P63/mmc- r?B+? Bb � MQMbvKKQ`T?B+ bi`m+im`2 Ua22 6B;X 9X9V
�M/ i?2 +Q``2bTQM/BM; TQBMi ;`QmT Bb D6hX aBM+2 i?Bb bT�+2 ;`QmT Bb MQMbvKKQ`T?B+- bQK2
bvKK2i`v QT2`�iBQMb �`2 i?2 +QK#BM�iBQM Q7 TQBMi ;`QmT QT2`�iBQMb �M/ i`�MbH�iBQMbX aQK2
Q7 i?2 TQBMi ;`QmTb ?�p2 iQ #2 +QK#BM2/ rBi? i`BpB�H i`�MbH�iBQMb iQ K�T i?2 +`vbi�H QMiQ
Bib2H7- rBi? ;2M2`�iBM; TQBMi ;`QmT BbQKQ`T?B+ iQ D6hX

q2 bi�`i 7`QK i?2 KQ/2H BMi`Q/m+2/ BM _27X (9RĜ9j) 7Q` /2b+`B#BM; i?2 MQ`K�H@bi�i2 2H2+@
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インターネット公表に関する同意が
得られなかったため非公表

6B;m`2 9Xj, U�V h2KT2`�im`2 /2T2M/2M+2 Q7 i?2 LJ_ `2H�t�iBQM `�i2 1/T1 (N3)X U#V h2KT2`@
�im`2 /2T2M/2M+2 Q7 i?2 bT2+B}+ ?2�i (3k)X h?2 Q`B;BM�H /�i� Bb 7`QK _27X (38)X

i`QMB+ bi`m+im`2 lSi3-

H (k) = ⇠k⌧0�0 +
✏k

2
⌧+�0 +

✏
⇤
k

2
⌧��0 + gk · �⌧z U9XkV

r?2`2 S�mHB K�i`B+2b ⌧i (�i) /2b+`B#2 irQ bm#H�iiB+2 UbTBMV /2;`22b Q7 7`22/QK- ⌧± = (⌧x ± i⌧y)-
�M/ i?2 BMi`�bm#H�iiB+2 ?QTTBM; �M/ +?2KB+�H TQi2MiB�H-

⇠k = 2t
3X

i=1

cos
�
kk · ei

�
+ 2tz cos kz � µ, U9XjV

�M/ i?2 BMi`�bm#H�iiB+2 ?QTBM;-

✏k = 2t0 cos
kz

2

3X

i=1

e
ikk·ri , U9X9V

�M/ bvKK2i`v �HHQrb E�M2@J2H2 ivT2 bTBM@Q`#Bi +QmTHBM;-

gk = ↵ẑ

3X

i=1

sin
�
kk · ei

�
, U9X8V

r?2`2 kk = (kx, ky, 0)- ei = (cos�i, sin�i, 0) rBi? �i = (i� 1) 2⇡/3- ri =
�
cos�0i/

p
3, sin�0i/

p
3, 1/2

�

rBi? �0i = (i� 1) 2⇡/3+⇡/6 �M/ i = 1, 2, 3X q2 /BpB/2 lSi3 BMiQ irQ bm#H�iiB+2b- M�K2Hv 2p2M
�M/ Q// H�v2`b BM Q`/2` iQ i`2�i i?�i l`�MBmK BQMb 7Q`K �M �"@bi�+FBM; Q7 i`B�M;mH�` H�iiB+2bX
h?2 +`vbi�H bi`m+im`2 Q7 lSi3 Bb BHHmbi`�i2/ BM 6B;X 9X9X h?2 B``2/m+B#H2 `2T`2b2Mi�iBQMb Q7
S�mHB K�i`B+2b ⌧i �`2 bmKK�`Bx2/ BM h�#H2 9XjX
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6B;m`2 9X9, U�V *`vbi�H bi`m+im`2 Q7 lSi3X l`�MBmK BQMb 7Q`K � �"@bi�+FBM; Q7 i`B�M;mH�`
H�iiB+2bX o2+iQ`b eiǶb �M/ riǶb- �`2 b?QrM #v �``QrbX U#V i?2 "`BHHQmBM xQM2X

h�#H2 9Xj, A``2/m+B#H2 `2T`2b2Mi�iBQM Q7 bm#H�iiB+2 K�i`B+2bX
bm#H�iiB+2 bBM;H2i bm#H�iiB+2 i`BTH2i

A1g � ⌧0, ⌧x

B2u ⌧y ⌧z

h?2 >�KBHiQMB�M U9XkV Bb T�`�K2i2`Bx2/ #v i?2 b2i Q7 }p2 T�`�K2i2`b (t, tz, t0,↵, µ)X LQr
r2 i�F2 BM@TH�M2 ?QTTBM; t �b 2M2`;v mMBiX �b K2MiBQM2/ �#Qp2- r2 +QMbB/2` 62`KB bm`@
7�+2b �`QmM/ i?2 �@ �M/ A@TQBMiX Ua22 �HbQ 6B;X 9X9U#VV q?2M r2 +?Qb2 (t, tz, t0,↵, µ) =
(1, 4, 1, 0, 16)- i?Bb KQ/2H `2T`Q/m+2b irQ /2;2M2`�i2 bT?2`B+�H 62`KB bm`7�+2b �`QmM/ �@TQBMi
�b b?QrM BM 6B;m`2 9X8U�VX PM i?2 Qi?2` ?�M/- �MQi?2` b2i Q7 T�`�K2i2`b (t, tz, t0,↵, µ) =
(1, 4, 1, 2, 12) `2T`Q/m+2b irQ 62`KB bm`7�+2b �`QmM/ i?2 A@TQBMi U6B;m`2 9X8U#VVX

G2i mb MQr /Bb+mbb i?2 bvKK2i`B2b Q7 i?2 >�KBHiQMB�M U9XkVX h?2 iBK2@`2p2`b�H QT2`�iQ`
T Bb ;Bp2M #v T = K⌧0 (i�y) �M/ K Bb +QKTH2t +QMDm;�i2 QT2`�iQ`- r?B+? �+ib �b

TH (k)T�1 = H (�k) . U9XeV

h?2 bT�iB�H BMp2`bBQM QT2`�iQ` P Bb /2}M2/ #v P = ⌧x�0 �M/ i?Bb �+ib

PH (k)P�1 = H (�k) . U9XdV

h?2`2 Bb �MQi?2` bvKK2i`v `2H�i2/ iQ i?2 T�`iB+H2@?QH2 i`�Mb7Q`K�iBQMX G2i mb /2}M2 i?2
T�`iB+H2@?QH2 +QMDm;�i2 QT2`�iQ` C Bb ;Bp2M #v C = K�x⌧0�0- r?B+? �+ib �b

CH (k)C�1 = �H (�k) , U9X3V

r?2`2 S�mHB K�i`B+2b �i /2b+`B#2 i?2 T�`iB+H2@?QH2 /2;`22 Q7 7`22/QKX
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6B;m`2 9X8, 62`KB bm`7�+2b Q7 MQ`K�H bi�i2b lSi3 �`QmM/ U�V �@TQBMi 7Q` (t, tz, t0,↵, µ) =
(1, 4, 1, 0, 16) �M/ U#V A@TQBMi 7Q` (t, tz, t0,↵, µ) = (1,�4, 1, 2, 12)X

9Xj E1g T�B`BM; bi�i2
9XjXR avKK2i`v +QMbB/2`�iBQM
aQ 7�`- K�Mv `2b2�`+?2`b ?�p2 +QMbB/2`2/ i?2 T�B`BM; rBi? E2u �bbmKBM; i?�i i?2 ;�T 7mM+iBQM
?�b Q//@T�`Biv �M/ Bi Bb bTBM@i`BTH2iX _2+2MiHv- u�M�b2 bim/B2/ � M2r ivT2 Q7 E2u bi�i2b
BM MQMbvKKQ`T?B+ bvbi2Kb �M/ i?2v BM+Hm/2 bTBM@bBM;H2i d@r�p2- bTBM@i`BTH2i p@ �M/ f @r�p2
T�B`BM;b (9R)X Ai Bb rQ`i?r?BH2 iQ 2t�KBM2 i?2 Qi?2` irQ@/BK2MbBQM�H `2T`2b2Mi�iBQMb E1g- E2g-
�M/ E2u �b +�M/B/�i2b 7Q` i?2 ;�T bvKK2i`vX �b K2MiBQM2/ BM a2+iBQM kXj- B7 iBK2@`2p2`b�H
bvKK2i`v Bb #`QF2M BM �M 2p2M@T�`Biv bmT2`+QM/m+iBM; bi�i2- QM2 2tT2+ib i?2 2K2`;2M+2 Q7
i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX 6Q` i?Bb TQbbB#BHBiv- E1u �M/ E2u bi�i2b �`2 2t+Hm/2/ bBM+2
i?2v ?�p2 Q//@T�`BivX q2 �HbQ 2t+Hm/2 �M E2g bi�i2 #2+�mb2 HBM2 MQ/2b BM i?2 #�b�H TH�M2 �`2
MQi 2tT2+i2/ i?2`2X h?2`27Q`2- r2 +QMbB/2` QMHv E1g T�B`BM; bi�i2 �M/ bim/v i?Bb +�b2 BM i?2
7QHHQrBM; b2+iBQMbX

6Q` irQ@Q`#Bi�H bmT2`+QM/m+iQ`b- i?2 ;�T 7mM+iBQM Bb ;2M2`�HHv r`Bii2M �b

� (k) =
X

i=0,x,y,z

[ i (k) + di (k) · �] (i�y)⌦ ⌧i, U9XNV

r?2`2 �j �M/ ⌧i QT2`�i2 BM bTBM �M/ Q`#Bi�H bT�+2b- `2bT2+iBp2HvX �b b?QrM BM h�#H2 9Xj- i?2
QT2`�iQ`b ⌧iǶb ?�p2 i?2 bvKK2i`v Q7 A1g Q` B2uX h?2 ;�T 7mM+iBQM rBi? E1g T�B`BM; bi�i2
Bb +QMbi`m+i2/ #v UBV E1g = E1g ⌦ A1g �M/ UBBV E1g = E2u ⌦ B2uX q2 MQi2 i?�i i?2 S�mHB
T`BM+BTH2 `2bi`B+ib TQbbB#H2 T�B`BM; +QM/BiBQMX h?Bb +QM/BiBQM Bb ;Bp2M #v T�`Biv Q7 k- r?2i?2`
bTBM@bBM;H2i Q` @i`BTH2i �M/ r?2i?2` bm#H�iiB+2@bBM;H2i Q` i`BTH2iX h�#H2 9X9 b?Qrb bB;M Q7 T�`Biv
Q7 k- bTBM- �M/ bm#H�iiB+2 iQ /2i2`KBM2 r?2i?2` i?2 S�mHB T`BM+BTH2 rQ`Fb Q` /Q2b MQiX h?2
S�mHB T`BM+BTH2 `2[mB`2b- i?2 T`Q/m+ib Q7 k- �M/ bTBM- �M/ bm#H�iiB+2 b?QmH/ #2 KBMmbX
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h�#H2 9X9, aB;M Q7 k- bTBM �M/ bm#H�iiB+2X h?2 S�mHB T`BM+BTH2 `2[mB`2b i?2 T`Q/m+ib Q7 k- �M/
bTBM- �M/ bm#H�iiB+2 b?QmH/ #2 KBMmbX

bB;M k bTBM bm#H�iiB+2
@ Q// �0UbBM;H2iV ⌧y UbBM;H2iV
Y 2p2M �x,�y,�z Ui`BTH2iV ⌧0, ⌧x, ⌧z Ui`BTH2iV

E1g bTBM@bBM;H2i T�B`BM;

q2 /Bb+mbb bTBM@bBM;H2i T�B`BM; #2HQM;BM; iQ E1g `2T`2b2Mi�iBQMX UBV q2 +QMbB/2` i?2 bBKTH2
+�b2 Q7 E1g = E1g ⌦A1gX AM i?Bb +�b2- i?2 T�B`BM; bi�i2 Bb k 2p2M 7Q` bTBM@bBM;H2i �M/ r2 mb2
i?2 bm#H�iiB+2 T�`i- ⌧0 �M/ ⌧x ?�p2 A1g bvKK2i`vX q2 }M/ i?2 T�B`BM;b �`2 i?2 7QHHQrBM;b,

{dyz (k)�0⌧x, dzx (k)�0⌧x} U9XRyV
{dyz (k)�0⌧0, dzx (k)�0⌧0} U9XRRV

UBBV h?2 b2+QM/ +?QB+2 Bb i?2 +�b2 Q7 E1g = E2u ⌦ B2uX h?2 T�B`BM; bi�i2 Bb k Q// 7Q` bTBM@
bBM;H2i �M/ i?2 S�mHB T`BM+BTH2 `2[mB`2b iQ mb2 bm#H�iiB+2 K�i`Bt ⌧y QMHv �b B2uX >Qr2p2`- ⌧z
/Q2b MQi ?�p2 i?2 T`QT2` bBM; 7Q` i?2 S�mHB T`BM+BTH2X �b � `2bmHi- E1g = E2u ⌦ B2u T�B`BM;
Bb i?2 7QHHQrBM;,

�
fz(x2�y2) (k)�0⌧y, fxyz (k)�0⌧y

 
. U9XRkV

E1g bTBM@i`BTH2i T�B`BM;

�b b�K2 �b bTBM@bBM;H2i +�b2- r2 +QMbi`m+i bTBM@i`BTH2i T�B`BM; #2HQM;BM; iQ E1g `2T`2b2Mi�iBQMX
UBV q2 +QMbB/2` bBKTHv i?2 +�b2 Q7 E1g = E1g ⌦ A1g +Q``2bTQM/BM; iQ i?2 T�B`BM; bi�i2 Q7 k
2p2M �M/ bTBM@i`BTH2iX h?2 S�mHB T`BM+BTH2 `2[mB`2b ⌧y 7Q` bm#H�iiB+2 /2;`22 Q7 7`22/QK #mi
i?Bb #2HQM;b iQ B2uX *QMb2[m2MiHv- i?2 +?QB+2 Q7 E1g = E1g ⌦ A1g Bb MQi bmBi�#H2X UBBV q2
+QMbB/2` i?2 +�b2 Q7 E1g = E2u ⌦ B1uX h?2 T�B`BM; bi�i2 Bb k Q// �M/ bTBM@i`BTH2i �M/ i?2
S�mHB T`BM+BTH2 `2[mB`2b ⌧z 7Q` bm#H�iiB+2 /2;`22 Q7 7`22/QK �M/ i?Bb #2HQM;b iQ B2uX AM i?Bb
+�b2- i?2 T�B`BM; rBi? d k ẑ Bb

�
fz(x2�y2) (k)�z⌧z, fxyz (k)�z⌧z

 
, U9XRjV

�M/ 7Q` BM@TH�M2 d p2+iQ` (d ? ẑ) Bb

{px (k)�x⌧z � py (k)�y⌧z, px (k)�y⌧z + py (k)�x⌧z} . U9XR9V

9XjXk E1g KQ/2H
AM i?2 T`2pBQmb b2+iBQM- r2 2t�KBM2/ TQbbB#H2 E1g T�B`BM;b #�b2/ QM bvKK2i`vX AM ;2M2`�H-
i?2 KBtBM; Q7 p@- d@- �M/ f @r�p2 +QKTQM2Mib `2bmHi 7`QK K�Mv@#Q/v 2z2+i �M/ i?2 r2B;?i Q7
i?2b2 +QKTQM2Mib b?QmH/ #2 +�H+mH�i2/ 7`QK KB+`Qb+QTB+ i?2Q`B2bX AM i?Bb b2+iBQM- r2 +QMbB/2`
i?2 MQ`K�H@bi�i2 >�KBHiQMB�M BM 1[X U9XkV �M/ +QMbi`m+i ;�T 7mM+iBQM rBi? E1g bvKK2i`v #v
BMi`Q/m+BM; i?2 b?Q`i@`�M;2 *QQT2` T�B`b BX2X- BMi`� Q` BMi2`bm#H�iiB+2 UM2tiV M2�`2bi M2B;?#Q`
ULLV T�B`BM;bX h�FBM; i?2 BMi`�bm#H�iiB+2 M2ti M2�`2bi M2B;?#Q` T�B`BM; BMiQ +QMbB/2`�iBQM
Bb `2�bQM�#H2 #2+�mb2 Bb c/a = 0.85- r?2`2 i?2 H�iiB+2 +QMbi�Mib a = 5.764 ³ �M/ c =
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4.899 ³ (3k)X AM/22/- i?2 bTBM@bBM;H2i d@r�p2 T�B`BM; +�M #2 K�/2 7`QK BMi2`bm#H�iiB+2 T�B`BM;-
bTBM@i`BTH2i p@r�p2 Ud ? ẑV �M/ f @r�p2 T�B`BM; Ud k ẑV +�M #2 K�/2 7`QK BMi`�bm#H�iiB+2
T�B`BM;bX h?2`27Q`2- i?2 bTBM@bBM;H2i d@r�p2 T�`i {dzx (k) , dyz (k)} ⌧x�0i�y ?�b k@/2T2M/2M+2
�M/ 7Q`K2/ QM i?2 ri@#QM/b Ua22 6B;X 9X9U�VV �b

dzx (k) = sin
kz

2

X

i=1,2,3

rxi sin
�
kk · ri

�
= sin

kx

2
cos

ky

2
p
3
sin

kz

2
, U9XR8V

dyz (k) = sin
kz

2

X

i=1,2,3

ryi sin
�
kk · ri

�

=
1
p
3

✓
cos

kx

2
sin

ky

2
p
3
+ sin

ky
p
3

◆
sin

kz

2
. U9XReV

6Q` i?2 bTBM@i`BTH2i p@r�p2 T�B`BM; 1[X U9XRjV d k ẑ- i?2 7�+iQ`b �`2 7Q`K2/ rBi? ei@#QM/b �b

fz(x2�y2) (k) = sin kz
X

i=1,2,3

exi sin
�
kk · ei

�

=

 
cos kx � cos

kx

2
cos

p
3ky
2

!
sin kz, U9XRdV

fxyz (k) = sin kz
X

i=1,2,3

eyi sin
�
kk · ei

�
=

p

3 sin
kx

2
sin

p
3ky
2

sin kz. U9XR3V

r?BH2 7Q` i?2 +�b2 d ? ẑ U9XR9V-

px (k) =
X

i=1,2,3

exi sin
�
kk · ei

�
= sin kx + sin

kx

2
cos

p
3ky
2

, U9XRNV

py (k) =
X

i=1,2,3

eyi sin
�
kk · ei

�
=

p

3 cos
kx

2
sin

p
3ky
2

. U9XkyV

qBi? i?`22 +Q2{+B2Mib- Q`/2` T�`�K2i2` Q7 i?2 E1g bi�i2 Bb `2T`2b2Mi2/ �b
⇣
�̂1 (k) , �̂2 (k)

⌘

rBi?
�̂1 (k) =

⇥
�ddyz (k) ⌧x�0 +�ffz(x2�y2) (k) ⌧z�z

+�p (px (k)�x � py (k)�y) ⌧z] i�y, U9XkRV
�̂2 (k) = [�ddzx (k) ⌧x�0 +�ffxyz (k) ⌧z�z

+�p (px (k)�y + px (k)�y) ⌧z] i�y. U9XkkV
q2 MQi2 i?�i i?Bb E1g bi�i2 Bb bBKBH�` iQ i?2 E2u bi�i2 bim/B2/ BM _27bX (9RĜ9j)- /Bz2`BM;
BM i?2 bm#H�iiB+2 /2;`22b Q7 7`22/QKX h?Bb bi�i2 ?�b TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi?
TQH2b �M/ HBM2 MQ/2 �HQM; i?2 2[m�iQ` B7 �p = 0X AM i?Bb i?2bBb- r2 +QMbB/2` i?2 +�b2 Q7
|�p| ⌧ �d, �f - r?B+? Bb +QKT�iB#H2 rBi? i?2 2tT2`BK2Mib (Ry8) �M/ �bbmK2 �p- �d �M/ �f

�`2 `2�HX h?2`27Q`2- i?2 "/: >�KBHiQMB�M Bb

HBdG (k) =


H (k) � (k)
�† (k) �H

T (�k)

�
, U9XkjV

r?2`2
� (k) = ⌘1�̂1 (k) + ⌘2�̂2 (k) . U9Xk9V
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9X9 "Q;QHBm#Qp 62`KB bm`7�+2b BM E1g bi�i2
9X9XR "Q;QHBm#Qp 62`KB bm`7�+2b
AM i?Bb b2+iBQM- r2 /2}M2 i?2 Z2 BMp�`B�Mi 7Q` i?2 KQ/2H U9XkV 7QHHQrBM; _27X (jd) �M/ a2+@
iBQM kXjX q2 �HbQ }M/ i?2 }MBi2 p@r�p2 T�B`BM; �KTHBim/2 BM E1g bi�i2 `2T`Q/m+2b i?2 "Q;QHB@
m#Qp 62`KB bm`7�+2bX

q2 /2}M2 i?2 Z2 BMp�`B�Mi /2}M2/ #v i?2 bB;M Q7 � S7�{�MX h?2 >�KBHiQMB�M ?�b i?2
bvKK2i`v `2H�i2/ iQ i?2 +QK#BM�iBQM Q7 i?2 T�`iB+H2@?QH2 +QMDm;�i2 QT2`�iQ` C �M/ i?2 bT�iB�H
BMp2`bBQM QT2`�iQ` P - r2 Q#i�BM

(CP )HBdG (k) (CP )�1 = �HBdG (k) . U9Xk8V

"2+�mb2 (CP )2 = +1- QM2 +�M }M/ mMBi�`v QT2`�iQ` ⌦ i?�i i`�Mb7Q`Kb HBdG (k) �b �MiB@
bvKK2i`B+ K�i`BtX q2 /2}M2 UCP ⌘ UCP = �x⌧x�0 r?2`2 UC = �x⌧x�0 �M/ P = �0⌧x�0X
LQiB+2 C Bb �MiBmMBi�`v #mi UC Bb mMBi�`vX h?2M-

UCPHBdG (k)T U
†
CP = �HBdG (k) . U9XkeV

"2+�mb2 UCP Bb � bvKK2i`B+ K�i`Bt- Bi +�M #2 /B�;QM�HBx2/ �b

UCP = Q⇤QT
, U9XkdV

r?2`2 Q Bb � mMBi�`v K�i`Bt �M/ ⇤ Bb � /B�;QM�H K�i`Bt �M/ r2 MQi2 i?2 i`�MbTQb2/ K�i`Bt
Q

T UMQi Q
†VX AMb2`iBM; i?Bb BMiQ 1[X U9XkeV-

Q⇤QT
HBdG (k)T Q

⇤⇤†
Q

† = �HBdG (k) . U9Xk3V

aBM+2 ⇤ Bb � /B�;QM�H K�i`Bt- Bib b[m�`2 `QQi +�M #2 /2}M2/-
p
⇤ = diag

�p
�1,

p
�2, · · ·

�
2p2M

i?Qm;?
p
�iǶb �`2 +QKTH2tX .2}MBM; rBi? � mMBi�`v i`�Mb7Q`K�iBQM

p
⇤
†
Q

†
HBdG (k)Q

p
⇤ ⌘

H̃BdG (k)- Bi Bb 2�bv iQ b?Qr i?2 7QHHQrBM; `2H�iBQM-

H̃BdG (k)T = �H̃BdG (k) . U9XkNV

h?2`27Q`2- H̃BdG (k) Bb �M �MiB@bvKK2i`B+ K�i`BtX q2 +�M /2}M2 � Z2 BMp�`B�Mi �i 2�+? k
rBi? i?2 bB;M Q7 S7�{�M

P (k) = sgn
h
Pf H̃BdG (k)

i
, U9XjyV

�M/ Z2 [m�MiBiv 7Q` 2�+? "Q;QHBm#Qp 62`KB bm`7�+2 #v

(�1)l = P (k�)P (k+) . U9XjRV

>2`2- k+Uk�V Bb � KQK2MimK BMbB/2 UQmibB/2V Q7 "Q;QHBm#Qp 62`KB bm`7�+2bX
LQr r2 /Bb+mbb i?2 "Q;QHBm#Qp 62`KB bm`7�+2b �`QmM/ i?2 �@ �M/ i?2 A@TQBMi Q7 "wX

q2 +QMbB/2` i?2 +�b2 Q7 T�B`BM; � (k) = �̂1 + i⌘�̂2 rBi? `2�H ⌘ �M/ #�bBb 7mM+iBQMb U9XkRV
�M/ U9XkkV - r?B+? #`2�Fb i?2 iBK2@`2p2`b�H bvKK2i`vX aBM+2 i?2 `2bmHib /Q MQi +?�M;2
[m�HBi�iBp2Hv rBi? i?2 p�Hm2 Q7 ⌘- r2 +?Qb2 ⌘ = 1 7Q` bBKTHB+BivX LQi2 i?�i r2 mb2 /Bz2`2Mi
b2ib Q7 i?2 T�`�K2i2` (t, tz, t,↵, µ) iQ `2T`Q/m+2 MQ`K�H@bi�i2 62`KB bm`7�+2b M2�` i?2 �@ �M/
i?2 A@TQBMi Q7 "wX 6m`i?2`KQ`2- r2 +QMbB/2` i?2 2H2+i`QMB+ bi�i2b M2�` i?2 �@ �M/ i?2 A@TQBMi
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Q7 "w BM/2T2M/2MiHv �M/ B;MQ`2 BMi2`+QmTHBM; 2z2+ib �M/ i?2 /Bz2`2M+2 Q7 i?2 r2B;?i Q7 p@-
d@- �M/ f @r�p2 T�B`BM; �KTHBim/2b #2ir22M i?2 �@ �M/ i?2 A@TQBMi Q7 "wX

6Q` �`QmM/ i?2 �@TQBMi Q7 "w- BM i?2 +�b2 Q7 �p = 0- � (k) ?�b � ?Q`BxQMi�H HBM2 MQ/2 BM
i?2 kz = 0 �M/ irQ@TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2b Ukx = ky = 0VX q?2M�p 6= 0- r2
}M/ QM2 "Q;QHBm#Qp 62`KB bm`7�+2 rBi? MQMi`BpB�H Z2 BMp�`B�MiX h?2 HBM2 MQ/2 /Bb�TT2�`b #mi
irQ TQBMi MQ/2b �i i?2 MQ`i? �M/ bQmi? TQH2b T2`bBbiX 6B;m`2 9XeU�V BHHmbi`�i2b i?2 MQ`K�H@
bi�i2 62`KB bm`7�+2b Ui`�MbT�`2MiV �M/ i?2 `2;BQM Q7 P (k) < 0 UQ`�M;2V- �M/ i?2 bm`7�+2-
Q7 r?B+? Bb i?2 "Q;QHBm#Qp 62`KB bm`7�+2 rBi? MQMi`BpB�H Z2 BMp�`B�MiX h?2 T�`�K2i2`b �`2
�p = �d = �f = 0.4X h?Bb "Q;QHBm#Qp 62`KB bm`7�+2 7Q`Kb � i?BM iQ`mb HQ+�i2/ �`QmM/ i?2
Q`B;BM�H HBM2 MQ/2b �M/ +�M #22M mM/2`biQQ/ �b i?2 BM~�iBQM Q7 i?2 Q`B;BM�H ?Q`BxQMi�H HBM2
MQ/2bX q?2M �p BM+`2�b2b- i?2 "Q;QHBm#Qp 62`KB bm`7�+2 ;`Qrb �b b?QrM BM 6B;m`2 9XeU#VX

6Q` �`QmM/ i?2 A@TQBMi Q7 "w- i?2 T�B`BM; rBi? �p = 0 ?�b HBM2 MQ/2b i?�i 7Q`K bBt
`BM;b BM i?2 kz = ⇡ TH�M2 �M/ irQ@TQBMi MQ/2b �i kx = ky = 0 QM i?2 MQ`K�H@bi�i2 62`KB
bm`7�+2bX 6B;m`2 9XeU+V BHHmbi`�i2b i?2 MQ`K�H@bi�i2 62`KB bm`7�+2b Ui`�MbT�`2MiV �M/ i?2
`2;BQMb Q7 P (k) < 0 UQ`�M;2V �M/ i?2 bm`7�+2b- Q7 r?B+? �`2 i?2 "Q;QHBm#Qp 62`KB bm`7�+2b
rBi? MQMi`BpB�H Z2 BMp�`B�MiX h?2 T�`�K2i2`b �`2 �p = �d = �f = 0.1X h?2b2 "Q;QHBm#Qp
62`KB bm`7�+2b �`2 HQ+�i2/ �`QmM/ i?2 Q`B;BM�H bBt `BM;b Q7 HBM2 MQ/2b �M/ 7Q`K ?QHHQr bT?2`2@
rBb2bX PM2 K�v mM/2`bi�M/ i?�i �b i?2 Q`B;BM�H HBM2 MQ/2b �`2 BM~�i2/X q?2M �p BM+`2�b2b-
i?2 `2;BQMb Q7 P (k) < 0 2tT�M/2/ �b b?QrM BM 6B;m`2 9XeU/VX hrQ TQBMi MQ/2b �i i?2 MQ`i?
�M/ bQmi? TQH2b T2`bBbi 2p2M r?2M �p 6= 0X q2 MQi2 i?�i i?2`2 �`2 MQ "Q;QHBm#Qp 62`KB
bm`7�+2b BM bmT2`+QM/m+iBM; bi�i2b rBi? iBK2@`2p2`b�H bvKK2i`vX

h?2 ;�T MQ/2b �`QmM/ i?2 �@ �M/ i?2 A@TQBMi ?�b i?2 +QKKQM T`QT2`iB2b i?�i i?2 ?Q`B@
xQMi�H HBM2 MQ/2b BM~�i2 r?2M �p 6= 0 #mi i?2 TQBMi MQ/2b /Q MQiX h?2b2 T`QT2`iB2b +�M #2
mM/2`biQQ/ #v +QMbB/2`BM; i?2 Tb2m/Q@+?2KB+�H TQi2MiB�H �µ (k) �M/ Tb2m/Q@K�;M2iB+ }2H/
�h (k) BMi`Q/m+2/ BM a2+X kXjXjX LQi2 i?�i �µ (k) �M/ �h (k) `2bmHi 7`QK � T�B`BM; rBi? #`QF2M
iBK2@`2p2`b�H bvKK2i`vX 6B;m`2 9XdU�V �M/ U#V b+?2K�iB+�HHv b?Qr i?2 +�b2b i?�i i?2 "Q;QHB@
m#Qp 62`KB bm`7�+2b 2K2`;2 �M/ /Q MQi 2K2`;2- `2bT2+iBp2HvX � MQ/�H bmT2`+QM/m+iQ` ?�b
TQBMi Q` HBM2 MQ/2 �i k = k⇤ Ua22 H27i bB/2b BM 6B;m`2 9XdU�V �M/ U#VV- r?B+? +Q``2bTQM/b iQ
i?2 +�b2 Q7 �p = 0 BM Qm` E1g bi�i2X "Qi? d@ �M/ f @r�p2 T�B`BM; �KTHBim/2b ?�p2 HBM2 MQ/2b
BM i?2 TH�M2 Q7 kz = 0 �M/ ⇡ BM �//BiBQM iQ TQBMi MQ/2b �i kx = ky = 0 2p2M B7 i?2 T�B`BM;
#`2�Fb iBK2@`2p2`b�H bvKK2i`vX q?2M �p 6= 0- #Qi? �µ (k) �M/ �h (k) �`2 ;2M2`�HHv }MBi2 �i
k = k⇤ #mi #Qi? �`2 x2`Q �i kx = ky = 0X h?2`27Q`2- i?2 HBM2 MQ/2b �`2 BM~�i2/ �M/ bTHBi BMiQ
k⇤
o �M/ k⇤

i
#mi i?2 TQBMi MQ/2b �`2 MQi BM~�i2/ �M/ `2K�BM �b i?2 TQBMi MQ/2bX

9X9Xk .2MbBiv Q7 bi�i2b

q?2M "Q;QHBm#Qp 62`KB bm`7�+2b /Q MQi 2tBbi- i?2 bmT2`+QM/m+iBM; ;�T ?�b MQ MQ/2b- Q` TQBMi
Q` HBM2 MQ/2bX h?mb- i?2B` /2MbBiv Q7 bi�i2b Bb x2`Q �i ! = 0X >Qr2p2`- QM+2 i?2 "Q;QHBm#Qp
62`KB bm`7�+2b 2K2`;2- i?2 /2MbBiv Q7 bi�i2b �i ! = 0 Bb }MBi2 �M/ Bi K�v T`QpB/2 � M�im`�H
2tTH�M�iBQM 7Q` }MBi2 /T p�Hm2 iQr�`/ T = 0X

>2`2- r2 +QM}`K i?�i BM@TH�M2 p@r�p2 T�B`BM; �KTHBim/2 BM i?2 #`QF2M iBK2@`2p2`b�H E1g

bi�i2- r?B+? ;Bp2b i?2 "Q;QHBm#Qp 62`KB bm`7�+2b M2�` i?2 �@ �M/ i?2 A@TQBMi Q7 "w- �HbQ ;Bp2
� }MBi2 /2MbBiv Q7 bi�i2b �i ! = 0X h?2 /2MbBiv Q7 bi�i2b ⇢(!) Bb ;Bp2M #v

⇢(!) =
1

V

X

k

�(! � Ek). U9XjkV
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6B;m`2 9Xe, h?2 MQ`K�H@bi�i2 �M/ "Q;QHBm#Qp 62`KB bm`7�+2b �`QmM/ �@ �M/ A@TQBMi Q7 "wX U�V
�M/ U+V i?2 MQ`K�H@bi�i2 62`KB bm`7�+2b Ui`�MbT�`2MiV �M/ i?2 `2;BQMb Q7 P (k) < 0 UQ`�M;2V-
�M/ i?2 bm`7�+2b- Q7 r?B+? �`2 i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX U�V �`QmM/ i?2 �@TQBMi �M/
�p = 0.4 �M/ U+V A@TQBMi �M/ �p = 0.1X q2 mb2 b2ib Q7 i?2 T�`�K2i2` (t, tz, t0,↵, µ) =
(1, 4, 1, 0, 16) �M/ (1,�4, 1, 2, 12) iQ `2T`Q/m+2b MQ`K�H@bi�i2 62`KB bm`7�+2b �`QmM/ �@ �M/
A@TQBMi- `2bT2+iBp2HvX U#V �M/ U/V b?Qr i?2 +mi Q7 i?2 TH�M2 ky = 0 �M/ kz = ⇡- `2bT2+iBp2HvX
h?2 MQ`K�H@bi�i2 62`KB bm`7�+2b �`2 b?QrM #v /�b?2/ HBM2 �M/ i?2 "Q;QHBm#Qp 62`KB bm`7�+2b
�`2 b?QrM #v bQHB/ HBM2bX h?2 T�`�K2i2`b �`2 �d = �f = 0.4 BM U�V �M/ U#V- �M/ �d = �f =
0.1 BM U+V �M/ U/VX
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The Bogoliubov Fermi surfaces emage.

The Bogoliubov Fermi surfaces do not emage.

6B;m`2 9Xd, a+?2K�iB+ TB+im`2b i?�i i?2 "Q;QHBm#Qp 62`KB bm`7�+2b 2K2`;2 U�V �M/ /Q MQi
2K2`;2 U#VX AM +�b2 i?2v /Q MQi 2K2`;2- i?2 Tb2m/Q@+?2KB+�H TQi2MiB�H �µ (k) �M/ i?2 Tb2m/Q@
K�;M2iB+ }2H/ �h (k) #Qi? p�MBb? �i Q`B;BM�H MQ/2 TQbBiBQM k = k⇤X

LQi2 i?�i r2 mb2 /Bz2`2Mi b2ib Q7 i?2 T�`�K2i2` (t, tz, t0,↵, µ) iQ `2T`Q/m+2 MQ`K�H@bi�i2
62`KB bm`7�+2b M2�` i?2 �@ �M/ i?2 A@TQBMib Q7 "wX 6m`i?2`KQ`2- r2 +QMbB/2` i?2 2H2+i`QMB+
bi�i2b M2�` i?2 �@ �M/ i?2 A@TQBMib Q7 "w BM/2T2M/2MiHv �M/ B;MQ`2 BMi2`+QmTHBM; 2z2+ib �M/
i?2 /Bz2`2M+2 Q7 i?2 r2B;?i Q7 p@- d@- �M/ f @r�p2 T�B`BM; �KTHBim/2b #2ir22M i?2 �@ �M/
i?2 A@TQBMib Q7 "wX h?2`27Q`2- r2 K�v /Bb+mbb [m�HBi�iBp2Hv #mi +�MMQi /Q [m�MiBi�iBp2HvX
6B;m`2 9X3 b?Qrb i?2 +QMi`B#miBQM iQ i?2 /2MbBiv Q7 bi�i2b 7`QK U�V i?2 �@ �M/ U#V i?2 A@TQBMi
Q7 "w BM #`QF2M iBK2@`2p2`b�H E1g T�B`BM; bi�i2X q?2M �p = 0- i?2 /2MbBiv Q7 bi�i2b �i ! = 0
Bb x2`Q #Qi? +QMi`B#miBQMb M2�` i?2 �@ �M/ i?2 A@TQBMib Q7 "wX *2`i�BMHv- BM@TH�M2 p@r�p2
T�B`BM; Bb M2+2bb�`v 7Q` "Q;QHBm#Qp 62`KB bm`7�+2bX

9X8 h?2`K�H +QM/m+iBpBiv 7Q` E1g bi�i2
�b K2MiBQM2/ BM a2+iBQM 9XRXk- i?2 i?2`K�H +QM/m+iBpBiv �i � p2`v HQr i2KT2`�im`2 #2HQr
jy KE BKTHB2b � }MBi2 p�Hm2 Q7 c/T �i T = 0 �M/ i?Bb Q`B;BM�i2b 7`QK � }MBi2 /2MbBiv Q7
bi�i2b Q7 [m�bBT�`iB+H2b �i ! = 0X h?2 }MBi2 p�Hm2 Q7 c/T �i T = 0 �HbQ BM/B+�i2 � }MBi2
`�iBQM Q7 �MBbQi`QTv c/b BM i?2 HBKBi Q7 T = 0X 6Q` mbm�H E1g bi�i2 (Nk- N9- Ryj- Ry9)- QM2
2tT2+ib i?Bb `�iBQ iQ #2+QK2 x2`Q bBM+2 i?2 c Bb /QKBM�i2/ #v i?2 TQBMi MQ/2b i?�i ?�p2
HBM2�` /BbT2`bBQM rBi? � /2MbBiv Q7 bi�i2b ⇠ !

2 �M/ i?2 b Bb /QKBM�i2/ #v HBM2 MQ/2 r?B+?
?�b HBM2�` /BbT2`bBQM rBi? � /2MbBiv Q7 bi�i2b ⇠ !X

q2 T`QTQb2 BM i?2 i?2bBb i?�i Qm` T`QTQb2/ E1g bi�i2 K�v T`QpB/2 � M�im`�H 2tTH�M�iBQM
7Q` }MBi2 /T �M/ c/b �i T = 0X h?Bb Bb #2+�mb2 i?2 HBM2 MQ/2b Q7 i?2 E1g bi�i2 �`2 BM~�i2/
�M/ iQ 7Q`K "Q;QHBm#Qp 62`KB bm`7�+2b �M/ i?2v 2tTH�BM i?2 #2?�pBQ`b Q7 X q2 rQmH/ HBF2
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6B;m`2 9X3, h?2 +QMi`B#miBQM iQ i?2 /2MbBiv Q7 bi�i2b 7`QK U�V i?2 �@ �M/ U#V i?2 A@TQBMi
Q7 "w BM #`QF2M iBK2@`2p2`b�H E1g T�B`BM; bi�i2X q2 mb2 b2ib Q7 T�`�K2i2` (t, tz, t0,↵, µ) =
(1, 4, 1, 0, 16) �M/ (1,�4, 1, 2, 12) iQ `2T`Q/m+2b MQ`K�H@bi�i2 62`KB bm`7�+2b �`QmM/ i?2 �@
�M/ i?2 A@TQBMi- `2bT2+iBp2HvX

iQ 2KT?�bBx2 i?�i i?2 "Q;QHBm#Qp 62`KB bm`7�+2b �TT2�` �b �M BMi`BMbB+ 2z2+iX h?�i Bb- i?2
BM@TH�M2 p@r�p2 T�B`BM; ?�b � }MBi2 �KTHBim/2 BM #mHF �M/ i?Bb T�B`BM; +QMi`QHb i?2 bBx2 Q7 i?2
"Q;QHBm#Qp 62`KB bm`7�+2bX AM Q`/2` iQ 2tTH�BM � p�Hm2 Q7 c/T bK�HH2` i?�M i?2 T`2/B+i2/
mMBp2`b�H i`�MbTQ`i- QM2 K�v i�F2 i?2 �KTHBim/2 Q7 BM@TH�M2 p@r�p2 T�B`BM; Bb bK�HH2` i?�M
i?2 Qi?2` �KTHBim/2b- �M/ i?2M i?Bb K�F2b bK�HH "Q;QHBm#Qp 62`KB bm`7�+2bX AM/22/- EMB;?i
b?B7i BM i?2 LJ_ 2tT2`BK2Mi `2p2�H2/ i?�i i?2 BM@TH�M2 bTBM@i`BTH2i T�`ib �`2 bK�HH2` i?�M
i?2 c@�tBb bTBM@i`BTH2i T�`i (Ry8)- �M/ i?Bb Bb +QMbBbi2Mi rBi? i?2 2tT2+i�iBQM �#Qp2X

AM i?Bb b2+iBQM- r2 bim/v i?2 i?2`K�H +QM/m+iBpBiv 7Q` Qm` T`QTQb2/ E1g bi�i2 �M/ +�H+mH�i2
p�Hm2b Q7 c/T �M/ c/b �i T = 0 #v mbBM; i?2 "QHixK�MM 2[m�iBQM rBi? i?2 �TT`QtBK�iBQM
Q7 `2H�t�iBQM iBK2 (RRd)X h?2 i?2`K�H +QM/m+iBpBiv i2MbQ` BM i?2 bBM;H2 #�M/ KQ/2H r�b
/2`Bp2/ BM _27X (Rke) �M/ r�b ;2M2`�HBx2/ 7Q` i?2 KmHiB@Q`#Bi�H KQ/2H (Rkd) Bb r`Bii2M BM

ij = �

X

k,l

E
2

kl

T
(vkl)i (vkl)j

@n
0

kl

@Ekl
⌧kl, U9XjjV

r?2`2 k Bb i?2 KQK2MimK �M/ l H�#2Hb i?2 2ti`� /2;`22b Q7 7`22/QK bm+? �b Q`#Bi�H- bm#H�iiB+2
Q` H�v2`X Ekl Bb i?2 [m�bBT�`iB+H2 2M2`;v- n0

kl = [1 + exp (Ekl/kBT )]
�1 Bb i?2`K�H 2[mBHB#`BmK

/Bbi`B#miBQM 7mM+iBQM- (vkl)i = @kiEkl Bb [m�bBT�`iB+H2 p2HQ+Biv �M/ ⌧
�1

kl Bb i?2 `2H�t�iBQM
`�i2X AM Q`/2` iQ i�F2 BMiQ �++QmMi 7Q` i?2 "Q;QHBm#Qp 62`KB bm`7�+2b- r2 i`2�i ⌧�1

kl �b
i?2 MQ`K�H@bi�i2 `2H�t�iBQM `�i2 ⌧N = constantX LQi2 i?�i BM ;2M2`�H- ⌧kl BM �MBbQi`QTB+
bmT2`+QM/m+iQ`b ?�p2 � +QKTH2t 7Q`K /m2 iQ i?2 +Q?2`2M+2 7�+iQ`b (Rk3) �M/ i?2 MQ`K�H@
bi�i2 T?�b2 b?B7i (Rke-RkN)X q2 +�H+mH�i2 MmK2`B+�HHv i2KT2`�im`2 /2T2M/2M+2 Q7 b ⌘ yy �M/
c ⌘ zzX AM i?Bb +�H+mH�iBQM- r2 �bbmK2 i2KT2`�im`2 /2T2M/2M+2 Q7 ;�T 7mM+iBQM (Rke- Rjy)
Bb

�i (T ) = �
0

i tanh

"
2

✓
Tc � T

T

◆1/2
#
. U9Xj9V

h?Bb �bbmKTiBQM B;MQ`2b i?2 KmHiBTH2 +`BiB+�H i2KT2`�im`2b T±
c X >Qr2p2`- Bi Bb p�HB/ 7Q` T ! 0

7�` 7`QK TcX
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6B;m`2 9XN, h2KT2`�im`2 /2T2M/2M+2 Q7 i?2 +QMi`B#miBQM iQ c/T UbQHB/ HBM2bV �M/ b/T

U/�b?2/ HBM2bV 7`QK i?2 "Q;QHBm#Qp 62`KB bm`7�+2b �`QmM/ U�V i?2 �@TQBMi �M/ U#V i?2 A@TQBMi
Q7 "wX AMb2i };m`2b b?Qrb i?2 7mHH `�M;2, 0 < T < Tc = 0.05X h?2 p2`iB+�H �M/ ?Q`BxQMi�H
�t2b �`2 MQ`K�HBx2/ #v i?2 MQ`K�H@bi�i2 i?2`K�H +QM/m+iBpBiv 

N
i (Tc) �M/ Tc- `2bT2+iBp2HvX

h?2 bQHB/ q2 mb2 b2ib Q7 T�`�K2i2` (t, tz, t0,↵, µ) = (1, 4, 1, 0, 16) �M/ (1,�4, 1, 2, 12) �`QmM/
i?2 �@ �M/ i?2 A@TQBMi- `2bT2+iBp2HvX

6B;m`2 9XNU�V �M/ U#V b?Qr i2KT2`�im`2 /2T2M/2M+2 Q7 i?2 +QMi`B#miBQM iQ b/T �M/ c/T
7`QK i?2 "Q;QHBm#Qp 62`KB bm`7�+2b M2�` i?2 �@ �M/ i?2 A@TQBMi Q7 "w- `2bT2+iBp2HvX AM i?2
+�b2 Q7 �p 6= 0- i?2`2 Bb }MBi2 /T X h?Bb Bb +QMbBbi2Mi rBi? i?�i i?2 BM@TH�M2 p@r�p2 T�B`BM;
;Bp2b i?2 "Q;QHBm#Qp 62`KB bm`7�+2b M2�` #Qi? i?2 �@ �M/ i?2 A@TQBMi Q7 "w �M/ }MBi2 /2MbBiv
Q7 bi�i2b �b r2 K2MiBQM2/ BM a2+iBQM 9X9XkX

6B;m`2 9XRy b?Qrb i?2 i2KT2`�im`2 /2T2M/2M+2 Q7 i?2 +QMi`B#miBQM iQ c/b 7`QK i?2
"Q;QHBm#Qp 62`KB bm`7�+2b �`QmM/ i?2 �@ �M/ i?2 A@TQBMi Q7 "wX PM+2 i?2 BM@TH�M2 p@r�p2
T�B`BM; �KTHBim/2 Bb }MBi2 �M/ i?2 "Q;QHBm#Qp 62`KB bm`7�+2b 2K2`;2- � p�Hm2 Q7 c/b Bb
}MBi2 2p2M �i T = 0X h?2`27Q`2- i?2 "Q;QHBm#Qp 62`KB bm`7�+2b /m2 iQ bK�HH BM@TH�M2 p@r�p2
T�B`BM; �KTHBim/2 ;Bp2 � ;QQ/ 2tTH�M�iBQM Q7 i?2`K�H +QM/m+iBpBivX

6BM�HHv- r2 MQi2 i?�i QM2 b?QmH/ i�F2 BMiQ �++QmMi k �M/ T /2T2M/2M+2 Q7 i?2 `2H�t�iBQM
iBK2 (Rk3-RkN) �M/ i?2 bBx2 Q7 i?2 MQ`K�H@bi�i2 62`KB bm`7�+2b 7Q` [m�MiBi�iBp2 �M�HvbBbX Pm`
+�H+mH�iBQM Bb #�b2/ QM i?2 �bbmKTiBQM i?�i i?2 `2H�t�iBQM iBK2 Q7 [m�bBT�`iB+H2 Bb +QMbB/2`2/
�b i?2 MQ`K�H@bi�i2 `2H�t�iBQM iBK2 �M/ B;MQ`2b i?2 bBx2 Q7 i?2 MQ`K�H@bi�i2 62`KB bm`7�+2b
U#mi i?2B` iQTQHQ;v Bb +QMbB/2`2/V- Bi H�+Fb � [m�MiBi�iBp2 �M�HvbBb �M/ +�M MQi #2 +QKT�`2/
bBKTHv rBi? i?2 ?Bi?2`iQ b+2M�`BQ Q7 BKTm`Biv 2z2+iX q2 H2�p2 i?2 [m�MiBi�iBp2 �M�HvbBb iQ
7mim`2 rQ`FX

9Xe *QM+HmbBQM
AM i?Bb +?�Ti2`- r2 ?�p2 �//`2bb2/ i?2 Bbbm2 Q7 ?Qr r2 `2�HBx2 i?2 M2r ivT2 Q7 ;�T MQ/2b-
"Q;QHBm#Qp 62`KB bm`7�+2- BM KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b �M/ �TTHB2/ i?�i B/2� iQ i?2
KmHiB@+QKTQM2Mi bmT2`+QM/m+iQ` lSi3X

lMH2bb BKTm`Biv 2z2+ib �`2 i�F2M BMiQ �++QmMi- T`2pBQmb T`QTQb2/ ;�T bvKK2i`B2b /Q
MQi 2tTH�BM i?2 i2KT2`�im`2 /2T2M/2M+2 Q7 i?2`K�H +QM/m+iBpBiv- r?B+? b?Qrb i?�i � }MBi2
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6B;m`2 9XRy, h2KT2`�im`2 /2T2M/2M+2 Q7 i?2 +QMi`B#miBQM iQ c/b 7`QK i?2 "Q;QHBm#Qp
62`KB bm`7�+2b �`QmM/ i?2 �@TQBMi UbQHB/ HBM2bV �M/ i?2 A@TQBMi U/�b?2/ HBM2bV Q7 "wX q2 mb2
b2ib Q7 T�`�K2i2` (t, tz, t0,↵, µ) = (1, 4, 1, 0, 16) �M/ (1,�4, 1, 2, 12) �`QmM/ i?2 �@ �M/ i?2
A@TQBMi- `2bT2+iBp2HvX AMb2i };m`2b b?Qrb i?2 7mHH `�M;2, 0 < T < Tc = 0.05X h?2 p2`iB+�H
�M/ ?Q`BxQMi�H �t2b �`2 MQ`K�HBx2/ #v Nc (Tc)/Nb (Tc) �M/ Tc- `2bT2+iBp2HvX

p�Hm2 Q7 /T �M/ �HbQ � }MBi2 `�iBQ Q7 i?2 BM@TH�M2 iQ c@�tBb i?2`K�H +QM/m+iBpBiv �i p2`v
HQr i2KT2`�im`2bX AM Q`/2` iQ 2tTH�BM i?2K- r2 ?�p2 �TTHB2/ i?2 B/2� Q7 "Q;QHBm#Qp 62`KB
bm`7�+2 T`QTQb2/ #v �;i2`#2`; 2i �HXX

q2 ?�p2 +QMbB/2`2/ i?2 T�B`BM; #2HQM;BM; iQ i?2 irQ@/BK2MbBQM�H E1g `2T`2b2Mi�iBQM BM
i?2 TQBMi ;`QmT D6hX LQMbvKKQ`T?B+ +`vbi�H bi`m+im`2 Q7 lSi3 �HHQrb iQ BM+Hm/2 bTBM@
bBM;H2i d@r�p2- bTBM@i`BTH2i p@ �M/ f @r�p2 T�B`BM;b- �M/ r2 ?�p2 +QMbB/2`2/ i?2B` KBt2` bi�i2X
q2 ?�p2 2KTHQv2/ i?2 KQ/2H (9RĜ9j) r?B+? ?�b i?2 62`KB bm`7�+2b M2�` i?2 �@ �M/ i?2
A@TQBMi BM "`BHHQmBM xQM2 BM i?2 MQ`K�H@bi�i2X q2 ?�p2 BMi`Q/m+2/ Z2 BMp�`B�Mi (jd) #v mbBM;
i?2 T�`iB+H2@?QH2 +QMDm;�i2 UCV �M/ BMp2`bBQM UP V bvKK2i`B2b �M/ b?QrM i?�i i?2 BM@TH�M2
p@r�p2 T�B`BM; �KTHBim/2 M22/b iQ #2 }MBi2 iQ `2�HBx2 i?2 "Q;QHBm#Qp 62`KB bm`7�+2bX aBM+2
i?2 BM@TH�M2 p@r�p2 T�B`BM; ?�b � }MBi2 �KTHBim/2 BM i?2 TH�M2b kz = 0 �M/ ⇡- i?2 ?Q`BxQMi�H
HBM2 MQ/2b BM i?2b2 TH�M2b �`2 BM~�i2/ iQ i?2 "Q;QHBm#Qp 62`KB bm`7�+2X h?2b2 "Q;QHBm#Qp
62`KB bm`7�+2b ?�p2 MQMi`BpB�H Z2 BMp�`B�Mi /2}M2/ #v CP bvKK2i`v- �M/ i?2`27Q`2 r2 2tT2+i
i?2b2 �`2 `Q#mbi �;�BMbi i?2 T2`im`#�iBQMb r?B+? T`2b2`p2 CP bvKK2i`vX h?2 TQBMi MQ/2b
�i kx = ky = 0 �`2 MQi BM~�i2/ �M/ `2K�BM �b TQBMi MQ/2bX Ai Bb rQ`i?r?BH2 iQ 2KT?�bBx2



ee *?�Ti2` 9X "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3

h�#H2 9X8, *Q``2bTQM/2M+2 iQ Qi?2` 2tT2`BK2Mib
Pm` T`QTQb2/ E1g

JmHiB@+QKTQM2Mi d p2+iQ` (Ry8) u2b

�MBbQi`QTv Q7 Hc2 (RRy-RRR) u2b

"`2�FBM; Q7 iBK2@`2p2`b�H u2bbvKK2i`v (9y-N9-N8)
6B2H/@Q`B2Mi�iBQM /2T2M/2Mi u2bi?2`K�H +QM/m+iBpBiv (RRk-RRj)

LJ_ `2H�t�iBQM `�i2 1/T1 (N3) LQ

6B2H/@�M;H2 /2T2M/2M+2 Q7 LQi?2 bT2+B}+ ?2�i (RR8)

i?�i i?2 "Q;QHBm#Qp 62`KB bm`7�+2b �TT2�` �b �M BMi`BMbB+ 2z2+i #2+�mb2 i?2 BM@TH�M2 p@r�p2
T�B`BM; ?�b � }MBi2 �KTHBim/2 BM #mHF �M/ i?Bb T�B`BM; +QMi`QHb i?2 bBx2 Q7 i?2 "Q;QHBm#Qp
62`KB bm`7�+2bX

q2 ?�p2 +�H+mH�i2/ i?2 i?2`K�H +QM/m+iBpBiv #v mbBM; i?2 "QHixK�MM i?2Q`v �M/ b?QrM
i?�i i?2 "Q;QHBm#Qp 62`KB bm`7�+2b ;Bp2 �M 2tTH�M�iBQM Q7 � `2bB/m�H /T �M/ �MBbQi`QTv
c/bX >Qr2p2`- r2 MQi2 i?�i bBM+2 Qm` +�H+mH�iBQM T`2bmK2b i?�i i?2 `2H�t�iBQM iBK2 Q7
[m�bBT�`iB+H2 Bb +QMbB/2`2/ �b +QMbi�Mi �M/ B;MQ`2b i?2 bBx2 /2T2M/2M+2 Q7 i?2 MQ`K�H@bi�i2
62`KB bm`7�+2b- Bi H�+Fb � [m�MiBi�iBp2 �M�HvbBb �M/ +�M MQi #2 +QKT�`2/ /B`2+iHv iQ 2tT2`BK2Mi
/�i�X h?mb- r2 +�MMQi 2t+Hm/2 i?2 TQbbB#BHBiv i?�i i?2 #2?�pBQ`b Q7 i?2`K�H +QM/m+iBpBiv �`2
2tTH�BM2/ #v 2ti`BMbB+ 2z2+i bm+? �b BKTm`BiB2bX AM Q`/2` iQ /Bb+mbb [m�MiBi�iBp2Hv- QM2 b?QmH/
i�F2 BMiQ �++QmMi k �M/ T /2T2M/2M+2 Q7 i?2 `2H�t�iBQM iBK2 �M/ i?2 bBx2 Q7 i?2 MQ`K�H@bi�i2
62`KB bm`7�+2bX q2 H2�p2 [m�MiBi�iBp2 �M�HvbBb iQ 7mim`2 rQ`FX q2 MQi2 i?�i BM ;2M2`�H- i?2
KBtBM; Q7 p@- d@- �M/ f @r�p2 T�B`BM;b `2bmHi 7`QK K�Mv@#Q/v 2z2+i �M/ i?2 r2B;?i Q7 i?2b2
T�B`BM; �KTHBim/2b b?QmH/ #2 +�H+mH�i2/ 7`QK KB+`Qb+QTB+ i?2Q`B2bX

6BM�HHv- r2 /Bb+mbb BKTHB+�iBQM iQ Qi?2` 2tT2`BK2Mib Ua22 �HbQ h�#H2 9X8VX Pm` T`QTQb2/
E1g T�B`BM; Bb +QKT�iB#H2 rBi? i?2 `2bmHi Q7 LJ_ EMB;?i b?B7i (Ry8)- r?B+? BKTHB2b KmHiB@
+QKTQM2Mi d p2+iQ`- �M/ irQ7QH/ Qb+BHH�iBQM Q7 i?2 i?2`K�H +QM/m+iBpBiv rBi?BM i?2 #�b�H
TH�M2 BM i?2 * T?�b2 (RRk- RRj) /Q2 iQ dyz@r�p2 T�B`BM;X h?2 bTBM@Q`#Bi +QmTHBM; �HQM; i?2
c@�tBb BKTHB2b i?�i i?2 c@�tBb +`BiB+�H }2H/ Bb bmTT`2bb2/ i?�M i?2 BM@TH�M2 +`BiB+�H }2H/ �M/
;Bp2b `Bb2 iQ i?2 �MBbQi`QTv Q7 Hc2 (RRy- RRR)X �M �`;mK2Mi 7Q` i?Bb Bb ;Bp2M BM _27X (RjR)X
h?2 #`QF2M iBK2@`2p2`b�H E1g bi�i2 +�M #2 KQ`2 bi�#H2 i?�M i?2 iBK2@`2p2`b�H bvKK2i`B+
E1g bi�i2X h?Bb Bb +QKT�iB#H2 rBi? KmQM bTBM `Qi�iBQM@`2H�t�iBQM (N9- N8) �M/ TQH�` E2``
2z2+i 2tT2`BK2Mib (9y) BKTHv i?2 #`QF2M iBK2@`2p2`b�H bvKK2i`v BM i?2 " T?�b2X >Qr2p2`-
i?2`2 �`2 irQ `2K�BMBM; T`Q#H2KbX PM2 2tT2+ib i?�i i?2 LJ_ `2H�t�iBQM `�i2 1/T1 p�`B2b
BM T`QTQ`iBQM iQ T BM i?2 T`2b2M+2 Q7 "Q;QHBm#Qp 62`KB bm`7�+2X h?Bb Bb BM+QMbBbi2Mi rBi?
i?2 `2bmHi #v EQ?Q`B 2i �HX (N3)- r?B+? b?Qr2/ 1/T1 p�`B2b BM T`QTQ`iBQM iQ T

3 BM Ryy KE
 T  400 KEX Ai Bb rQ`i? K2MiBQMBM; i?�i �i bm{+B2MiHv ?B;? i2KT2`�im`2b- i?2 2t+Bi�iBQM
bT2+i`mK rBHH MQi b?Qr � /Bz2`2M+2 #2ir22M BM~�i2/ MQ/2b �M/ MQ/2bX >Qr2p2`- i?Bb Bb MQi
� b�iBb7vBM; �Mbr2`X �MQi?2` `2K�BMBM; T`Q#H2K Bb �MQK�HQmb }2H/@�M;H2 /2T2M/2M+2 Q7 i?2



*?�Ti2` 9X "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3 ed

bT2+B}+ ?2�i (RR8)- r?B+? /B/ MQi Q#b2`p2 �Mv BM@TH�M2 �M;mH�` Qb+BHH�iBQMX



e3 *?�Ti2` 9X "Q;QHBm#Qp 62`KB bm`7�+2b BM lSi3



*?�Ti2` 8

amKK�`v �M/ *QM+HmbBQMb

AM i?Bb i?2bBb- r2 ?�p2 BMp2biB;�i2/ i?2 ;�T MQ/2b BM KmHiB@Q`#Bi�H bmT2`+QM/m+iQ`b 7`QK �
iQTQHQ;B+�H T2`bT2+iBp2X AM T�`iB+mH�`- r2 ?�p2 7Q+mb2/ QM UBV ?Qr MQ/2H2bb- 7mHHv ;�TT2/
bmT2`+QM/m+iBM; bi�i2b �TT2�`b r?2M i?2 H�iiB+2 bvKK2i`v /B+i�i2b MQ/2b BM � MQ/2H2bb bi�i2
BM KmHiB@Q`#Bi�H bvbi2Kb �M/ UBBV ?Qr iQ `2�HBx2 i?2 M2r ivT2 Q7 ;�T MQ/2b- "Q;QHBm#Qp 62`KB
bm`7�+2bX AM #Qi? T`Q#H2Kb- Q`#Bi�H /2;`22b Q7 7`22/QK TH�v �M BKTQ`i�Mi `QH2X

AM *?�Ti2` j- i?2 [m2biBQM UBV ?�b #22M �//`2bb2/ �M/ r2 ?�p2 bim/B2/ ;�T MQ/2b BM
KQMQH�v2` 62a2 bmT2`+QM/m+iQ` ;`QrM QM a`hBP3 bm#bi`�i2X q2 /Bb+mbb2/ iQTQHQ;B+�H +?�`;2b
Q7 i?2 MQ/2b �M/ 2tTH�BM2/ i?2 Q`B;BM Q7 � 7mHHv ;�TT2/ d@r�p2 bi�i2X q2 ?�p2 BMp2biB;�i2/
i?2 2z2+iBp2 irQ@Q`#Bi�H KQ/2H r?B+? BM+Hm/2b irQ ivT2b Q7 bmT2`+QM/m+iBM; T�B`BM;, Q`#Bi�HHv
i`BpB�H d@r�p2 T�B`BM; �M/ Q`#Bi�HHv MQMi`BpB�H BbQi`QTB+ QM2X

q?2M i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM; Bb iQQ bi`QM;- MQ/�H TQBMib �TT2�` rBi? 2Z iQTQ@
HQ;B+�H +?�`;2bX q2 ?�p2 7QmM/ i?2 KQK2MimK bT�+2 /Bbi`B#miBQM Q7 i?2 iQTQHQ;B+�H +?�`;2b
/2T2M/b bi`QM;Hv QM i?2 Q`#Bi�H +?�`�+i2` Q7 i?2 T�B`BM;X q?2M i?2 Q`#Bi�HHv i`BpB�H T�B`BM; Bb
/QKBM�Mi- TQBMib QM i?2 b�K2 �tBb BM i?2 KQK2MimK bT�+2 ?�p2 i?2 iQTQHQ;B+�H +?�`;2b rBi?
� b�K2 bB;M Ub�K2 bB;M T�B` bi�i2VX PM i?2 Qi?2` ?�M/- r?2M i?2 Q`#Bi�HHv MQMi`BpB�H T�B`BM; Bb
/QKBM�Mi- i?2 �/D�+2Mi MQ/�H TQBMib QM 2�+? �tBb ?�p2 i?2 iQTQHQ;B+�H +?�`;2b rBi? QTTQbBi2
bB;Mb UQTTQbBi2 bB;M T�B` bi�i2VX �b i?2 bTBM@Q`#Bi +QmTHBM; /2+`2�b2b- BM i?2 +�b2 Q7 QTTQbBi2
bB;M T�B` bi�i2- i?2 MQ/�H TQBMib +�M K2`;2 �M/ �`2 �MMB?BH�i2/ /B`2+iHv BM T�B`b Q7 M2B;?@
#Q`BM; MQ/2b #2+�mb2 i?2v ?�p2 QTTQbBi2 +?�`;2bX >Qr2p2`- MQ/�H TQBMib BM i?2 b�K2 bB;M
T�B` bi�i2b +�MMQi �MMB?BH�i2 /B`2+iHvX q2 ?�p2 7QmM/ i?�i i?Bb �MMB?BH�iBQM Q++m`b i?`Qm;?
�M BMpQHp2/ K2+?�MBbKX �b i?2 BMi2`#�M/ bTBM@Q`#Bi +QmTHBM; /2+`2�b2b- M2r MQ/�H TQBMib
�`2 }`bi +`2�i2/ M2�` i?2 QH/ QM2X �b i?2 bTBM@Q`#Bi +QmTHBM; 7m`i?2` /2+`2�b2b- bQK2 MQ/�H
TQBMib bi�v r?BH2 Qi?2` MQ/�H TQBMib KQp2 Qz i?2 kx Q` ky �tBbX qBi? 7m`i?2` /2+`2�bBM; i?2
bTBM@Q`#Bi +QmTHBM;- i?2v +QMiBMm2 iQ KQp2 �M/ �MMB?BH�i2 BM T�B`b rBi? Qi?2` MQ/2b KQpBM;
7`QK �MQi?2` /B`2+iBQMX h?2 MQ/�H TQBMib rBi? i?2 MQMi`BpB�H iQTQHQ;B+�H +?�`;2b BKTHv i?2
2tBbi2M+2 Q7 �M/`22p #�M/ bi�i2b rBi? ~�i /BbT2`bBQM BM i?2 /B`2+iBQM T�`�HH2H iQ �M 2/;2X q2
?�p2 b?QrM /Bz2`2Mi �M/`22p ~�i #�M/ bT2+i`� 7Q` i?2 +�b2 Q7 b�K2 bB;M �M/ QTTQbBi2 bB;M
T�B` bi�i2X

q2 �HbQ +QMbB/2`2/ w22K�M +QmTHBM; iQ 2t�KBM2 i?2 2z2+ib Q7 #`QF2M iBK2@`2p2`b�H bvKK2@
i`vX AM i?Bb +�b2- r2 ?�p2 7QmM/ i?�i i?2 HBM2 �M/ TQBMi MQ/2b �TT2�` 2p2M r?2M i?2 bTBM@Q`#Bi
+QmTHBM; Bb r2�FX q2 ?�p2 7QmM/ i?�i i?2b2 MQ/�H MQ/2b �`2 iQTQHQ;B+�HHv T`Qi2+i2/ #v Z2

BMp�`B�MiX
AM *?�Ti2` 9- r2 ?�p2 �//`2bb2/ i?2 [m2biBQM UBBV �M/ ?�p2 bim/B2/ i?2 KmHiB@+QKTQM2Mi

eN



dy *?�Ti2` 8X amKK�`v �M/ *QM+HmbBQMb

bmT2`+QM/m+iQ` lSi3X PM2 TH�mbB#H2 +�M/B/�i2 Q7 Bib ;�T bvKK2i`v BM lSi3 Bb E2u `2T`2@
b2Mi�iBQM BM i?2 TQBMi ;`QmT D6hX >Qr2p2`- mMH2bb BKTm`Biv 2z2+ib �`2 i�F2M BMiQ �++QmMi-
i?Bb ;�T bvKK2i`v /Q MQi 2tTH�BM i?2 #2?�pBQ`b Q7 Bib i?2`K�H +QM/m+iBpBiv BM i?2 " T?�b2-
r?B+? b?Qrb i?�i � }MBi2 p�Hm2 Q7 /T �M/ �HbQ � }MBi2 `�iBQ Q7 i?2 BM@TH�M2 iQ c@�tBb i?2`K�H
+QM/m+iBpBiv �i p2`v HQr i2KT2`�im`2bX AM Q`/2` iQ 2tTH�BM i?2K- r2 ?�p2 �TTHB2/ i?2 B/2�
Q7 "Q;QHBm#Qp 62`KB bm`7�+2 T`QTQb2/ #v �;i2`#2`; 2i �HXX

q2 ?�p2 2KTHQv2/ QM irQ@/BK2MbBQM�H `2T`2b2Mi�iBQM E1g T�B`BM;X h?Bb `2T`2b2Mi�iBQM
BM+Hm/2b bTBM@bBM;H2i d@r�p2- bTBM@i`BTH2i BM@TH�M2 p@ �M/ Qmi@Q7@TH�M2 f @r�p2 KBtBM; T�B`BM;X
q2 ?�p2 /Bb+mbb2/ i?2 62`KB bm`7�+2b M2�` i?2 �@ �M/ i?2 A@TQBMi BM "`BHHQmBM xQM2 BM i?2
MQ`K�H bi�i2X q2 ?�p2 BMi`Q/m+2/ � Z2 BMp�`B�Mi #v mbBM; i?2 T�`iB+H2@?QH2 �M/ i?2 BMp2`bBQM
bvKK2i`B2b �M/ b?QrM i?�i i?2 BM@TH�M2 p@r�p2 T�B`BM; �KTHBim/2 M22/b iQ #2 }MBi2 iQ `2�HBx2
i?2 "Q;QHBm#Qp 62`KB bm`7�+2b rBi? MQMi`BpB�H Z2 BMp�`B�MiX aBM+2 i?Bb T�B`BM; ?�b � }MBi2
�KTHBim/2 BM i?2 TH�M2b kz = 0 �M/ ⇡- i?2 ?Q`BxQMi�H HBM2 MQ/2b Q7 d@r�p2 T�B`BM; BM i?2b2
TH�M2b �`2 BM~�i2/X h?2 TQBMi MQ/2b �i kx = ky = 0 �`2 MQi BM~�i2/ �M/ `2K�BM �b TQBMi
MQ/2bX Ai Bb rQ`i?r?BH2 iQ 2KT?�bBx2 i?�i i?2 "Q;QHBm#Qp 62`KB bm`7�+2b �TT2�` �b �M BMi`BMbB+
2z2+iX h?�i Bb- �KTHBim/2 Q7 p@r�p2 T�B`BM; BM #mHF +QMi`QHb i?2 bBx2 Q7 i?2 "Q;QHBm#Qp 62`KB
bm`7�+2bX

q2 ?�p2 +�H+mH�i2/ i?2 i?2`K�H +QM/m+iBpBiv #v mbBM; i?2 "QHixK�MM i?2Q`v �M/ b?QrM
i?�i i?Bb i?2Q`v 2tTH�BMb � `2bB/m�H /T �M/ �MBbQi`QTv c/bX >Qr2p2`- r2 MQi2 i?�i bBM+2
Qm` +�H+mH�iBQM Bb #�b2/ QM i?2 `2H�t�iBQM iBK2 �TT`QtBK�iBQM rBi?Qmi M2+2bb�`v /2i�BHb- Bi
H�+Fb � [m�MiBi�iBp2 �M�HvbBb #2 +QKT�`2/ rBi? i?2 �Hi2`M�iBp2 +QMbB/2`BM; BKTm`Biv 2z2+iX 6Q`
KQ`2 [m�MiBi�iBp2 �M�HvbBb- QM2 b?QmH/ i�F2 BMiQ �++QmMi k �M/ T /2T2M/2M+2 Q7 i?2 `2H�t�iBQM
iBK2 �M/ i?2 /2i�BHb Q7 i?2 MQ`K�H@bi�i2 62`KB bm`7�+2bX h?mb- r2 H2�p2 i?2 [m�MiBi�iBp2
�M�HvbBb iQ 7mim`2 rQ`FX

h?mb- `2H�i2/ Bbbm2b �`2 MQr `�Bb2/X
6Q` i?2 Bbbm2 UBV- r2 ?�p2 7QmM/ irQ ivT2b Q7 iQTQHQ;B+�H +?�`;2b- Z �M/ Z2 BMp�`B�MibX h?2

Z BMp�`B�Mi ?�b Bib KQK2MimK bT�+2 /Bbi`B#miBQM /2T2M/b bi`QM;Hv QM i?2 Q`#Bi�H +?�`�+i2`
Q7 i?2 T�B`BM; �M/ i?Bb `2~2+ib BM bQK2 T?vbB+�H T`QT2`iB2bX >Qr2p2`- Bib T?vbB+�H K2�MBM;
Q7 i?2 Z2 BMp�`B�Mi ?�b MQi v2i #22M BMp2biB;�i2/X >Qr2p2`- r2 ?�p2 7QmM/ i?�i i?Bb biBHH
`2K�BMb BMp�`B�Mi 2p2M B7 i?2 iBK2@`2p2`b�H bvKK2i`v Bb #`QF2MX

6Q` i?2 Bbbm2 UBBV- }`bi- r2 ?�p2 +QMbi`m+i2/ E1g T�B`BM; #v bvKK2i`v �M�HvbBb �M/ `2�HBx2/
"Q;QHBm#Qp 62`KB bm`7�+2 BM i?2 " T?�b2 Q7 lSi3X Ai b22Kb Q// i?�i 62`KB bm`7�+2b 2tBbi
BM i?2 bmT2`+QM/m+iQ`bX h?2`27Q`2- KQ`2 KB+`Qb+QTB+ �M�HvbBb- 2X;X- K2�M@}2H/ �TT`Q�+? Bb
M22/2/X h?2 b2+QM/ Bbbm2 Bb r?�i Bb i?2 +?�`�+i2`BbiB+ T?vbB+�H T`QT2`iB2b b?QrM #v i?2
"Q;QHBm#Qp 62`KB bm`7�+2X �Hi?Qm;? r2 ?�p2 mb2/ � }MBi2 /2MbBiv Q7 bi�i2b �i x2`Q 2M2`;v
iQ 2tTH�BM i?2`K�H +QM/m+iBpBiv Q7 lSi3- Bi K�v Q`B;BM�i2 �HbQ 7`QK BKTm`Biv 2z2+i- �M/ r2
+�MMQi 2t+Hm/2 Bib TQbbB#BHBivX q2 ?QT2 i?�i mMB[m2 T`QT2`iB2b 2t+HmbBp2 iQ i?2 "Q;QHBm#Qp
62`KB bm`7�+2 rBHH #2 /Bb+Qp2`2/ BM i?2 7mim`2X



�+FMQrH2/;2K2Mib

A rQmH/ HBF2 iQ �+FMQrH2/;2 Kv bmT2`pBbQ` S`Q7X >B`QF�xm hbmM2ibm;m 7Q` ?Bb p�`BQmb ;mB/�M+2b
�M/ biBKmH�iBM; /Bb+mbbBQMb /m`BM; i?2 }p2 v2�`b Q7 Kv ;`�/m�i2 +Qm`b2X

A �K ;`�i27mH iQ S`Q7X .�MB2H 6X �;i2`#2`; 7Q` i?2 Qm` `2b2�`+? +QHH�#Q`�iBQMb �M/ ?Bb FBM/
bmTTQ`ib /m`BM; Kv bi�v �i i?2 lMBp2`bBiv Q7 qBb+QMbBM@JBHr�mF22X A �HbQ i?�MF .`X h�ibmv�
a?Bb?B/Qm- r?Q Bb �MQi?2` Q7 Kv +QHH�#Q`�iQ`b �M/ JbX E�i2 o�H2`BmbX h?2v �HbQ bmTTQ`i2/ Kv
bi�v BM JBHr�mF22X A �HbQ i?�MF �HH i?2 T2QTH2 A K2i BM JBHr�mF22- r?Q K�/2 Kv JBHr�mF22
HB72 +QHQ`7mHX

A �K ;`�i27mH iQ .`X h�ibm?BFQ LX AF2/�- i?2 `2b2�`+? �bbQ+B�i2 Q7 hbmM2ibm;m ;`QmTX >Bb
K�Mv FBM/Hv �M/ BMbB;?i7mH �/pB+2 K�/2 Kv ?2�/ +H2�`X

J�Mv 7`mBi7mH /Bb+mbbBQMb rBi? p�`BQmb `2b2�`+?2`b ?�p2 #22M p2`v ?2HT7mH �M/ ?�p2 2M+Qm`@
�;2/ Kv HB72 BM i?2 ;`�/m�i2 +Qm`b2X 1bT2+B�HHv- A rQmH/ HBF2 iQ i?�MF Kv b2+QM/�`v bmT2`@
pBbQ` S`Q7X J�b�iQb?B AK�/�- �M/ Qi?2` T2QTH2 BM+Hm/BM; S`Q7X uQm?2B u�K�DB- S`Q7X JB+?�2H
q2BM2`i- S`Q7X GB�M GB- S`Q7X >B`Q�FB EmbmMQb2- S`Q7X h2ibmv� h�FBKQiQ- S`Q7X E�xmK�b�
>�iiQ`B- S`Q7X h2ibm`Q LBFmMB- S`Q7X a?mMDB hbm+?Bv�- S`Q7X ATT2B .�Mb?Bi�- .`X a?mMB+?B`Q
EBii�F�- J`X CQb2T? PǶ>�HHQ`�M- J`X �/BH �KBM- JbX u�M�M GB- J`X umbmF2 am;Bi�- J`X E2Bi�
>�K�KQiQ- J`X C�2@EvmM >r�M;- J`X E�xmK� L�;�Q �M/ J`X >B`QK�b� u�M�iQ`BX

A �HbQ i?�MF J`X EQFB *?BMx2B- J`X umDB LQx�r�- J`X >B/2MQ#m 1K� �M/ J`X EQDB
E�r�?�`� BM hbmM2ibm;m ;`QmT- .`X _mB a�F�MQ- i?2 `2b2�`+? �bbQ+B�i2 Q7 E�iQ ;`QmT- �M/
Kv +QHH2�;m2b �i i?2 AMbiBimi2 7Q` aQHB/ ai�i2 S?vbB+b UAaaSV- J`X >B`QvmFB 6mDBi�- J`X uQb?BFB
6mFmbmKB- J`X >B`QMQ`B P+?B- JbX �B`B E�r�b�FB- J`X am;m`m AiQ- J`X E�xmv� LQKm`�-
J`X uQb?B?BiQ JQiQvmB- �M/ J`X a?mMi�`Q �F2#B 7Q` /Bb+mbbBQMb �M/ b?�`BM; rQM/2`7mH iBK2X
AM �//BiBQM- A i?�MF .`X 1KBF� h�F�i� �M/ .`X umv� L�F�;�r� 7Q` ?2HTBM; Kv r`BiBM; Kv
i?2bBbX

A 2tT`2bb Kv ;`�iBim/2 iQ i?2 b2+`2i�`B2b- JbX �ibmFQ hbmDB- JbX umFBFQ E�iQ- JbX 1`B
a�ii� �M/ JbX J�vmKB J�ibmb?Bi� 7Q` i?2B` FBM/ bmTTQ`iX

G�bi #mi MQi H2�bi- A rQmH/ HBF2 iQ i?�MF Kv T�`2Mib- >B`Qb?B �M/ EmKBFQ 7Q` i?2B` /2pQi2/
bmTTQ`i 7Q` Kv r?QH2 HB72X

Pm` MmK2`B+�H +�H+mH�iBQMb r2`2 T�`iHv +�``B2/ Qmi �i i?2 amT2`+QKTmi2` *2Mi2`- AaaS-
h?2 lMBp2`bBiv Q7 hQFvQX A r�b bmTTQ`i2/ #v J�i2`B�Hb 1/m+�iBQM T`Q;`�K 7Q` i?2 7mim`2
H2�/2`b BM _2b2�`+?- AM/mbi`v- �M/ h2+?MQHQ;v UJ1_AhV Q7 C�T�M aQ+B2iv 7Q` i?2 S`QKQiBQM
Q7 a+B2M+2 UCaSaVX

dR



dk *?�Ti2` 8X amKK�`v �M/ *QM+HmbBQMb



�TT2M/Bt �

1z2+iBp2 irQ@Q`#Bi�H KQ/2H Q7
KQMQH�v2` 62a2

AM i?Bb �TT2M/Bt- r2 #`B2~v `2pB2r i?2 2z2+iBp2 irQ@Q`#Bi�H KQ/2H Q7 KQMQH�v2` 62a2 7QHHQrBM;
_27X (jk)X JQMQH�v2` 62a2 ?�b � MQMbvKKQ`T?B+ bi`m+im`2 T`2b2Mi2/ #v i?2 bT�+2 ;`QmT
P4/nmm (dy)X Ua22 6B;X �XRU�VV Ai ?�b �M n@;HB/2 TH�M2 `2H�i2/ iQ i?2 +QK#BM�iBQM Q7 i?2
KB``Q` `2~2+iBQM �#Qmi i?2 62a2 TH�M2 �M/ i`�MbH�iBQM #v � ?�H7 mMBi +2HHX Ai H2�/b iQ �M
BKTQ`i�Mi `2bi`B+iBQM QM i?2 B``2/m+B#H2 `2T`2b2Mi�iBQM Q7 i?2 HBiiH2 ;`QmT �i i?2 M @TQBMi Q7
"`BHHQmBM wQM2 U"wVX �HH i?2 T?vbB+�H B``2/m+B#H2 `2T`2b2Mi�iBQMb irQ /BK2MbBQM�H `272``2/ iQ
�b M1 - M2 - M3 �M/ M4 BM _27X (dy)X h?2 T�`i M2�` 62`KB H2p2H Q7 2M2`;v #�M/b BM KQMQH�v2`
62a2 Bb K�BMHv K�/2 Q7 i?2 bi�i2b Q7 M1@ �M/ M3@/Qm#H2ib- �`QmM/ i?2 M @TQBMiX h?2 62`KB
bm`7�+2 �`QmM/ M @TQBMi Bb K�BMHv K�/2 Q7 irQ Q`#Bi�Hb- �M/ i?2v �`2 HBM2�` +QK#BM�iBQMb
Q7 {xz, yz} �M/ x

2
� y

2 Q`#Bi�Hb Q7 62 BQMb �b b?QrM BM 6B;X �XRU+VX h?mb- Bib MQ`K�H@bi�i2
>�KBHiQMB�M Bb ;Bp2M BM (M1,M3) bT�+2 (jk) rBi?

HM1�M3 = HCV +HSOC, U�XRV

r?2`2

HCV =
X

k

 ̃†
k


✏1⌧̃0�0 + a1kxky ⌧̃z�0 �iv (kx⌧̃0 + ky ⌧̃z)�0
iv (kx⌧̃0 + ky ⌧̃z)�0 ✏3⌧̃0�0 + a3kxky ⌧̃z�0

�
 ̃k, U�XkV

�M/ i?2 bTBM@Q`#Bi +QmTHBM; i2`K

HSOC =
X

k

 ̃†
k


�1⌧̃x (ky�x � kx�y) � (�i⌧̃x�y + ⌧̃y�x)
� (i⌧̃x�y + ⌧̃y�x) �2⌧̃x (ky�x + kx�y)

�
 ̃k, U�XjV

r?2`2 k = (kx, ky) Bb KQK2MimK K2�bm`2/ 7`QK M @TQBMi- ⌧̃i K�i`B+2b /2b+`B#2 i?2 irQ
Q`#Bi�H UHBM2�` +QK#BM�iBQMb Q7 {xz, yz} �M/ x

2
� y

2 Q`#Bi�Hb /2;`22b Q7 7`22/QKV �M/ �i

K�i`B+2b /2b+`B#2b bTBM /2;`22b Q7 7`22/QK- �M/  ̃k Bb �M 2B;?i@+QKTQM2Mi bTBMQ`X q2 H�#2H
2�+? #�M/ Q7 HCV �b M1,1- M1,2- M3,1 �M/ M3,2X �i i?2 M @TQBMi- M1,1 �M/ M1,2 UM3,1 �M/
M3,2 V �`2 /2;2M2`�i2- �b r2HH �b M3,1@ �M/ M3,2@#�M/b �M/ 2�+? #�M/ ?�b bTBM /2;2M2`�+v
U6B;m`2 �XRU#VVX

q2 rBHH `2/m+2 i?Bb 2B;?i@#�M/ >�KBHiQMB�M iQ �M 2z2+iBp2 KQ/2H T`QD2+i2/ QM i?2 M1,1

�M/ M3,1@#�M/bX q2 �bbmK2 i?�i i?2 2M2`;v b+�H2b Q7 HSOC �`2 bK�HH2` i?�M i?Qb2 Q7 HCV

dj



d9 �TT2M/Bt �X 1z2+iBp2 irQ@Q`#Bi�H KQ/2H Q7 KQMQH�v2` 62a2

6B;m`2 �XR, U�V "`BHHQmBM xQM2 �M/ mMBi +2HH Q7 62a2X PM2 bm#H�iiB+2 Q7 i?2 TMB+iB/2 Bb Tm+F2`2/
�#Qp2 �M/ i?2 Qi?2` Bb Tm+F2`2/ #2HQr i?2 H�v2`X U#V a+?2K�iB+ #�M/ bi`m+im`2 Q7 HCV �`QmM/
i?2 M @TQBMi Q7 "wX h?2 `2/ HBM2b `2T`2b2Mi i?2 #�M/b M2�` i?2 62`KB H2p2HX q2 H�#2H 2�+?
#�M/ �b M1,1- M1,2- M3,1 �M/ M3,2X �i i?2 M @TQBMi- M1,1 �M/ M1,2 UM3,1 �M/ M3,2V �`2
/2;2M2`�i2 �M/ 2�+? #�M/ ?�b bTBM /2;2M2`�+vX .2;2M2`�i2 Q`#Bi�H #�bBb b2ib �i i?2 M @TQBMi
7Q` i?2 irQ 2H2+i`QMB+ `2T`2b2Mi�iBQMb UM1 �M/ M3V (jk)X q2 MQi2 i?�i i?2 62 bBi2b �`2 MQi
BMp2`bBQM +2Mi2`b- �HHQrBM; 7Q` pz Q`#Bi�Hb iQ KBt rBi? i?2 x

2
� y

2 Q`#Bi�HbX

M2�` i?2 62`KB bm`7�+2X h?2 7QHHQrBM; 2z2+iBp2 >�KBHiQMB�M BM MQ`K�H bi�i2b-

HM =
X

k

 †
k [✏0 (k) + �xy (k) ⌧z + ⌧x (�y (k)�x + �x (k)�y)] k, U�X9V

r?2`2 ⌧i K�i`B+2b /2b+`B#2 i?2 irQ #�M/ /2;`22 Q7 7`22/QK-  k Bb � 7Qm`@+QKTQM2Mi bTBMQ`
�M/

✏0 (k) =
✏1 + ✏3

2
+

E+ (k) + E� (k)

2
, U�X8V

�xy (k) =
a1 + a3

2
kxky +

E+ (k)� E� (k)

2
, U�XeV

�x (k) = kx [�1A+ (k)A� (k) + �2B+ (k)B� (k)]

+i� [A+ (k)B� (k) +B+ (k)A� (k)] , U�XdV
�y (k) = ky [��1A+ (k)A� (k) + �2B+ (k)B� (k)]

+i� [A+ (k)B� (k)�B+ (k)A� (k)] , U�X3V



�TT2M/Bt �X 1z2+iBp2 irQ@Q`#Bi�H KQ/2H Q7 KQMQH�v2` 62a2 d8

rBi?

E± (k) =
q
�
2
± (k) + v2 (kx ± ky)

2
, U�XNV

�± (k) =
✏1 � ✏3 ± (a1 � a3) kxky

2
, U�XRyV

A± (k) = �i sgn (v) sgn (kx ± ky)

s
1

2

✓
1 +

�± (k)

E± (k)

◆
, U�XRRV

B± (k) =

s
1

2

✓
1�

�± (k)

E± (k)

◆
. U�XRkV

h?2 #�bBb 7mM+iBQMb Q7  k �`2 ;Bp2M #v

 k =

✓
|F1 (k)i
|F2 (k)i

◆
, U�XRjV

rBi?

|F1 (k)i = A+ (k) |M1,1i+B+ (k) |M3,1i , U�XR9V
|F2 (k)i = A� (k) |M1,2i+B� (k) |M3,2i . U�XR8V

am`T`BbBM;Hv- i?2b2 irQ #�M/b +`QbbBM; i?2 62`KB H2p2H #2HQM; i?2 bBM;H2 `2T`2b2Mi�iBQM M3

�Hi?Qm;? i?2v Q`B;BM�i2 7`QK i?2 M1 �M/ i?2 M3 `2T`2b2Mi�iBQMX AM Qi?2` rQ`/b- i?Bb K2�Mb
i?2 #�bBb (|F1 (k)i , |F2 (k)i) i`�Mb7Q`K �b � M3 `2T`2b2Mi�iBQM (dy) �M/ M3 ⌦M3 Bb `2/m+2/
iQ A1g � B2g � A1u � B2u Q7 D4h `2T`2b2Mi�iBQMX h?Bb K2�Mb i?�i QM2 +�M +QMbi`m+i QM2@
/BK2MbBQM�H `2T`2b2Mi�iBQMb 7`QK T`Q/m+i F

†
i Fj �M/ r2 }M/ i?�i A1g : F

†
1
F1 + F

†
2
F2 (⌧0)-

B2g : F
†
1
F1 � F

†
2
F2 (⌧z)- A1u : F

†
1
F2 � F

†
2
F1 (⌧y) �M/ A1g : F

†
1
F2 + F

†
2
F1 (⌧x)X

q2 #`B2~v 2tTH�BM �#Qp2 #v BMpQFBM; _27X (dy)X ✏0 (k) BM 1[X U�X8V �M/ �xy (k) BM 1[X U�XeV
i`�Mb7Q`K �b A1g �M/ B2g `2T`2b2Mi�iBQM- `2bT2+iBp2HvX {�x (k) , �y (k)} BM 1[bX U�XdV �M/ U�X3V
i`�Mb7Q`Kb �b E2u `2T`2b2Mi�iBQMX h?2 bvKK2i`v Q7 7mM+iBQMb f(k) �M/ i?2 S�mHB K�i`B+2b
⌧j �M/ �i r?B+? r2 mb2/ �`2 b?QrM BM h�#H2 jXkX h?2 b�K2 �M�HvbBb b?Qrb i?�i i?2 bi�i2b BM
1[bX U�XR9V �M/ U�XR8V �`2 � #�bBb b2i Q7 i?2 M3 `2T`2b2Mi�iBQM bBM+2 i?2v �`2 i`�Mb7Q`K2/
�b EM3 Q7 h�#H2 AAA BM _27X (dy)X

AM i?Bb i?2bBb- BMbi2�/ Q7 mbBM; i?2 /2i�BH2/ 2tT`2bbBQMb U�X8VĜU�X3V- r2 mb2 ✏0 (k) =
(k2x+k

2
y)/2m�µ- �x (k) = vsokx- �y (k) = vsoky- �xy (k) = akxkyX q2 b2i i?2`2 i?2 T�`�K2i2`b

�b a = 600 K2o ³2- 1/(2m) = 1375 K2o ³2- µ = 55 K2o ³ �M/ k0 = 0.2 ³�1 BM Q`/2` iQ
`2T`Q/m+2 i?2 #�M/b �M/ i?2 62`KB bm`7�+2 Q#b2`p2/ #v �_S1a (jR)X LQi2 i?�i Qm` k · p@
HBF2 >�KBHiQMB�M U�X9V Bb /2`Bp2/ 7`QK bvKK2i`v �`;mK2Mib �M/ i?2`2 �`2 MQ Qi?2` i2`Kb BM
i?2 7Q`K ⌧i�j X
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�TT2M/Bt "

1M2`;v bT2+i`mK #v :`22MǶb
7mM+iBQM K2i?Q/

AM i?Bb �TT2M/Bt- r2 2tTH�BM i?2 `2+m`bBp2 :`22MǶb 7mM+iBQM K2i?Q/ (Rjk) mb2/ BM a2+iBQM jXjX
G2i mb b2i mT � T`Q#H2K 7Q` 2H2+i`QMb QM � H�iiB+2 i?�i Bb b2KB@BM}MBi2 BM i?2 x@/B`2+iBQM

�M/ ?�b � }MBi2 +`Qbb b2+iBQM BM i?2 Qi?2` /B`2+iBQMbX q2 +QMbB/2` � >�KBHiQMB�M BM r?B+?
BMi2`�+iBQMb �`2 b?Qi `�M;2/ �M/ 2H2+i`QMb QM bBi2 rBi? x = n (1  n < 1) BMi2`�+i i?Qb2 �i
x = n± 1 QMHvX 1H2+i`QMb �i i?2 2/;2 x = 0 BMi2`�+i i?Qb2 �i x = 1 QMHvX L2;H2+iBM; i?2 2/;2
2z2+ib- i?2 >�KBHiQMB�M Bb /2}M2/ �b � #HQ+F /B�;QM�H 7Q`K

H =

0

BBBBBB@

A B 0 0 0 0 · ·

B
†

A B 0 0 0 · ·

0 B
†

A B 0 0 · ·

0 0 B
†

A B 0
· · ·

· · ·

1

CCCCCCA
, U"XRV

r?2`2 A �M/ B �`2 b[m�`2 K�i`B+2b �M/ i?2B` /BK2MbBQMb �`2 #Qi? 3 UQ` 9 BM � `2/m+2/ 7Q`KV
BM Qm` T`Q#H2K BM a2+iBQM jXjX h?2 :`22MǶb 7mM+iBQM Bb /2}M2/ #v

G (!) = (!I �H)�1
, U"XkV

7Q` � +QKTH2t MmK#2` ! �M/ H2i mb /2MQi2 Bib (n,m)@#HQ+F #v Gnm (!)X 6Q` i?Bb 7Q`K Q7
>�KBHiQMB�M- GƦT2x a�M+?Q 2i �HX (Rjk) ?�p2 /2p2HQT2/ � [mB+FHv +QMp2`;2Mi Bi2`�iBp2 b+?2K2
iQ +�H+mH�i2 i?2 bm`7�+2 �M/ #mHF :`22MǶb 7mM+iBQMb- BX2X- G0,0 �M/ G1,1 `2bT2+iBp2HvX q2
2tTH�BM i?Bb `2+m`bBp2 K2i?Q/ 7QHHQrBM; _27X (Rjk)X

h?2 /2}MBiBQM Q7 :`22MǶb 7mM+iBQM H2�/b iQ i?2 7QHHQrBM; `2+m`bBQM `2H�iBQM

(!I �A)G0,0 (!) = I +B G1,0 (!) , U"XjV
(!I �A)Gn,0 (!) = B

†
Gn�1,0 (!) +B Gn+1,0 (!) (n � 1). U"X9V

lbBM; 1[bX U"X9V �M/ U"XjV rBi? n = 1- r2 Q#i�BM i?2 `2H�iBQM #2ir22M G0,0 �M/ G2,0 r?B+?
Bb

h
!I �A�B(!I �A)�1

B
†
i
G0,0 (!) = I +B (!I �A)�1

B G2,0 (!) . U"X8V

dd



d3 �TT2M/Bt "X 1M2`;v bT2+i`mK #v :`22MǶb 7mM+iBQM K2i?Q/

AM i?2 b�K2 r�v- QM2 vB2H/b i?2 ;2M2`�H `2H�iBQM #2ir22M Gn,0 �M/ Gn±2,0,
h
!I �A�B(!I �A)�1

B
†
�B

†(!I �A)�1
B

i
Gn,0 (!)

= B
†(!I �A)�1

B
†
Gn�2,0 (!) +B (!I �A)�1

B Gn+2 (!) (n � 2). U"XeV
q2 MQi2 i?�i i?2 M2�`2bi M2B;?#Q`b UG1,0 �M/ Gn±1,0V /Bb�TT2�`2/ BM 1[bX U"X8V �M/ U"XeVX
q2 r`Bi2 i?2b2 `2H�iBQMb KQ`2 +QKT�+iHv-

(!I � ✏
s

1 (!))G0,0 (!) = I + ↵1 (!)G2,0 (!) , U"XdV
(!I � ✏1 (!))Gn,0 (!) = �1 (!)Gn�2,0 + ↵1 (!)Gn+2,0 (!) (n � 2), U"X3V
(!I � ✏1 (!))Gn,n (!) = I + �1 (!)Gn�2,n + ↵1 (!)Gn+2,n (!) (n � 2), U"XNV

r?2`2
✏
s

i (!) = A+B (!I �A)�1
B

†
, U"XRyV

✏i (!) = A+B(!I �A)�1
B

† +B
†(!I �A)�1

B, U"XRRV
↵1 (!) = B(!I �A)�1

B, U"XRkV
�1 (!) = B

†(!I �A)�1
B

†
. U"XRjV

q?2M r2 i�F2 2p2M p�Hm2 7Q` n- r2 Q#i�BM
(!I � ✏i (!))G2n,0 (!) = �1 (!)G2(n�1),0 (!) + ↵1 (!)G2(n+1),0 (!) , U"XR9V
(!I � ✏i (!))G2n,2n (!) = I + �1 (!)G2(n�1),n (!) + ↵1 (!)G2(n+1),2n (!) . U"XR8V

_2T2�iBM; �#Qp2 T`Q+2/m`2 i iBK2b- r2 ?�p2 �M Bi2`�iBp2 b2[m2M+2
✏
s

i (!) = ✏
s

i�1 (!) + ↵i�1 (!) (!I � ✏i�1)
�1
�i�1 (!) , U"XReV

✏i (!) = ✏i�1 (!) + ↵i�1 (!) (!I � ✏i�1 (!))
�1
�i�1 (!)

+�i�1 (!) (!I � ✏i�1 (!))
�1
↵i�1 (!) , U"XRdV

↵i (!) = ↵i�1 (!) (!I � ✏i�1 (!))
�1
↵i�1 (!) , U"XR3V

�i (!) = �i�1 (!) (!I � ✏i�1 (!))
�1
�i�1 (!) U"XRNV

�M/ i?2 U`2MQ`K�HBx2/V G0,0 rBi? 2i@i? H�v2`,
(!I � ✏

s

i (!))G0,0 (!) = I + ↵i (!)G2i,0 (!) , U"XkyV
�M/ Qi?2` 2H2K2Mib ;Bp2M #v

(!I � ✏i (!))G2in,0 (!) = �i (!)G2i(n�1),0 (!) + ↵i (!)G2i(n+1),0 (!) , U"XkRV
(!I � ✏i (!))G2in,2in (!) = �i (!)G2i(n�1),2in + ↵i (!)G2i(n+1),2in (!) . U"XkkV

r?2`2 i?22M2`;v K�i`B+2b ✏si - ✏i- ↵i- �M/ �i �`2 /2i2`KBM2/ `2+m`bBp2Hv bi�`iBM; 7`QK ✏
s
0
= ✏0 =

A- ↵0 = B- �M/ �0 = B
†X �b i?2 Bi2`�iBQM T`Q+22/b- i?2 2z2+iBp2 BMi2`�+iBQMb ↵i �M/ �i /2+�v

[mB+FHvX
6B;m`2 "XR b?Qrb ky@`2bQHp2/ bT2+i`�H 7mM+iBQMb Q#i�BM2/ #v i?Bb K2i?Q/-

Nn(ky, E) = �
1

⇡
Im Tr Gn,n(ky, E + i⌘) U"XkjV

�i n = 0 U2/;2V �M/ n = 1 U#mHFVX 6Qm` T�`�K2i2` b2i �`2 mb2/ 6B;X jXRy U�V@U/V BM a2+X jXjX
h?2 T�`i M2�` ky ⇠ 0 Bb K�;MB}2/ BM 6B;X "XkX q2 i�F2 ⌘/t = 10�5 �M/ biQT i?2 Bi2`�iBQM
r?2M #Qi? |↵i/t| �M/ |�i/t| �`2 bK�HH2` i?�M 10�7X _2[mB`2/ MmK#2` Q7 Bi2`�iBQMb �`2 �i KQbi
kyX
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6B;m`2 "XR, JQK2MimK@`2bQHp2/ bT2+i`�H 7mM+iBQM +�H+mH�i2/ #v :`22MǶb 7mM+iBQM K2i?Q/X
G27i U_B;?iV T�M2Hb b?Qr HQ+�H /2MbBiv Q7 bi�i2b BM #mHF U�i 2/;2VX .�`F #Hm2 �`2� `2T`2b2Mib
MQ@bi�i2 `2;BQMX U�V 7mHH ;�T- U#VU+V QTTQbBi2 bB;M T�B` Q7 MQ/�H TQBMib- U/V b�K2 bB;M T�B` Q7
MQ/�H TQBMibX
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*?�`�+i2` i�#H2b 7Q` i?2 i2i`�;QM�H
�M/ ?2t�;QM�H TQBMi ;`QmTb

>2`2 r2 i?2 b?Qr +?�`�+i2` i�#H2b Q7 i?2 TQBMi ;`QmTb D4h �M/ D6h (Rjj)X "�bBb 7mM+iBQMb Q7
i?2B` B``2/m+B#H2 `2T`2b2Mi�iBQMb �`2 �HbQ HBbi2/X

3R
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(R) EX pX EHBixBM;- :X .Q`/�- �M/ JX S2TT2`- L2r J2i?Q/ 7Q` >B;?@�++m`�+v .2i2`KBM�@
iBQM Q7 i?2 6BM2@ai`m+im`2 *QMbi�Mi "�b2/ QM Zm�MiBx2/ >�HH _2bBbi�M+2- S?vbX _2pX
G2iiX 98- 9N9 URN3yVX

(k) .X CX h?QmH2bb- JX EQ?KQiQ- JX SX LB;?iBM;�H2- �M/ JX /2M LBDb- Zm�MiBx2/ >�HH
*QM/m+i�M+2 BM � hrQ@.BK2MbBQM�H S2`BQ/B+ SQi2MiB�H- S?vbX _2pX G2iiX 9N- 9y8 URN3kVX

(j) sB�Q@:�M; q2M- hQTQHQ;B+�H Q`/2`b BM `B;B/ bi�i2b- AMiX CX JQ/X S?vbX " 9- kjN URNNyVX

(9) u�bm?B`Q >�ibm;�B- *?2`M MmK#2` �M/ 2/;2 bi�i2b BM i?2 BMi2;2` [m�MimK >�HH 2z2+i-
S?vbX _2pX G2iiX dR- jeNd URNNjVX

(8) J�?BiQ EQ?KQiQ- hQTQHQ;B+�H BMp�`B�Mi �M/ i?2 [m�MiBx�iBQM Q7 i?2 >�HH +QM/m+i�M+2-
�MMX S?vbX ULXuXV Rey- j9j URN38VX

(e) "X �M/`2B "2`M2pB;- h�vHQ` GX >m;?2b- �M/ a?Qm@*?2M; w?�M;- Zm�MimK aTBM >�HH
1z2+i �M/ hQTQHQ;B+�H S?�b2 h`�MbBiBQM BM >;h2 Zm�MimK q2HHb- a+B2M+2 jR9- Rd8d
UkyyeVX

(d) �M/`2�b SX a+?Mv/2`- a?BMb2B _vm- �FB`� 6m`mb�FB- �M/ �M/`2�b qX qX Gm/rB;- *H�bbB@
}+�iBQM Q7 iQTQHQ;B+�H BMbmH�iQ`b �M/ bmT2`+QM/m+iQ`b BM i?`22 bT�iB�H /BK2MbBQMb- S?vbX
_2pX " d3- RN8Rk8 Ukyy3VX

(3) �H2t�M/2` �HiH�M/ �M/ J�`iBM _X wB`M#�m2`- LQMbi�M/�`/ bvKK2i`v +H�bb2b BM K2bQ@
b+QTB+ MQ`K�H@bmT2`+QM/m+iBM; ?v#`B/ bi`m+im`2b- S?vbX _2pX " 88- RR9k URNNdVX

(N) sB�Q@GB�M; ZB �M/ a?Qm@*?2M; w?�M;- hQTQHQ;B+�H BMbmH�iQ`b �M/ bmT2`+QM/m+iQ`b-
_2pX JQ/ S?vbX 3j- Ry8d UkyRRVX

(Ry) uQB+?B �M/Q �M/ GB�M; 6m- hQTQHQ;B+�H +`vbi�HHBM2 BMbmH�iQ`b �M/ iQTQHQ;B+�H bmT2`@
+QM/m+iQ`b, 7`QK +QM+2Tib iQ K�i2`B�Hb- �MMmX _2pX *QM/2MbX J�ii2` S?vbX e- jeR
UkyR8VX

(RR) �M/`2�b S a+?Mv/2` �M/ S?BHBT J _ "`v/QM- hQTQHQ;B+�H bm`7�+2 bi�i2b BM MQ/�H
bmT2`+QM/m+iQ`b- CX S?vbX *QM/2MbX, J�ii2`X kd- k9jkyR UkyR8VX

(Rk) J�b�iQb?B a�iQ �M/ uQB+?B �M/Q- hQTQHQ;B+�H bmT2`+QM/m+iQ`b, � `2pB2r- _2TX S`Q;X
S?vbX 3y- yde8yR UkyRdVX

(Rj) LB+?QH�b _2�/ �M/ .KBi`v :`22M- S�B`2/ bi�i2b Q7 72`KBQMb BM irQ /BK2MbBQMb rBi?
#`2�FBM; Q7 T�`Biv �M/ iBK2@`2p2`b�H bvKK2i`B2b �M/ i?2 7`�+iBQM�H [m�MimK >�HH 2z2+i-
S?vbX _2pX " eR- Ryked UkyyyVX
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(R9) � um EBi�2p- lMT�B`2/ J�DQ`�M� 72`KBQMb BM [m�MimK rB`2b- S?vbB+b@lbT2F?B 99- RjR
UkyyRVX

(R8) umFBQ h�M�F� �M/ a�iQb?B E�b?Br�v�- h?2Q`v Q7 hmMM2HBM; aT2+i`Qb+QTv Q7 d @q�p2
amT2`+QM/m+iQ`b- S?vbX _2pX G2iiX d9- j98R URNN8VX

(Re) J�b�iQb?B a�iQ- umFBQ h�M�F�- E2BDB u�/�- �M/ h�F2?BiQ uQFQv�K�- hQTQHQ;v Q7
�M/`22p #QmM/ bi�i2b rBi? ~�i /BbT2`bBQM- S?vbX _2pX " 3j- kk98RR UkyRRVX

(Rd) E�xm?BFQ Em`QFB- a2BB+?B`Q PM�`B- _vQi�`Q �`Bi�- >B/2iQKQ lbmB- umFBQ h�M�F�- >B@
`Qb?B EQMi�MB- �M/ >B/2Q �QFB- lM+QMp2MiBQM�H S�B`BM; P`B;BM�iBM; 7`QK i?2 .Bb@
+QMM2+i2/ 62`KB am`7�+2b Q7 amT2`+QM/m+iBM; LaFeAsO1�xFx- S?vbX _2pX G2iiX RyR-
y3dyy9 Ukyy3VX

(R3) AX AX J�xBM- .X CX aBM;?- JX .X CQ?�MM2b- �M/ JX >X .m- lM+QMp2MiBQM�H amT2`+QM@
/m+iBpBiv rBi? � aB;M _2p2`b�H BM i?2 P`/2` S�`�K2i2` Q7 LaFeAsO1�xFx- S?vbX _2pX
G2iiX RyR- y8dyyj Ukyy3VX

(RN) JX uB- .X >X Gm- CX :X �M�HviBb- CX@>X *?m- aX@EX JQ- _X@>X >2- _X :X JQQ`2- sX CX w?Qm-
:X 6X *?2M- CX GX GmQ- LX GX q�M;- wX >mbb�BM- .X CX aBM;?- AX _X 6Bb?2`- �M/ wX@sX
a?2M- 1H2+i`QMB+ bi`m+im`2 Q7 i?2 "�622�b2 7�KBHv Q7 B`QM@TMB+iB/2 bmT2`+QM/m+iQ`b-
S?vbX _2pX " 3y- yk98R8 UkyyNVX

(ky) S _B+?�`/- h a�iQ- E L�F�v�K�- h h�F�?�b?B- �M/ > .BM;- 62@#�b2/ bmT2`+QM/m+iQ`b,
�M �M;H2@`2bQHp2/ T?QiQ2KBbbBQM bT2+i`Qb+QTv T2`bT2+iBp2- _2TX S`Q;X S?vbX d9- Rk98Rk
UkyRRVX

(kR) S _B+?�`/- h ZB�M- �M/ > .BM;- �_S1a K2�bm`2K2Mib Q7 i?2 bmT2`+QM/m+iBM; ;�T Q7
62@#�b2/ bmT2`+QM/m+iQ`b �M/ i?2B` BKTHB+�iBQMb iQ i?2 T�B`BM; K2+?�MBbK- CX S?vbX
*QM/2MbX, J�ii2` kd- kNjkyj UkyR8VX

(kk) �M/`2v *?m#mFQp- S�B`BM; K2+?�MBbK BM 62@#�b2/ bmT2`+QM/m+iQ`b- �MMmX _2pX *QM@
/2MbX J�ii2` S?vbX j- 8d UkyRkVX

(kj) uB :�Q- qm@S2B am- �M/ CB�M@sBM w?m- AMi2`Q`#Bi�H T�B`BM; �M/ Bib T?vbB+�H +QMb2@
[m2M+2b 7Q` B`QM TMB+iB/2 bmT2`+QM/m+iQ`b- S?vbX _2pX " 3R- Ry98y9 UkyRyVX

(k9) GB�M; 6m- P//@T�`Biv iQTQHQ;B+�H bmT2`+QM/m+iQ` rBi? M2K�iB+ Q`/2`, �TTHB+�iBQM iQ
CuxBi2Se3- S?vbX _2pX " Ny- Ryy8yN UkyR9VX

(k8) a?BM;Q uQM2x�r�- E2M;Q h�DB`B- am;m`m L�F�i�- umFB L�;�B- w?Br2B q�M;- EQmDB
a2;�r�- uQB+?B �M/Q- �M/ uQb?Bi2`m J�2MQ- h?2`KQ/vM�KB+ 2pB/2M+2 7Q` M2K�iB+
bmT2`+QM/m+iBpBiv BM *mx "B2 a23- L�iX S?vbX Rj- Rkj UkyRdVX

(ke) SX JX _X "`v/QM- GBKBM q�M;- JX q2BM2`i- �M/ .X 6X �;i2`#2`;- S�B`BM; Q7 j = 3/2
62`KBQMb BM >�H7@>2mbH2` amT2`+QM/m+iQ`b- S?vbX _2pX G2iiX RRe- RddyyR UkyReVX

(kd) >vmMbQQ EBK- E272M; q�M;- u�bmvmFB L�F�DBK�- _QM;r2B >m- ai2p2M wB2K�F- S�mH
av2`b- GBKBM q�M;- >�HvM� >Q/Qp�M2ib- CQM�i?�M .X .2MHBM;2`- S?BHBT JX _X "`v/QM-
.�MB2H 6X �;i2`#2`;- J�F�`Bv �X h�M�i�`- _mbH�M S`QxQ`Qp- �M/ CQ?MTB2``2 S�;HBQM2-
"2vQM/ i`BTH2i, lM+QMp2MiBQM�H bmT2`+QM/m+iBpBiv BM � bTBM@jfk iQTQHQ;B+�H b2KBK2i�H-
a+BX �/pX 9- 2��Q98Rj UkyR3VX
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(k3) .27� GBm- q2M?�Q w?�M;- .�BtB�M; JQm- CmM72M; >2- umM@"Q Pm- ZBM;@u�M q�M;- w?B
GB- GBHB q�M;- GBM w?�Q- a?�QHQM; >2- uBM;vBM; S2M;- sm GBm- *?�Qvm *?2M- GB um-
:mQ/QM; GBm- sB�QHB .QM;- CmM w?�M;- *?m�M;iB�M *?2M- wmv�M sm- CB�M;TBM; >m-
sB *?2M- sm+mM J�- ZBFmM sm2- �M/ s C w?Qm- 1H2+i`QMB+ Q`B;BM Q7 ?B;?@i2KT2`�im`2
bmT2`+QM/m+iBpBiv BM bBM;H2@H�v2` 62a2 bmT2`+QM/m+iQ`- L�iX *QKKmMX j- NjR UkyRkVX

(kN) a?�QHQM; >2- CmM72M; >2- q2M?�Q w?�M;- GBM w?�Q- .27� GBm- sm GBm- .�BtB�M; JQm-
umM@"Q Pm- ZBM;@u�M q�M;- w?B GB- GBHB q�M;- uBM;vBM; S2M;- u�M GBm- *?�Qvm *?2M-
GB um- :mQ/QM; GBm- sB�QHB .QM;- CmM w?�M;- *?m�M;iB�M *?2M- wmv�M sm- sB *?2M-
sm+mM J�- ZBFmM sm2- �M/ s C w?Qm- S?�b2 /B�;`�K �M/ 2H2+i`QMB+ BM/B+�iBQM Q7
?B;?@i2KT2`�im`2 bmT2`+QM/m+iBpBiv �i e8 E BM bBM;H2@H�v2` 62a2 }HKb- L�iX J�i2`X Rk-
ey8 UkyRjVX

(jy) a?BvQM; h�M- u�M w?�M;- JB�Q sB�- wB`QM; u2- 62B *?2M- sBM sB2- _mB S2M;- .B72B sm-
ZBM 6�M- >�B+?�Q sm- Cm�M CB�M;- hQM; w?�M;- sBM+?mM G�B- h�Q sB�M;- CB�M;TBM;
>m- "BMTBM; sB2- �M/ .QM;H�B 62M;- AMi2`7�+2@BM/m+2/ bmT2`+QM/m+iBpBiv �M/ bi`�BM@
/2T2M/2Mi bTBM /2MbBiv r�p2b BM 62a2fa`hBP3 i?BM }HKb- L�iX J�i2`X Rk- ej9 UkyRjVX

(jR) uX w?�M;- CX CX G22- _X :X JQQ`2- qX GB- JX uB- JX >�b?BKQiQ- .X >X Gm- hX SX
.2p2`2�mt- .X@>X G22- �M/ wX@sX a?2M- amT2`+QM/m+iBM; :�T �MBbQi`QTv BM JQMQH�v2`
62a2 h?BM 6BHK- S?vbX _2pX G2iiX RRd- RRdyyR UkyReVX

(jk) .X 6X �;i2`#2`;- hX a?Bb?B/Qm- CX PǶ>�HHQ`�M- SX JX _X "`v/QM- �M/ JX q2BM2`i-
_2bBHB2Mi LQ/2H2bb d@q�p2 amT2`+QM/m+iBpBiv BM JQMQH�v2` 62a2- S?vbX _2pX G2iiX
RRN- kedyyR UkyRdVX

(jj) J�M7`2/ aB;`Bbi �M/ E�xmQ l2/�- S?2MQK2MQHQ;B+�H i?2Q`v Q7 mM+QMp2MiBQM�H bmT2`@
+QM/m+iBpBiv- _2pX JQ/X S?vbX ej- kjN URNNRVX

(j9) "X "û`B- hQTQHQ;B+�HHv bi�#H2 ;�TH2bb T?�b2b Q7 iBK2@`2p2`b�H@BMp�`B�Mi bmT2`+QM/m+iQ`b-
S?vbX _2pX " 3R- Rj98R8 UkyRyVX

(j8) �M/`2�b SX a+?Mv/2` �M/ a?BMb2B _vm- hQTQHQ;B+�H T?�b2b �M/ bm`7�+2 ~�i #�M/b BM
bmT2`+QM/m+iQ`b rBi?Qmi BMp2`bBQM bvKK2i`v- S?vbX _2pX " 39- yey8y9 UkyRRVX

(je) hQK�Ȓ "x/mȒ2F �M/ J�M7`2/ aB;`Bbi- _Q#mbi /Qm#Hv +?�`;2/ MQ/�H HBM2b �M/ MQ/�H
bm`7�+2b BM +2Mi`QbvKK2i`B+ bvbi2Kb- S?vbX _2pX " Ne- R88Ry8 UkyRdVX

(jd) .X 6X �;i2`#2`;- SX JX _X "`v/QM- �M/ *X hBKK- "Q;QHBm#Qp 62`KB am`7�+2b BM am@
T2`+QM/m+iQ`b rBi? "`QF2M hBK2@_2p2`b�H avKK2i`v- S?vbX _2pX G2iiX RR3- RkdyyR
UkyRdVX

(j3) a?BM;Q EQ#�v�b?B- E2M a?BQx�FB- umFBQ h�M�F�- �M/ J�b�iQb?B a�iQ- hQTQHQ;B+�H
"HQmMiǶb i?2Q`2K Q7 Q//@T�`Biv bmT2`+QM/m+iQ`b- S?vbX _2pX " Ny- yk98Re UkyR9VX

(jN) uX sX w?�Q- �M/`2�b SX a+?Mv/2`- �M/ wX .X q�M;- lMB}2/ h?2Q`v Q7 PT �M/ CP

AMp�`B�Mi hQTQHQ;B+�H J2i�Hb �M/ LQ/�H amT2`+QM/m+iQ`b- S?vbX _2pX G2iiX RRe- R8e9yk
UkyReVX
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(9y) 1X _X a+?2KK- qX CX :�MMQM- *X JX qBb?M2- qX SX >�HT2`BM- �M/ �X E�TBimHMBF-
P#b2`p�iBQM Q7 #`QF2M iBK2@`2p2`b�H bvKK2i`v BM i?2 ?2�pv@72`KBQM bmT2`+QM/m+iQ`
lSi3- a+B2M+2 j98- RNy UkyR9VX

(9R) uQmB+?B u�M�b2- LQMbvKKQ`T?B+ q2vH bmT2`+QM/m+iBpBiv BM UPt3 #�b2/ QM E2u `2T`2@
b2Mi�iBQM- S?vbX _2pX " N9- Rd98yk UkyReVX

(9k) uQmB+?B u�M�b2 �M/ E2M a?BQx�FB- Jƺ#Bmb iQTQHQ;B+�H bmT2`+QM/m+iBpBiv BM UPt3- S?vbX
_2pX " N8- kk98R9 UkyRdVX

(9j) w?B[B�M; q�M;- CQ?M "2`HBMbFv- :2`i`m/ wrB+FM�;H- �M/ *�i?2`BM2 E�HHBM- AMi`BMbB+ �+
�MQK�HQmb >�HH 2z2+i Q7 MQMbvKKQ`T?B+ +?B`�H bmT2`+QM/m+iQ`b rBi? �M �TTHB+�iBQM iQ
UPt3- S?vbX _2pX " Ne- Rd98RR UkyRdVX

(99) :`B;Q`v 1 oQHQpBF- h?2 lMBp2`b2 BM � >2HBmK .`QTH2i UAMi2`M�iBQM�H a2`B2b Q7 JQMQ@
;`�T?b QM S?vbB+bV UPt7Q`/ lMBp2`bBiv S`2bb- kyyNVX

(98) SX JX _X "`v/QM- .X 6X �;i2`#2`;- >2M`B J2MF2- �M/ *X hBKK- "Q;QHBm#Qp 62`KB
bm`7�+2b, :2M2`�H i?2Q`v- K�;M2iB+ Q`/2`- �M/ iQTQHQ;v- S?vbX _2pX " N3- kk98yN
UkyR3VX

(9e) �Mi?QMv CX G2;;2ii- � i?2Q`2iB+�H /2b+`BTiBQM Q7 i?2 M2r T?�b2b Q7 HB[mB/ 3He- _2pX
JQ/X S?vbX 9d- jjR URNd8VX

(9d) J�b�iQb?B a�iQ- LQ/�H bi`m+im`2 Q7 bmT2`+QM/m+iQ`b rBi? iBK2@`2p2`b�H BMp�`B�M+2 �M/
Z2 iQTQHQ;B+�H MmK#2`- S?vbX _2pX " dj- kR98yk UkyyeVX

(93) a?BMb2B _vm- �M/`2�b SX a+?Mv/2`- �FB`� 6m`mb�FB- �M/ �M/`2�b qX qX Gm/rB;- hQTQ@
HQ;B+�H BMbmH�iQ`b �M/ bmT2`+QM/m+iQ`b, i2M7QH/ r�v �M/ /BK2MbBQM�H ?B2`�`+?v- L2r CX
S?vbX Rk- ye8yRy UkyRyVX

(9N) a?mMDB J�ibmm`�- SQ@u�Q *?�M;- �M/`2�b S a+?Mv/2`- �M/ a?BMb2B _vm- S`Qi2+i2/
#QmM/�`v bi�i2b BM ;�TH2bb iQTQHQ;B+�H T?�b2b- L2r CX S?vbX R8- ye8yyR UkyRjVX

(8y) uX sX w?�Q �M/ wX .X q�M;- hQTQHQ;B+�H *H�bbB}+�iBQM �M/ ai�#BHBiv Q7 62`KB am`7�+2b-
S?vbX _2pX G2iiX RRy- k9y9y9 UkyRjVX

(8R) *?BM;@E�B *?Bm �M/ �M/`2�b SX a+?Mv/2`- *H�bbB}+�iBQM Q7 `2~2+iBQM@bvKK2i`v@
T`Qi2+i2/ iQTQHQ;B+�H b2KBK2i�Hb �M/ MQ/�H bmT2`+QM/m+iQ`b- S?vbX _2pX " Ny- ky8Rje
UkyR9VX

(8k) *?BM;@E�B *?Bm- >QM; u�Q- �M/ a?BMb2B _vm- *H�bbB}+�iBQM Q7 iQTQHQ;B+�H BMbmH�iQ`b
�M/ bmT2`+QM/m+iQ`b BM i?2 T`2b2M+2 Q7 `2~2+iBQM bvKK2i`v- S?vbX _2pX " 33- yd8R9k
UkyRjVX

(8j) h�F�?B`Q JQ`BKQiQ �M/ �FB`� 6m`mb�FB- hQTQHQ;B+�H +H�bbB}+�iBQM rBi? �//BiBQM�H bvK@
K2i`B2b 7`QK *HBzQ`/ �H;2#`�b- S?vbX _2pX " 33- Rk8RkN UkyRjVX

(89) E2M a?BQx�FB �M/ J�b�iQb?B a�iQ- hQTQHQ;v Q7 +`vbi�HHBM2 BMbmH�iQ`b �M/ bmT2`+QM/m+@
iQ`b- S?vbX _2pX " Ny- Re8RR9 UkyR9VX
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(88) *?BM;@E�B *?Bm- C2z`2v *X uX h2Q- �M/`2�b SX a+?Mv/2`- �M/ a?BMb2B _vm- *H�bbB}@
+�iBQM Q7 iQTQHQ;B+�H [m�MimK K�ii2` rBi? bvKK2i`B2b- _2pX JQ/X S?vbX 33- yj8yy8
UkyReVX

(8e) CX JX GmiiBM;2` �M/ qX EQ?M- JQiBQM Q7 1H2+i`QMb �M/ >QH2b BM S2`im`#2/ S2`BQ/B+
6B2H/b- S?vbX _2pX Nd- 3eN URN88VX

(8d) :mQ@uB w?m- 6m@*?mM w?�M;- �M/ :m�M;@JBM; w?�M;- S`QtBKBiv@BM/m+2/ bmT2`+QM@
/m+iBpBiv BM KQMQH�v2` *mP2 QM +mT`�i2 bm#bi`�i2b- S?vbX _2pX " N9- Rd98yR UkyReVX

(83) q�M; ZBM;@u�M- GB w?B- w?�M; q2M@>�Q- w?�M; wmQ@*?2M;- w?�M; CBM@aQM;- GB q2B-
.BM; >�Q- Pm umM@"Q- .2M; S2M;- *?�M; E�B- q2M CBM;- aQM; *�M@GB- >2 E2- CB�
CBM@62M;- CB a?m�B@>m�- q�M; u�@um- q�M; GB@GB- *?2M sB- J� sm@*mM- �M/ sm2 ZB@
EmM- AMi2`7�+2@AM/m+2/ >B;?@h2KT2`�im`2 amT2`+QM/m+iBpBiv BM aBM;H2 lMBi@*2HH 62a2
6BHKb QM a`hBP3- *?BMX S?vbX G2iiX kN- yjd9yk UkyRkVX

(8N) ZX 6�M- qX >X w?�M;- sX GBm- uX CX u�M- JX ZX _2M- _X S2M;- >X *X sm- "X SX sB2- CX SX
>m- hX w?�M;- �M/ .X GX 62M;- SH�BM s@r�p2 bmT2`+QM/m+iBpBiv BM bBM;H2@H�v2` 62a2 QM
a`hBP3 T`Q#2/ #v b+�MMBM; imMM2HHBM; KB+`Qb+QTv- L�iX S?vbX RR- N9e UkyR8VX

(ey) w?B GB- CmM@SBM; S2M;- >mB@JBM w?�M;- q2M@>�Q w?�M;- >�Q .BM;- S2M; .2M;- E�B
*?�M;- *�M@GB aQM;- a?m�B@>m� CB- GBHB q�M;- E2 >2- sB *?2M- ZB@EmM sm2- �M/
sm@*mM J�- JQH2+mH�` #2�K 2TBi�tv ;`Qri? �M/ TQbi@;`Qri? �MM2�HBM; Q7 62a2 }HKb
QM a`hBP3 , � b+�MMBM; imMM2HBM; KB+`Qb+QTv bim/v- CX S?vbX, *QM/2MbX J�ii2` ke-
ke8yyk UkyR9VX

(eR) .2MMBb >m�M; �M/ C2MMB72` 1X >QzK�M- JQMQH�v2` 62a2 QM a`hBP3- �MMmX _2pX
*QM/2MbX J�ii2` S?vbX 3- jRR UkyRdVX

(ek) aBMBb� *Q?- J�`pBM G *Q?2M- �M/ ai2p2M : GQmB2- G�`;2 2H2+i`QM@T?QMQM BMi2`�+iBQMb
7`QK 62a2 T?QMQMb BM � KQMQH�v2`- L2r CX S?vbX Rd- ydjykd UkyR8VX

(ej) sB�Q *?2M- aX J�BiB- �X GBMb+?2B/- �M/ SX CX >B`b+?72H/- 1H2+i`QM T�B`BM; BM i?2 T`2b2M+2
Q7 BM+BTB2Mi #�M/b BM B`QM@#�b2/ bmT2`+QM/m+iQ`b- S?vbX _2pX " Nk- kk98R9 UkyR8VX

(e9) AX AX J�xBM- avKK2i`v �M�HvbBb Q7 TQbbB#H2 bmT2`+QM/m+iBM; bi�i2b BM Ex62ya22 bmT2`@
+QM/m+iQ`b- S?vbX _2pX " 39- yk98kN UkyRRVX

(e8) SX JvH2b 1m;2MBQ �M/ PbF�` o�72F- *H�bbB}+�iBQM Q7 bvKK2i`v /2`Bp2/ T�B`BM; �i i?2
M TQBMi BM 62a2- S?vbX _2pX " N3- yR98yj UkyR3VX

(ee) wB@sB�M; GB- 6� q�M;- >QM; u�Q- �M/ .mM;@>�B G22- q?�i K�F2b i?2 h+ Q7 KQMQH�v2`
62a2 QM a`hBP3 bQ ?B;?, � bB;M@T`Q#H2K@7`22 [m�MimK JQMi2 *�`HQ bim/v- a+B2M+2
"mHH2iBM eR- Nk8 UkyReVX

(ed) wX 6X q�M;- >mBKBM w?�M;- .27� GBm- *?QM; GBm- *?2MDB� h�M;- *�MHB aQM;- uQM;
w?QM;- CmMTBM; S2M;- 6�M;b2M GB- *�BM� LB2- GBHB q�M;- sX CX w?Qm- sm+mM J�- ZX EX
sm2- �M/ 62M; GBm- hQTQHQ;B+�H 2/;2 bi�i2b BM � ?B;?@i2KT2`�im`2 bmT2`+QM/m+iQ`
62a2fa`hBP3 UyyRV }HK- L�iX J�i2`X R8- Ne3 UkyReVX
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(e3) h a?Bb?B/Qm- . 6 �;i2`#2`;- �M/ J q2BM2`i- J�;M2iB+ ~m+im�iBQMb BM bBM;H2@H�v2`
62a2- *QKKmMX S?vbX R- 3 UkyR3VX

(eN) ZBbB q�M;- u�Q a?2M- "BM;vBM; S�M- sB�Qr2M w?�M;- E AF2m+?B- E AB/�- � . *?`Bb@
iB�MbQM- >X *X q�HF2`- .X hX �/`QD�- JX �#/2H@>�}2x- sB�QDB� *?2M- .X �X *?�`22p-
�X LX o�bBHB2p- �M/ CmM w?�Q- J�;M2iB+ ;`QmM/ bi�i2 Q7 62a2- L�iX *QKKmMX d- RkR3k
UkyReVX

(dy) oH�/BKB` *p2iFQpB+ �M/ PbF�` o�72F- aT�+2 ;`QmT bvKK2i`v- bTBM@Q`#Bi +QmTHBM;- �M/
i?2 HQr@2M2`;v 2z2+iBp2 >�KBHiQMB�M 7Q` B`QM@#�b2/ bmT2`+QM/m+iQ`b- S?vbX _2pX " 33-
Rj98Ry UkyRjVX

(dR) JX wX >�b�M �M/ *X GX E�M2- *QHHQ[mBmK, hQTQHQ;B+�H BMbmH�iQ`b- _2pX JQ/X S?vbX
3k- jy98 UkyRyVX

(dk) PbF�` o�72F �M/ �b?pBM oBb?r�M�i?- .B`�+ 62`KBQMb BM aQHB/b, 6`QK >B;?@hc *mT`�i2b
�M/ :`�T?2M2 iQ hQTQHQ;B+�H AMbmH�iQ`b �M/ q2vH a2KBK2i�Hb- �MMmX _2pX *QM/2MbX
J�ii2` S?vbX 8- 3j UkyR9VX

(dj) �M/`2�b SX a+?Mv/2`- SX JX _X "`v/QM- �M/ *�`bi2M hBKK- hvT2b Q7 iQTQHQ;B+�H bm`7�+2
bi�i2b BM MQ/�H MQM+2Mi`QbvKK2i`B+ bmT2`+QM/m+iQ`b- S?vbX _2pX " 38- yk98kk UkyRkVX

(d9) �M/`2v oX *?m#mFQp- PbF�` o�72F- �M/ _�7�2H JX 62`M�M/2b- .BbTH�+2K2Mi �M/ �M@
MB?BH�iBQM Q7 .B`�+ ;�T MQ/2b BM d@r�p2 B`QM@#�b2/ bmT2`+QM/m+iQ`b- S?vbX _2pX " N9-
Rd98R3 UkyReVX

(d8) 1KBHB�M J LB+�- _QM; um- �M/ ZBKB�Q aB- P`#Bi�H@b2H2+iBp2 T�B`BM; �M/ bmT2`+QM/m+@
iBpBiv BM B`QM b2H2MB/2b- MTD Zm�MimK J�i2`B�Hb k- k9 UkyRdVX

(de) .KBi`v oX *?B+?BM�/x2 �M/ �M/`2v oX *?m#mFQp- qBM/BM; MmK#2`b Q7 MQ/�H TQBMib
BM 62@#�b2/ bmT2`+QM/m+iQ`b- S?vbX _2pX " Nd- yN98yR UkyR3VX

(dd) �X oX *?m#mFQp- .X oX 17`2KQp- �M/ AX 1`2KBM- J�;M2iBbK- bmT2`+QM/m+iBpBiv- �M/
T�B`BM; bvKK2i`v BM B`QM@#�b2/ bmT2`+QM/m+iQ`b- S?vbX _2pX " d3- Rj98Rk Ukyy3VX

(d3) aX _�;?m- sB�Q@GB�M; ZB- *?�Q@sBM; GBm- .X CX a+�H�TBMQ- �M/ a?Qm@*?2M; w?�M;-
JBMBK�H irQ@#�M/ KQ/2H Q7 i?2 bmT2`+QM/m+iBM; B`QM QtvTMB+iB/2b- S?vbX _2pX " dd-
kky8yj Ukyy3VX

(dN) �M/`2r *X SQii2` �M/ S�i`B+F �X G22- 1/;2 62``QK�;M2iBbK 7`QK J�DQ`�M� 6H�i
"�M/b, �TTHB+�iBQM iQ aTHBi hmMM2HBM;@*QM/m+i�M+2 S2�Fb BM >B;?@Tc *mT`�i2 amT2`@
+QM/m+iQ`b- S?vbX _2pX G2iiX RRk- RRdyyk UkyR9VX

(3y) JX *QpBM;iQM- JX �T`BHB- 1X S�`�Q�Mm- GX >X :`22M2- 6X sm- CX w?m- �M/ *X �X JB`FBM-
P#b2`p�iBQM Q7 am`7�+2@AM/m+2/ "`QF2M hBK2@_2p2`b�H avKK2i`v BM u"�2*m3P7 hmM@
M2H CmM+iBQMb- S?vbX _2pX G2iiX dN- kdd URNNdVX

(3R) LQ�? 6X ZX um�M �M/ GB�M; 6m- w22K�M@BM/m+2/ ;�TH2bb bmT2`+QM/m+iBpBiv rBi? �
T�`iB�H 62`KB bm`7�+2- S?vbX _2pX " Nd- RR8RjN UkyR3VX

(3k) _Q#2`i CQvMi �M/ GQmBb h�BHH272`- h?2 bmT2`+QM/m+iBM; T?�b2b Q7 UPt3- _2pX JQ/X
S?vbX d9- kj8 UkyykVX
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(3j) _X �X 6Bb?2`- aX EBK- "X 6X qQQ/}2H/- LX 1X S?BHHBTb- GX h�BHH272`- EX >�bb2H#�+?-
CX 6HQm[m2i- �X GX :BQ`;B- �M/ CX GX aKBi?- aT2+B}+ ?2�i Q7 UPt3, 1pB/2M+2 7Q` mM+QM@
p2MiBQM�H bmT2`+QM/m+iBpBiv- S?vbX _2pX G2iiX ek- R9RR URN3NVX

(39) hX h`�TTK�MM- >X pX Gƺ?M2vb2M- �M/ GX h�BHH272`- S`2bbm`2 /2T2M/2M+2 Q7 i?2 bmT2`@
+QM/m+iBM; T?�b2b BM UPt3- S?vbX _2pX " 9j- RjdR9 URNNRVX

(38) CX SX "`BbQM- LX E2HH2`- SX G2D�v- CX GX h?QH2M+2- �X >mtH2v- LX "2`M?Q27i- �X AX "mx/BM-
"X 6´F- CX 6HQm[m2i- GX a+?KB/i- �X ai2T�MQp- _X �X 6Bb?2`- LX S?BHHBTb- �M/ *X o2iiB2`-
J�;M2iBbK �M/ bmT2`+QM/m+iBpBiv BM ?2�pv 72`KBQM bvbi2Kb- CX GQr h2KTX S?vbX N8-
R98 URNN9VX

(3e) aX �/2Mr�HH�- aX qX GBM- ZX wX _�M- wX w?�Q- CX "X E2ii2`bQM- CX �X a�mHb- GX h�BHH272`-
.X :X >BMFb- JX G2pv- �M/ "BK�H EX a�`K�- S?�b2 /B�;`�K Q7 UPt3 7`QK mHi`�bQMB+
p2HQ+Biv K2�bm`2K2Mib- S?vbX _2pX G2iiX e8- kkN3 URNNyVX

(3d) E�xmb?B;2 J�+?B/� �M/ J�b�@�FB Px�FB- amT2`+QM/m+iBM; /Qm#H2 i`�MbBiBQM BM � ?2�pv@
72`KBQM K�i2`B�H UPt3- S?vbX _2pX G2iiX ee- jkNj URNNRVX

(33) :X �2TTHB- 1X "m+?2`- *X "`Q?QHK- CX EX ED2Kb- CX "�mK�MM- �M/ CX >m7M�;H- J�;M2iB+
Q`/2` �M/ ~m+im�iBQMb BM bmT2`+QM/m+iBM; UPt3- S?vbX _2pX G2iiX ey- eR8 URN33VX

(3N) _X >X >2zM2`- .X qX *QQF2- �X GX :BQ`;B- _X GX >mibQM- JX 1X a+?BHH�+B- >X .X _2KTT-
CX GX aKBi?- CX PX qBHHBb- .X 1X J�+G�m;?HBM- *X "Q2F2K�- _X GX GB+?iB- CX PQbi2Mb-
�M/ �X "X .2MBbQM- JmQM bTBM `Qi�iBQM BM i?2 K�;M2iB+ �M/ bmT2`+QM/m+iBM; ;`QmM/
bi�i2b Q7 Ul-h?VBe13 �M/ Ul-h?VPt3- S?vbX _2pX " jN- RRj98 URN3NVX

(Ny) aX JX >�v/2M- GX h�BHH272`- *X o2iiB2`- �M/ CX 6HQm[m2i- �MiB72``QK�;M2iB+ Q`/2` BM
UPt3 mM/2` T`2bbm`2, 1pB/2M+2 7Q` � /B`2+i +QmTHBM; iQ bmT2`+QM/m+iBpBiv- S?vbX _2pX
" 9e- 3ed8 URNNkVX

(NR) oB+iQ` JX u�FQp2MFQ- h?2Q`v Q7 i?2 >B;?@6`2[m2M+v *?B`�H PTiB+�H _2bTQMb2 Q7 �
px + ipy amT2`+QM/m+iQ`- S?vbX _2pX G2iiX N3- y3dyyj UkyydVX

(Nk) .q >2bb- h� hQFmv�bm- �M/ C� a�mHb- "`QF2M bvKK2i`v BM �M mM+QMp2MiBQM�H bmT2`@
+QM/m+iQ`, � KQ/2H 7Q` i?2 /Qm#H2 i`�MbBiBQM BM lSi3- CX S?vbX *QM/2MbX, J�ii2` R-
3Rj8 URN3NVX

(Nj) E�xmb?B;2 J�+?B/�- J�b�@�FB Px�FB- �M/ h2ibmQ P?KB- lM+QMp2MiBQM�H bmT2`+QM/m+i@
BM; +H�bb BM � ?2�pv 62`KBQM bvbi2K lSi3- CX S?vbX aQ+X CTMX 83- 9RRe URN3NVX

(N9) :X JX GmF2- �X E2`2M- GX SX G2- qX .X qm- uX CX l2Km`�- .X �X "QMM- GX h�BHH272`-
�M/ CX .X :�``2ii- JmQM bTBM `2H�t�iBQM BM UPt3- S?vbX _2pX G2iiX dR- R9ee URNNjVX

(N8) SX .�HK�b /2 _ûQiB2`- �X >mtH2v- �X u�Qm�M+- CX 6HQm[m2i- SX "QMpBHH2- SX AK#2`i-
SX S�`B- SX*XJX :m##2Mb- �M/ �XJX JmH/2`b- �#b2M+2 Q7 x2`Q }2H/ KmQM bTBM `2H�t�iBQM
BM/m+2/ #v bmT2`+QM/m+iBpBiv BM i?2 " T?�b2 Q7 lSi3- S?vbX G2iiX � ky8- kjN URNN8VX

(Ne) "2MQBi GmbbB2`- "`2ii 1HHK�M- �M/ GQmBb h�BHH272`- �MBbQi`QTv Q7 >2�i *QM/m+iBQM BM
i?2 >2�pv 62`KBQM amT2`+QM/m+iQ` lPt3- S?vbX _2pX G2iiX dj- jkN9 URNN9VX
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(Nd) "2MQBi GmbbB2`- "`2ii 1HHK�M- �M/ GQmBb h�BHH272`- .2i2`KBM�iBQM Q7 i?2 ;�T bi`m+im`2
BM UPt3 #v i?2`K�H +QM/m+iBpBiv- S?vbX _2pX " 8j- 8R98 URNNeVX

(N3) uQ? EQ?Q`B- h�F�Q EQ?�`�- >B`Q7mKB a?B#�B- u�bmF�;2 P/�- uQb?BQ EBi�QF�- �M/ Em@
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