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Â+(~q)Â(~q),
�&¬ K � �

£ P
;
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]
dτ
)
.

� ¬ K ¬�¬H�

T27(ùè;¦HI����9ûP�;=Hz>�N8��<�5�N�5��v���4>474����7(ùè;=1(747�3=>4;�P
14;6£=<è�4<��4��¡�@�<�5�<�>4<8;¦9��4>�N8���4�4;6583þ�RH�N���<��
3658��ÿ���N8>4N8HI;658>�N�óÆ741�EF�89�>4£�N

Gi
K!LD����?4743�5�<�£6<èP��89�HI;=>414<8£=<k3=��;6>�ø(�(>4<���<=P
147(@�N

Gi ∼ Tc/EF
7

HI<ûùè;65^>4N83=36H�N�5�>47(�!N�5��83þ�M@�N8@kH�N���;614��@�<�;�¡8ø!<85û�-7k14;f�4>4;614;=�8>4;6ù�74HI<�; � HI�m<���3�9�ùkP�N�;=H�B2�49�@��
589�N8ò474<81414�f;�í6B^BD;6@(5�� @4>�N�58@�<��k@�<814ò4;UP
74����<8H�N � K
ü©>4;�P�14;�� �4<���;6��<�;*�4>474����7(ùè;=1(74;bí6@4��74��N���;=1�5�14< �4>474����7(ùè;=1(74ÿ�36;�P���<���<�A^5�<�?(@472P4���DB^9�14@��

ò474<81�N�����1(<�£=<D741(58;=£=>4N��
N��4<
∆
7

∆∗
� �4;6>4��<�;°9�>�N8��14;61474; � �&¬ K ¬8¬H�M� ¡85�N8@474H�<8��>�N�E=<�H�HI�.��9ûP�;=H

�



7(E69�?4N�5��GHI741474HÁ9�HsB^9�14@(ò474<�1�N �
N
Ω[∆,∆∗]

¡	�4<û�4�����(ÿ ý�;=£=<83þ���4<83���;è£�NF9�363=<���N�741(58;=£6>474>4<���N��
147(�G�4<-óÆ>�N8363=H�N81(<����fH��(<����4Hf�

δΩ[∆,∆∗]

δ∆(τr)
= 0,

� ¬ K ¬ ¨ �
7(E=��;=3�5�14<�;f5�N8@�ùè;°@�N�@k9�>�N���14;=1(74;°3FN8HI<�36<�£ �
N836<��!N81(7(��K � L�>(9�£=74HI7k3���<��!N8HI7�¡8�23=>4;�P
14;�� �4<���;6��<�H
�4>47(����7(ùè;614747��4;=>4�8<�; 9�>�N���14;=1(74; � � ¬ K ¬�¬K� <�£=>�N�1474?4;614<�<�@(>4;=3�5�14<�3�5���ÿs£ ��<��!N ����14<�£6<OHI7(1474HÁ9!�
H�Nv5�;6>4HI<=P
741�N8HI7(?4;=36@�<8£=<��4<858;=14ò(7�N��
N

Ω[∆,∆∗] = Ω[η, η̄,∆,∆∗]
∣∣
η→0

<�5�14<�367(5�;�����14<
∆(r)

K �
LvN���;=;*7436�4<����8E69�;6HCHI;65�<=P-B29�14@4ò(74AvóÆ>47414N(K�G*��;=@(58>4<�1414N��vB29�14@4ò47��vóÆ>47414N <��(>4;�P
;����4;�5�3þ�

@�N8@G�!N8>47�N�ò474<�1414N��R�4>4<�7�EF��<=P
1�N����(>4<�7(E=��<=P��(ý�;=£=<�B29�1(@4ò474<�14N��
N(�

G(τr, τ ′r′) =
δΩ[η, η̄]

δη̄(τr)δη(τ ′r′)

∣∣
η→0

.
� ¬ K ¬ « �

N  ö ±f²OAP;R²R® ö ®°¯+Q6R ¶>S T ´�Uf® ö8V S ;R±f²R±1Aè®f¯
¥©����7(EF7:BDN�E=<���<�£6<��4;6>4;�ø�<=P�Nv7(E214<8>4H�N�����1(<�£=<OHI;65�N��4��Nv��3=�8;=>�ø��4>4<���<=P���ýv;6;23=<�3�5�<û�4147(;2��N8>�N��
HI;658>z�4<�>!��P
@�N

∆(r)
��3=ÿbP�9�H�N��z14NRP
�89�HI;=>(14<�Az����<�36@�<�36587�KIì2<�í658<�HÁ9�58;=>4HI<=P
7(1�N8HI74?4;63=@47(A

�4<858;=14ò(7�N��
Ω
HI<ûùè;�5��8� 5��R>�N�E���<ûùè;=1��4<R3658;=�4;61(�4H

∆(r)
7�;=£6<G£6>�N P
7(;=1(5�N8HfK�Gb58<�>4N�E6��<ûùè;��

1474;©7(EF��;6365814<^@�N�@èB^9�14@(ò474<�1�N ��ó#7(1(EF�89�>4£�N � JON81�P�NF98KW ^N8@v�4<8@�N�EûN���7kó�<�>4��@�<��¦7èð N8>(E=�f@4741 ��� � ¡<�3614<���14<8;*36<�3658<û�41474;*HI<ûùè;65 ��� 58� 1(;=<=P
14<�>(<FP�14�fH_� 1�N8�4>�N�����;=1(747�¡û�4;6>4�4;=1�P
74@(9û���(>414<�HC@^H�N8£��
147(5814<�HÁ9��4<���ÿOK!ü©<�<858��;6583658��;=141(<OHI�z>�N8363=H�N�58>474�!N�;=H���N8>�N8HI;�5�>k�4<�>!��P
@�NU@�N�@v369��4;6>4�4<8E=74ò474ÿ
@�<�14;6?414<�£6<M?4743��
Nk£�N8>4HI<�147(@��

∆(r) =
∑

i

∆Qi
(r) exp (iQir) ,

� ¨�K ¬K�
£ P
;RN8H���7(589FP
�

∆ ~Qi
(r)
�UHI;�P���;61414<�HI;=1��4ÿ ý�74;=3þ�z��P��89�HI;=>414<8Hr�(>4<�3658>�N8143�5���;RB29�14@4ò47(7�KI¥

<�3614<���14<8H�3=<�3�5�<û�4147(7��4N8>�N8HI;�5�>C�4<�>!��P
@�N:HI< ùv;65:�8� 5���3v14;61�N8>(9�ú�;=1414<8A��(>4<�3658>�N8143�5���;61414<�A
?4;�5�14<�3�5���ÿO¡�;=3���7

∆(r)∆∗(r′) = ∆(r′)∆∗(r)
¡�7YXU1�N8>(9�ú�;=1414<8AG�(>4<�3658>�N8143�5���;61414<�A�?4;65814<�3�5���ÿ

7_3674HIHI;658>474;=A��4<:<8��>�N�ý�;=1474ÿ ��>4;=HI;6147C�:�4>(<85�74�814<�Hî3���9�?�N�;8KÆü©<8<85���;�5�3�5��89�ÿ ý�74A�B29�14@4ò(7��
<�1�N �_óÆ741�EF�89�>4£�N�� JON81�P�NF9R74HI;6;65:�87�P

Ωsn =

∫ [∑

i

αQiQi|∆Qi
(~r)|2 +

+
∑

ijkl

βQiQjQkQl∆Qi
(~r)∆∗Qj

(~r)∆Qk
(~r)∆∗Ql

(~r)δQi+Qk−Qj−Ql
+

� ¨�K ¨ �

+
∑

i

cxQiQi

∣∣∣∣
(
−i ∂
∂x

+
2e

c
Ax(~r)

)
∆ ~Qi

(~r)

∣∣∣∣
2

+ cyQiQi

∣∣∣∣
(
−i ∂
∂y

+
2e

c
Ay(~r)

)
∆ ~Qi

(~r)

∣∣∣∣
2 ]
d2~r

¬ ª



∆ ∆Q Q

-

*

ω

G( ,p+Q/2)

G(  ,-p+Q/2)

ω

QI7438K�«(�L U9��4;=>4<8��3=@�N����4;65F���_3��4>4<Fø�<FP��(ýv7(H�7(HI�(9û����3=<8H
Q
K
¥©<�EF1474@(14<���;61474;v14;6<=P
14<�>4<=P
1(<�£=<

3=�8;=>�ø��4>4<���<=P���ýv;6£=<:36<�3658< �(147(�	K

¥n@�<�í6BDB^74ò(74;=1(5
αQQ
��ø!<=P
7(5¦741(58;=£=>4N��-<85 @(9��4;=>4<8��3=@�<�Av�(;65F��7v3*�4;6>4;�P�N�1414�fHC74HI�(9û���83=<�H

Q
¡�@�<�5�<�>�N����(<�@�N�EûN814NO1�NDQI7438K «I��ND@�<�í6B^BD7(ò474;=1�5��

βQQQQ
7
βQQ−Q−Q

P
N8ÿ 583þ�M741�5�;=£6>�N��
N�HI7�¡
3=<8<85���;�5�3�5��89�ÿ ý�74HI7C?4;�5��f>4;�ø(�8;=>(ú�741414�fHs�4;65F��;6���fHmP
74N8£=>�N�HIH�N8H � �4<�@�N�EûN�1414�fH.1�NkQI743�K ï � �

αQQ =
1

U
− T

2

∑

ω,λ,~p

Gλ

(
ω, ~p+ ~Q/2

)
Gλ

(
−ω,−~p+ ~Q/2

)
;

� ¨�K « �

βQQQQ = T
∑

ω~pλ

G2
λ

(
ω, ~p+ ~Q/2

)
G2
λ

(
−ω,−~p+ ~Q/2

)
;

βQQ−Q−Q = T
∑

ω~pλ

G2
λ

(
ω, ~p+ ~Q/2

)
Gλ

(
−ω,−~p+ ~Q/2

)
Gλ

(
−ω,−~p− 3 ~Q/2

)
,
� ¨�K ï �

cµQQ =
1

2!

∂2

∂q2
µ

α(Q~ey + qµ~eµ),
� ¨�K � �

£ P
; B29�14@4ò(7(�èóÆ>47414N¦14<�>4H�N ����14<�£6<U3=<8365�<û�(147(�èí���;=@(58>4<�1�NU�8<¦��14;�úv14;6H�H�N8£=147�5�14<�H��4<���;
H �

αpF
�k����<�3=@�<�3�5�7_;6365��

Gλ (ω, ~p) =
1

iω − ξ − λH sinϕp
,

� ¨�K ñ �
E�P�;=3=��3=?47(5�N�;=Hf¡4?(58<DP
7436�4;=>(3=7(��@(�!N�EF7(?�N8365874ò4�

ξ = p2/2m−λαpF −µ
H�N���NO�4<O3=>�N8�814;=147(ÿ�3

αpF
K 021(5�;6£=>�N �����4< 74HI�(9û����3=N8H�� � ¨�K « � 7 � ¨�K ï � ��;6>(9�5�3þ�O� @(�!N�EF7(@��
N8363=74?4;63=@�<�HC�4>(74����7(ùv;=14747	�

∫
d2p

(2π)2
= ν(εF )

∫ ∞

−∞
dξ

∫ 2π

0

dϕ

2π
,

� ¨�K ô �

¬�¬



*

∆

∆

∆∆

∆

∆ ∆∆

Q

Q

Q

Q

Q

Q -Q

-Q

p+Q/2 -p+Q/2

*

-p+Q/2 p+Q/2

-p-3Q/2p+Q/2

p+Q/2-p+Q/2

* *

QI7438K#ï4��L�7�N�£=>�N8HIHI�2¡#36<�<85��8;65�3�5��89�ÿ ýv74;�?���;=1�N8H ?4;658��;=>(58<�£=<��4<�>!��P
@�NG�4<
∆
��>�N�E6��<ûùè;614747

óÆ741(E=�89�>4£�N�� JON81�P�NF9��
βQQQQ|∆Q|4

7
βQQ−Q−Q|∆Q|2|∆−Q|2

K

<858@(9FP�N(¡��4<����8E=9��43=���4<���;�EF14<8A�B^<�>4HÁ9û��<8A � S�K ¬�¬H� 7(EOì2>47���<ûùè;6147(�	¡��4<���9�?�N8;6H

αQQ =
1

U
− πν(εF )T max

Q

∑

ω>0,λ

1√
ω2 +H2

λ

,
� ¨�K � �

βQQQQ =
ν(εF )

4
πT

∑

ω>0,λ

2ω2 −H2
λ

(ω2 +H2
λ)5/2

;

βQQ−Q−Q =
ν(εF )

2
πT

∑

ω>0,λ

(2ω2 +H2
λ)

ω2(ω2 +H2
λ)3/2

Hλ

vFQ
,

� ¨�K � �

cxQQ = cx−Q−Q = −1

2

(vF
2

)2

πν(εF )T
∑

ω,λ

1

(ω2 +H2
λ)

3/2
,

� ¨�K ¬ ª �

cyQQ = cy−Q−Q = −1

2

(vF
2

)2

πν(εF )T
∑

ω,λ

2H2
λ − ω2

(ω2 +H2
λ)

5/2
,

£ P
;
Hλ = λH + vFQ/2.

��N�HI;65�7(Hf¡�?(58<
βQQQQ = β−Q−Q−Q−Q

�2@�<�í=B^B^74ò47(;=1(58�2¡*3�5�<û�(ý�74;
3=<8<85���;�5�3�5���;61414<��4;6>4;�P.?���;61�N8HI7 |∆Q|4

7 |∆−Q|4 ��B29�14@4ò(74<�1�N���;�óÆ741�EF�89�>4£�N�� JON81�P�NF9 � ¨�K ¨ � �@�<�í=B^B^74ò47(;=1(5 ¡�3658< ��ýv74An�4;=>(;�Pz?���;=14<8H |∆Q|2|∆−Q|2
� � ¨�K ¨ � � í�5�<�3�9�HIH�NG?4;�5��f>4;�øn>�N8��14�©ø

�4<k��;���74?4741(;O@�<�í6BDB^74ò(74;=1(58<��
βQQ−Q−Q = βQ−Q−QQ = β−Q−QQQ = β−QQQ−Q.Z�3���<8��74;

αQQ = 0
<��(>4;�P
;����4;�5-��741474ÿ\�4;6>4;�ø�<FP
N-�858<�>4<�£6<�>(<FP
N � ;=3���7

βQQQQ > 0
� HI;�ùkP�9

14<�>(H�N�����14�fH�HI;65�N��(��<�H.7G3=��;6>�ø(�(>4<���<=P
147(@�<8Hf�
1

U
= ν(εF )T max

Q

∑

ω>0,λ

π√
ω2 + (λH + vFQ/2)2

.
� ¨�K ¬�¬H�

¬ ¨



0 1 2 3
0

0,2

0,4

0,6

0,8

1

H

BCS
∆ = H

τ

s t r i p e

T
O

τ’

L

S

/ c0
in-plane magnetic field

c
r
i
t
i
c
a
l
 
t
e
m
p
e
r
a
t
u
r
e

TT/ c0

h.

QI7438K � ��JD74147���36��;=>�ø��4>4<��8<FP��(ýv;6£=<CBDN�E=<���<�£6<��4;6>4;�ø�<=P�N Tc(H)
� ù�74>414N�� � 7CP
��;è��7414747�BON �

EF<8��<�£=<��4;6>4;�ø�<=P�Nn�858<�>4<�£6<n>(<FP
N���?47(365�<8H÷3���9�?�N�;8� LT ��74147���HI;�ùkP�9�<=P
14<�>4<=P
1(�fH 7[��@47��>�N�����14�fH#�^36<�3658< �(1474;6H�7R��7(147(�G9�3658<�A4?47(��<�36587\��@47(>�N�����1(<�£=<��23=<�3�5�<û�4147�� ST ′ KI�] 274>4N�����14<8;��3=<8365�<û�(1474;k�4<�HI;6?4;=14<G�89�@4��<8A
h.
� �_^a`cbedfXhgFbi� � K�ìU9�14@(5874>41�N�����74147(��<85=P�;����(;65�<85R<����
N�365�7j���8;=3��

ýv;���;=�8<�A!�M3=��;6>!ø��4>(<���<=P
74HI<�3�5�7�K#��<�?4;6?41�N�����74147���<���<�EF1�Nû?�N8;�5C£=>4N81474ò(9�9�3�5�<�A(?474��<�3�5�7k$'&'(
3=<8365�<û�(147(��K

¬ «



0 1 2 3 4 5
0

5

10

S

L

c0

Fv

in-plane magnetic field

Q

/

p
a
i
r
i
n
g
 
w
a
v
e
 
v
e
c
t
o
r

T

H T

/ c0

QI7438K*ñ(��¥b<���14<��8<�A��8;=@(58<�>�@(9��4;6>4<���36@�<�A.��N8>(�
Q
1�N_��7414747

Tc(H).
 ^>�9�ù�@�<�H÷<��8<8EF1�Nû?4;61�N

3=7(HIHI;65�>(74?41�N��G5�<8?4@�N S K
LD���^>�N�E=14�©ø2EF14N ?(;=1474A

H
¡=H�N�@�3674HÁ9�H��4<

Q
� �(>�N8��<�A^?�N�365�7^9�>�N8��1(;=147(� � ¨�K ¬8¬H� P
<�3�5�74£�N�;65�3þ�

��74�8<21�N
Q = 0

¡���74�8<21�NU<85F��74?(14<�H�<�521(9û���
Q = ±|Q| K!ì2<���<ûùè;61474; Tc(H)

��741(747�¡�1�N�A�P
;=1(14<�;
?4743���;=1(14�fHs>(;6úv;61474;6Hî9�>�N���14;=1(7(� � ¨�K ¬�¬K� ¡��4<�@�N�EFN814<:1�N�QI7438K � ¡�1�NM@�<85�<8>4<�H�7�58;=HI�4;6>�N�589�>�N
Tc
7:H�N8£6147(5�1(<�;U�4<���;

H
������<83=@�<�36587R14<�>4HI74>(<��!N814��@4>47(5874?4;=36@�<�A�5�;=HI�(;=>�N�5�9�>4<�AG��1(9û��;6��<�H

H�N8£6147(5�1(<�H��4<���;��
Tc0 = 2ωD exp(−1/νU+γ)/π

¡�£ P
;
γ = 0.577

�Æ�(<�3658< �(141�N��OG©A���;=>4N(K�JD74147(7
Tc(H)

36<�<858��;658365���9�ÿ 5�P
��;DN83674HÁ5�<�5�74@47	¡�1�N�A�P
;=1(14�f;O� ��� � �

log
Tc(H)

Tc0
= −7ζ(3)H2

8π2T 2
c0

�4>47
H/Tc0 → 0;

Tc(H)

Tc0
=

πTc0
2eγH

− H

4αpF

�4>(7
H/Tc0 � 1, H/(αpF )� 1.

� ¨�K ¬ ¨ �
ì2<�3���;�P
1(���:N�3=74HI�(58<85�7(@�Nv�(<���9�?4;=14NO�4>47�9�?(;65�; 3���;�P�9�ÿ ý�;=£=<èH�N ��<�£=<O?���;61�NO�4<

H
�^EF14N8HI;=1�N �

5�;���;^B29�1(@4ò4747�óÆ>4741�N � ¨�K ñ �
H3/(αpF )2 ¡(7G7�E214;=;^3���;�P�98;65-EF1�Nû?4;61474;^��;6>!ø�14;6£=<-@4>47(5874?4;63=@�<�£=<

�4<��4�
Hc2 =

√
2∆(0)αpF

KF��<�?4@�NUJD74B2úv74ò4N L <85=P�;����(;65O>4;6ú�;=147(��3 Q = 0
7
Q 6= 0

1�N¦��74147(7
Tc(H)

¡�N:5�N8@(ùv;-@�<�1(;=ò�BON�EF<���<8£=<R�4;=>(;�ø!<=P�NG�85�<8>4<�£=<R>4<=P�NRHI;6ùèP�9RP
�89�HÁ��3=��;6>�ø(�(>4<���<=P���ýv7��
HI7CBDN�EûN�HI7�K, 2<�<�>8P
7(1�N�5�� L 5�<8?4@47_� (HL, TL) = (1.536, 0.651)Tc0

Kl��N8@_@�N8@
αQQ

�nmpo K � ¨�K � �q�3=7(HIHI;65�>(74?414<��4<-EûN8HI;614; −Q → Q
¡�<�14<���3=;6£ P�NM74HI;6;65�í6@�365�>(;=HÁ9�Hs�-5�<�?(@�;

Q = 0.
ì2<�í�5�<�HÁ9

N81�N ��7(5�7(?4;=36@47M5�<8?4@�N^JD74B2úv7(ò�N L HI<ûùè;�5O�8� 5��D<��4>4;�P
;���;61�NO@�N8@k5�<8?4@�N(¡!£ P
; í65�<�5�í6@�3�5�>4;6HÁ9�HHI;=1��4;6583þ��3
max

1�N
min
�(>47��(<�147(ùè;614747R5�;6HI�4;=>�N�589�>4�2�

∂2αQQ
∂Q2

∣∣∣∣
Q=0

= 0,

¬ ï



Gb5�<D9�3���<���74;fP�N8;�5�<85814<8ú�;=1474;
HL/TL ≈ 2.36

¡!@�<�5�<�>4<8; 36<�£ �
N83�9�;6583þ�R3°<85�14<�úv;=1(74;=H�E=1�Nû?4;=147(A
P����

HL

7
TL
¡�1�N8A�P
;=141(�©øG?4;=>4;�E�?(743���;61414<�;D>4;�úv;=1(74; � ¨�K ¬8¬H� K

T^N QI743�K�ñf�4<8@�N�EûN81D��<���1(<���<�AD��;=@�5�<�>D@(9��4;=>(<���3=@�<�A���N8>4�
Q
1�N ��7414747

Tc(H)
@�N8@DB^9�14@(ò47(�

H�N8£6147(5�1(<�£=<R�4<��4�
H
������<�36@�<�36587�K�Gb5�<85G��<���14<���<8AC��;=@(58<�>C�4���4�4;6583þ����N8>�N�HI;65�>(<�Hs�(<�>!��P
@�N

������7(EF7 L 5�<�?4@(7�� vFQ(H) ∼
√
H2 −H2

L

K
¤��s1�N�ø�<FP�74H�N8363=74HÁ58<85�74@�9

vFQ = 2H − π4T 4
c0

7ζ(3)e2γH3

�4>47
H/Tc0 →∞.

� ¨�K ¬ « �
� ��>�N�5874H.��147(H�N81474;�¡�?(5�<

Q = 2H/vF
�*��;6@(5�<�>	¡
14N-@�<858<�>4�fA�>4N�E�E#;�E=ùkN8ÿ 5�3þ��P
��;

λ = ±1¢v;=>4HI7��(<���;=>�ø�14<�3�5�7��4>47��4>(7���<ûùè;=1(747���N8>�N �4��;�����14<�£6<�H�N8£=147�5�14<�£6<z�4<����	K ¥©����7(EF7
Tc(H)��741(747�@�<�í6B^BD7(ò474;=1�5

α
HI<ûùè;65-��� 58�M>�N�E6��<ûùè;61��

α(T,H) ≈ ν(εF )
T − Tc(H)

2T

∑

λ

Y (Tc(H), Hλ),
� ¨�K ¬ ï �

£ P
;
Y (T,H)

� B^9�14@(ò47(�r�^<83=7�P
� � SOK ¬ ª � ¡
ωn = πT (2n + 1)

� H�N8ò(9��!N8>(<���3=@�N���?�N�365�<�5�N(K�ì2>47
H > HL

147(ùv;
Tc(H)

��7414747��8<8EF147(@�N�;65�14;6<FP�14<�>4<=P
1�N���3=��;6>�ø(�(>4<���<=P���ýèN��zBDN�EFN(KÁ0UE:�87�P�N
� ¨�K ¬�¬K� �43614<4¡�?(5�<R?(9�5��R147�ùè;

Tc(H)
��7414747��

∆(r)
��ø!<=P���5R14;v��<����8úv;�¡�?4;=H.P
��;�£�N8>4HI<�147(@47��

∆(y) = ∆+e
iQy + ∆−e−iQy

K
T27(ùè;D��7414747_�(;=>4;�ø!<=P�N

Tc(H)
����<85814<�3�5��:5�;6>4HI<=P
741�N�HI74?4;=36@�<�£=<G�4<858;=14ò474N��
N

Ω
�M36��;=>�ø��

�4>4<8��<=P��(ý�;=H�36<�3658<û�414747�HI;=14�8ú�;8¡�?4;6H��-14<�>4H�N ����14<�Hf¡(1�N-�8;���74?(741(9

Ωsn = α(T,H)|∆|2 + βs(T,H)|∆|4 + βa(T,H)(|∆+|2 − |∆−|2)2,
� ¨�K ¬ � �

£ P
; |∆|2 = |∆+|2 + |∆−|2
KWZ¦>�N8��14;61474; � ¨�K ¬ � � �4<���9�?4;614<�7(E � ¨�K ¨ � ¡!;=3���7-�O14;6H�<�3�5�N8��7(58�O58<�����@�<P
��;D£�N8>4HI<81474@47�7�3 P
;��
N�5���EûN8HI;61(9 |∆+|2 = ∆Q∆∗Q

¡ |∆−|2 = ∆−Q∆∗−Q

�
@�<�í6B^BD7(ò474;=1�5��
βs,a3=<8365�N8����;=14��7(ED741�5�;=£6>�N���<8� � ¨�K � � P4���R?4;658�f>4;�ø���;6>(úv7(1414�©ø��4;�5F��;=�8�©øRP�7�N8£=>4N8HIHf�

βs(T,H) = βQQQQ/2 + βQQ−Q−Q;
� ¨�K ¬ ñ �

βa(T,H) = βQQQQ/2− βQQ−Q−Q;

¥ 3674HIHI;658>474?41(<�A.5�<�?(@�; S ¡�<��(>4;�P
;����4;6HI<�A�983���<��874;=H βa(Tc(H), H) = 0
¡I3=��<8��<=P
1�N��mí=1(;=>��

£=7�� � ¨�K ¬ � � EûN8��7(3=7(5�5�<����8@�<�<85 |∆|2 7�7414��N8>47�N81�5�1�NM<�5�14<�367(5�;�����14< U(2)
��>�N�ý�;=1474A�3=�47(14<�>�N

��N8>4N8HI;658>�N �4<8>���P
@�N
(∆+,∆−)

KH 2<�<�>8P
7414N�5�� S 5�<8?4@47�� (HS, TS) = (1.779, 0.525)Tc0
¡û3=<�<858��;65��

3658�89�ÿ ý�74A���<���14<���<8A���;=@(58<�>G�è14;=A
vFQS = 2.647Tc(0)

K4ì^>(7
H < HS

1�N�ø!<=P
7(HI3þ���è<8���
N83�5�7
βa < 0

¡I7�HI741(74HÁ9�H÷3=��<8��<=P
14<�Amí=14;6>4£=7(7.�4>47
T < Tc(H)

P
<8365�7(£�N8;6583þ����74��<�1�N
∆+ = 0

¡

¬ �



1,6 1,8 2 2,2 2,4
0

0,5

1

in-plane magnetic field
H/Tc0

r
a
t
i
o

QQQQ

QQ-Q-Qβ
β

S

L

QI7438K�ô�� � 5814<8ú�;=1474; @�<�í=B^B^74ò47(;=1(58<��
βQQ−Q−Q

7
βQQQQ

K!¥z3=74HIHI;�5�>474?(14<�AM58<�?4@�; S ¡!<���<�EF1�N��?4;61414<�A�1�NO>474369�14@�;2@4>�9�ù�@�<�Hf¡�í65�<è<�5�14<8ú�;=147(;2>�N8��14< ¬Hs ¨�K�¥�58<�?4@�;UJD74B2úv74ò�N L <85�1(<8úv;61474;>�N8�814< ¬ K

��74�8<_1�N
∆− = 0

¡��4<���9�?�N8;6Ht��@474>4N�����14<8;���3=<�3�5�<û�41(74;8KIì2>47
H > HS

�
βa > 0

7�HI74147(HÁ9�H
3=�8<���<=P
14�fA�í614;=>(£=747nP
<8365�7(£�N8;6583þ�z1�N |∆+| = |∆−|

¡Æ5�<_;63658�_��<8E=1474@�N8;65_BON�EûNG5874��N ������� 3
∆(y) ∝ cos(Qy)

¡�9�3�5�<�A4?(74�!N����^���f3=<�@(7�ø-H�N8£=1(7(5�14�©ø-�(<�����ø�¡!@�<858<�>(9�ÿs14N�EF�f�!N�;=Hu� �4<���<83FN�5�N��
3658>(9�@(589�>�NH��K

v  ö ®8SC91? ö ´w9 ö ±f²OAP;R²G® ö ®°¯�µR¶CD�´ ö =�0�¶>U ¶x9b¶ 5y5 ±'?U²R¶>zRµR®8S{?U®4z�<
DG¶

ì2<�3���;v�4>4;6<���>�N�E=<��!N81(7(�_>�N�365û�(ùv;=147(��@�<�<8>�P�741�N�5
x = x

√
cx/cy

7
y = y

√
cy/cx

� 5�N8@�<�Hf¡	?�5�<
����<�ýèN P
�C36<Fø(>4N81(�4;�5�3þ� � ¡��C3=74HIHI;�5�>47(?414<�Az5�<�?(@�;RB29�14@4ò47(<�1�N���óÆ741(E=�89�>4£�N�� JON81�P�NF9��4>47(HI;65
��7�P

Fs − Fn =

∫
d2r
(√

cxcy
(
|∂µ∆+|2 + |∂µ∆−|2

)
+ βs(∆

2
0 − |∆+|2 − |∆−|2)2 − βs∆4

0

)
,
� «�K ¬H�

£ P
;
∆2

0 = − α
2βs

;6365��^>�N���14<���;63=14<8; EF1�Nû?4;61474;°��N8>�N�HI;65�>4ND�4>!��P
@�N(K!§¦��;=1k?4;�5���;6>(5�<8£=<��(<�>!��P
@�N2�
| �\� ¨�K ¬ � � HI<ûùè;65°�8� 5�� >�N�E�P�;���;61O1�Nf3674HIHI;658>474?41(9�ÿm7DN8147(E=<85�>4<8�41(9�ÿ�?4N83658�4� βa(T,H)(|∆+|2−
|∆−|2)2 ¡�7��:3=74HIHI;�5�>47(?414<�A_58<�?4@�;v@�<�í=B^74ò(74;=1(5 βa(TS, HS) = 0

KL 2<�í=B^B^74ò47(;=1(58�
cx
¡
cy
P�N��

ÿ 583þ�����f>4N�ùè;=1(7(�4HI7 � ¨�K ¬ ª � ¡Æ7n7�øn<85�1(<8úv;61474;:�G5�<�?4@�; S >�N���14< cx/cy = 1.7232.
¤�7(1474HÁ9�H

¬ ñ



í=1(;=>4£6747 � «(K ¬H� P
<8365�7(£�N8;6583þ�M�2<=P
14<8>4<=P
14<�H�3=<8365�<û�(14747-�4>47v9�3���<���7(7 |∆+|2 + |∆−|2 = ∆2 KF}�3���7
z1 = ∆+/∆

7
z2 = ∆−/∆

¡
5�<R��3=74HIHI;�5�>47(?414<�A�5�<�?4@�;k3=�(7414<�>���N8>4N8HI;658>�N��4<�>!��P
@�N
(z1, z2)� |z1|2 + |z2|2 = 1

� �4>4<8��;=£�N8;�5G3=B^;=>(9
S3 7�í=@(��74�!N���;=1(58;=1�?(;65��f>(;�ø���@�<�HI�4<814;=1(5814<�HÁ9n��;=@�5�<�>(9

~N K�óÆ>�N P
74;61(5�14N���?4N83658��í614;=>4£6747_óÆ741�EF�89�>4£�N�� JON81�P�NF9R74HI;6;65:�87�P

E =
h̄2

8m
ns

∫
(∂µ ~N )2 d2~r

� «(K ¨ �

ZU>4N8��14;61474;->4;=14<8>4H���£6>(9��4�4�÷1�N�EûN�>���P ( h̄2

2m
ns

)−1 P����
N
� @�<�HI�4<�14;61(5�1(<�£=<�;�P
741(74?414<�£6<��4<����

���©��<-1�N8A�P
;=14<�ì2<����(@�<8���fH � ¬ ô � 7MP��4��14N�úv;6£=<-3���9�?�N�� N = 4
74HI;6;65���7�P��

dns
dx

= −4Tm

πh̄2

� «�K « �
£ P
;

x = log(L/ξ)
KFS 147(E=<85�>4<8�47(�

βa(T,H)(N 2
1 +N 2

2−N 2
3−N 2

4 )2 �(<FP�?4741(�(;65�3þ�vQ�ó�9�>�N8��14;61474ÿO�
dβa
dx

= − 8Tm

πh̄2ns
βa

� «�K ï �
ZU>4N8��14;61474;f>4;614<�>4H�� £=>(9��4�4��3=�4>�N���;�P���74��< P
<^H�N83�ú�5�N8�!N

L2
anis = ξ2(T )βs/βa

KF�ÁN8@47(HC<���>�N�E=<�H
1�N�ø�<=P
74H

ns(T ) = n0
s −

4Tm

πh̄2 X,
� «�K � �

£ P
;
X = log

(
1

1− T/Tc
βs
βa

) � «�K ñ �
ì2;=>4;614<�>4HI7(>4<���@�N�@�<�í6B^BD7(ò474;=1�5�N

βs
�4>4;614;=��>(;6ù�74HI<�H�N �
N(¡f�4<�36@�<�����@(9îBU��9�@(5�9!N8ò(747��4>4<��

P
<�����14<�AG@�<�HI�4<�14;61(5��
∆
H�N����2K�S 147(EF<�5�>4<��(7(���(;=>4;614<�>4HI74>�9�;6583þ�C@�N8@

βa = β0
a

(
1− 4Tm

πh̄2n0
s

X

)4

.
� «�K ô �

0UE=9�?474Hs��<8EFHI<ûù�14<�3�5��:5�<8?4;=?41(�©ø_P
;=B^;=@�5�<��R����N8>4N8HI;658>4;k�4<�>!��P
@�N(K�ó#>4N P
74;61(5�1�N���í=14;6>��
£=7��:B^7(EF7(?4;=36@�<8£=<OP
;6BD;6@(5�NOP
<���ù�1�ND��� 5��v@�<�1(;=?41�N�K(S¦1(7(EF<858>4<��414N���í=1(;=>4£67(��365�N�14;65 ∞ ¡�;63���714;29FP
<�����;65��8<�>!�4;6583þ��983���<��874;OHI7(1474HÁ9�H�N�1�Nk��<����8úv7�ø�>�N83=3�5�<û�41(7(��ø�<85vP
;6BD;6@(5�N(K
T^N8�4>47(HI;=>
��;6��;=;D3=74HIHI;�5�>47(?414<�A�58<�?4@47 S 74HI;=;6H���74�8< |z1| = 1

��74��< |z2| = 1
KLGb5�<-�4<=P
HI14<ûùè;63658��<M�4>(<��

3658>�N8143�5��!Nn���f>4<ûùkP�;=147(����N8>�N�HI;65�>4Nn�4<�>!��P
@�N(¡�3=<858��;658365���9�ÿ ýv;6;nHI741(74HÁ9�HÁ9�N�147(EF<�5�>4<��(14<�A
í=1(;=>4£6747�¡

S1 K�ì^>4N8��;=;D3=7(HIHI;65�>(74?414<�A�5�<�?4@(7��4>4<8365�>4N8143658��<:���f>(< ùèP
;6147(����N8>�N8HI;�5�>�N-�4<�>!��P4�
@�N(¡ 3=<858��;6583658�89�ÿ ýv;6; HI7(1474HÁ9�HÁ9ON8147(E=<85�>4<8�414<�Aèí614;=>4£6747�¡

S1⊗S1 K�T^N8�4>4<�5�74�4¡�� @�<8>4;�P
;6B^;=@(5�N
��N8>4N8HI;658>��4<8>���P
@�N2HI< ùv;65D�4>4741(74H�N�5��2��ÿ ��<�; EF14N ?(;=1474;°�4>(<�3658>�N8143�5��!ND���f>4<ûùkP�;=147(�

S3 3=7(H��
HI;658>474?4;63=@�<�A_?4N836587�í=1(;=>4£6747�K

¬ ô



¥î5�N�@�<8H.B^7(EF74?(;=3=@�<�H�3���9�?�N8;D1�N���74?474;25�<8�4<���<�£674?4;63=@�<�£=<kP
;=B^;=@�5�N�<��4>(;�P
;����4;�5�3þ�_1(;=;�P�7��
1474?(14�fHI7�í���;6HI;=1(5�N�HI7�£6>(9��4�4� £=<�HI<�5�<��47(7

π2(S3, S1) = Z
7���7

π2(S3, S1 ⊗ S1) = Z ⊗ Z
K

L�;=A43�5���7�5�;�����14<4¡°<858<���>�N�ùv;=1474;�¡ 3=<8<85���;�5�3�5��89�ÿ ý�;=;nBD7�EF74?4;63=@�<�HÁ9�P
;6B^;=@(5�9�¡fí658<�<�5�<���>4N�ùè;��
1474; P
7436@�NO3°£=>�N�1474ò4;6A

S1 ¡!@�<85�<�>4N��M36<�<858��;658365���9�;65�P
N���;=@�<�A�<852P
;=B^;=@�5�N�<����
N�365�7�����<�36@�<�36587�K
óÆ>�N8147(ò�N

S1 �(>4<�3658>�N8143�5��!N R2 <85�<��8>�N�ùkN8;�5�3þ�î1�N��(<FP�HI14<ûùè;=3�5���< S1 ���f>4<ûùkP�;=147(��N�147(EF<��
5�>(<��414<�A�í614;=>(£=747�7(E

S3 � z1 = eiψ
� KbS í658<�;=3�5���<85814<�3=7�5�;�����1�N��î£6<�HI<85�<8�474?4;63=@�N���£6>(9��4��N

π2(S3, S1) = Z.
}�3���7���� 14;C�8�©��<mN8147(E=<85�>4<8�4747�¡f5�<���ÿ �89�ÿ @�<814B^74£69�>�N8ò(74ÿ �4N8>�N8HI;�5�>�N

�4<�>!��P
@�NO1�ND����<�36@�<8365�7MHI< ù�14<D365û�(1(9�5��è�D<FP�14<�>4<=P
14<8;¦3=<8365�<û�(1474;8¡�5�N8@:@�N8@
π2(S3) = 0

K�¥�1�N �
úv;6H�3���9�?�N8;21�Nv�8;=3=@�<�1(;=?414<8365�7G1�N8�(>�N8����;61474;236�47414<�>4N

(z1, z2)
BD7(@�3674>4<���N814<kN8147�EF<858>4<��414�fH

?���;614<�H��-í614;=>(£=747�¡
7REF1�Nû?47(5�14;����8E=�G3�5û�41(9�5��kP
;=B^;=@�5M�è5�<8?4@(9�K
ì2>4<�;=@(ò47(�u~U<��4BDN�>�N�E�P
;��4�4;65�3=�47(14<�>���N8>�N8HI;�5�>�NG�4<�>!��P�@�N

z ∈ S3 1�NG�8;=@(58<�> ~n = z†~σz

∈ S2 3=B^;6>4;�7m<��8ýO9�ÿ BDN�E=9 ∈ U(1)
K � �8ývN��mBON�EûN�@�N�14<�1474?(;=3=@(7.3=<��(>���ùè;=1(1�N��m��;���74?4741�N

����<�5�14<�3�5�7ní���;6@(5�>4<814<��4¡#NME=1�Nû?47(5REûN8>!��P�9�K#T^N8�4>(<85�74�(¡���;=@�5�<�>
~n
�°1(;=A(58>�N�����1(<�;k�4<���;�K�}I3���7

EûN���N8>�N8HI;�5�>47�EF<��!N�5��M36�47414<8>���N8>4N8HI;658>�N-�(<�>!��P
@�Nk@�N�@

z =

(
z1

z2

)
= eiψ/2

(
e−iϕ/2 cos θ/2

eiϕ/2 sin θ/2

)
,

� «�K � �
5�<vP����G;�P
741474?(14<�£=<���;=@�5�<�>�N

~n
74HI;6;=H��4N8>�N8HI;�5�>47(EFN8ò474ÿr1�Nk3=B^;=>(;

S2 ?4;=>4;�EO9�£ ����G©A���;=>4N(�

~n =




cosϕ sin θ

sinϕ sin θ

cos θ


 .

� «�K � �

��<8£ P�N £6>�N P
7(;=1(581�N��èí614;=>4£67(� � «(K ¨ � HI< ùv;65U�8� 5��¦�(>4;�P
3�5�N8����;61�NU@�N8@�3�9�HIH�N¦£=>�NûP
74;=1�5�14<�A�í=14;6>��
£=7(7

~n
���4<����R7�@(7414;65874?4;63=@�<�£=<�?���;=1�N��

E =
h̄2

8m
ns

∫
∂µz

†∂µz d
2~r =

=
h̄2

8m
ns

∫ [
1

4
(∂µ~n)2 +A2

µ

]
d2~r,

� «�K ¬ ª �
£ P
;

Aµ = −i(z†∂µz − z∂µz†) =
1

2
(∂µψ − ∂µϕ cos θ).

� «(K ¬8¬H�
T2;=�4<83=>4;�P
3658��;=141(�fH��8�f?4743���;=1474;6H.HI<ûùM1(<-�(>4<���;6>47(5��(¡
?�5�<-74HI;=;�5MHI;6365�<�>�N8��;6143658��<

Q =
1

4π

∫

R2

~n [∂x~n× ∂y~n] d2~r =
1

2π

∮

C∞

~A · ~dl. � «�K ¬ ¨ �

¬ �



��N8HI;65874Hf¡�?(5�<��4>�N8�8;=;25�<�?(@47 S ¡�£ P
;�N�147(EF<�5�>4<��(7(�G��;=£=@�N�������<83=@�<�3658�M7 θ = π
2

¡��4<��49�?4N8;=H
δχ = 2πQ,

P����R58<��4<���<8£=74?4;63=@�<�£6<MEûN8>!��P�N
Q = 1

<���ýèN��GBDN�EûN
χ = ψ/2

HI;=1��4;6583þ�C1�N
2π
�4>47

<��Fø!<=P
;D�4<k@�<�1(5�9�>�9��8<�@4>(9�£¦P
;=B^;6@(5�N(K
¤����8E6����7R�4>(<���14<�;^>4;�úv;61474;

z1 =
reiϕ√
|R|2 + r2

, z2 =
R√

|R|2 + r2
,

� «(K ¬ « �
@�<85�<8>4<�HÁ9m3=<858��;6583658�89�;�5�58<��4<���<8£=74?4;63=@47(AîEFN8>!��P � «(K ¬ ¨ �

Q = 1
¡*7�@�<�5�<�>4<8;�9FP
<�����;65��8<�>!�4;65

£=>4N81474?41(�fH 9�3���<���7(�(H ��;6��;=;�3=74HIHI;�5�>47(?414<�A 58<�?4@47 �
βa < 0

� �f1�N���<�����úv7�ø�>�N�3=3658<û�4147(��ø
��� ù�74�!N8;�5�58<�����@�<:<=P
14N�@�<�HI�4<�1(;=1(5�N

z1 = ∆+

|∆| = eiϕ
K
Q�;�úv;61474; � «�K ¬ « � P��89���N8>�N8HI;�5�>47(?4;=36@�<8;8�

<�����N P�N8;�5^�4>4<�7(E=��<����814�fHn�4N8>�N8HI;�5�>4<�H
R
¡8@�<858<�>4�fA-HI<ûùM14< P�<�HI14<ûùM7�5��^1�N ��ÿ ��<�;f@�<�HI����;6@�3��

14<�;�?4743���<4Kfì2>4<���14N���B29�14@4ò47(� � «(K ¬ « � �èí65�<zN�1(EûN8ò�ð©;��
N8��7(1�N��&ì2<��4�4@�<��!N�P4����14;���7414;6A414<�A
3=7(£=H�N�� HI<FP�;���7

ε = 1
2

∫
(∂µ~n)2d2~r

¡�5�N8@z1�N�EF�f��N8;=H�N���58<��4<���<�£=74?(;=3=@�N��z58;=@�365�9�>4N�3=@47(>4HI74<�1m3
14;61(9û��;=���fH�7(1�P
;=@�36<�Hz<85�<��8>�N�ùè;6147(��3=B^;=>4���8�f>4<ûùkP
;6147(�M��N8>�N8HI;�5�>�ND�4<�>!��P�@�N

S2 1�NO>(;FN������
1(9�ÿ P
�89�HI;=>(1(9�ÿr����<�3=@�<�3�5��

R2 Ka��;6@�36589�>�N�P
<�3�5�N8�����(;65�14;���7414;=A(14<�A�3674£=H�N ��HI<=P
;���7G£ ��<��!N������
14�fACHI741(74HÁ9�H���3=��<8;=H�5�<��(<���<�£674?4;=36@�<�Hs@��
N83=36;v����7�P�9G<��8ýv;6£=<:1(;=>�N8�8;=143�5��!N

εtexture ≥ 4πQ� 1(;=�4<�36>4;�P�365��8;=1414<8;v���f?4743���;=1(74;O�(<�@�N�EF�f�!N�;65
εtexture = 4πQ

7
Q = 1

� K
ì2<FP�?4;=>4@(14;=H ;�ýv;�>�N�E8¡f?(5�<�P�����1�N�ú�;=AîEûN P
N ?(7 � «(K ¬ ª � >4;6ú�;=147(; � «(K ¬ « � 14;�P
<�3�5�N8�����(;65

HI74147(HÁ9�H�N�¡©N��4�����(;6583þ�.�4>4<8��14<�A�B^9�14@(ò474;=Am�v36<�<85��8;65�3�5��89�ÿ ýv;=A�14;6�4>4;=>(�f��14<�HÁ9���7�ø�>4ÿ 3
14;6>�N�EF>�9�ú�;=141(<�Aî3=��;6>!ø��4>(<���<=P
74HI<�3�5���ÿ ��@�<�>4;�¡*�(>4<��(983=@�N8ÿ ý�;=HÁ9�<FP�741.@4�!N�1(5��(<85�<�@�N(K©¤��
1�N�ø�<=P
74H.í614;=>4£674ÿrí65�<8£=<-�4>4<���1(<�£=<-14;=�(>4;=>4�f�814<�£=<���7�ø�>!���

εcont ∼
(

Φ0

4πλ

)2 (
log λ/Lanis + 0.5 + |βa|L2

anis/ξ
2
)
,

� «(K ¬ ï �
£ P
;

βa
�
H�N���;=14��@�N��ON81(7(EF<858>4<��47���¡

Φ0 = 2πh̄c/2e
�
@(�!N81(5°�4<�5�<�@�N(¡ 7^3=>�N���1474�!N�;=HG;=;�3�í=14;6>4£=74;6A

3=7(14£69û���(>414<�£6<M��7�ø�>!�GS¦��>(74@�<�3=<���N(�

εA ∼
(

Φ0

4πλ

)2(
log

λ

ξ
+ 1.2

)
.

� «(K ¬ � �
ü©>�N8�81474�!N�� � «(K ¬ ï � 7 � «(K ¬ � � ¡���7�P�74Hf¡�?(58<��4>(7 |βa| � 1

N�E=1�Nû?47(5
Lanis � ξ

í=1(;=>4£67(��14;=�4>(;��
>4�f��1(<�£=<-��7�ø�>!�GHI;=14�8ú�;Oí614;=>(£=747�3=7414£�9û���4>41(<�£=<�1�Nè��;���7(?4741(9 ∝ log Lanis

ξ
= log

√
βs
|βa|
K

G©14;=>(£=7(����7�ø�>!��¡8P
<�3�5�N8�����(ÿ ý�;=£=<O£ ��<��!N ����14�fA�HI741474HÁ9�H � «(K ¬K� �^58<�?4@�; S � ;=3���7��^�4<83���;�P��14;6Hn9�?4;=3�5��v7-N81(7(EF<858>4<��41(�fA:?���;61 � ¡!;�ýv; 147(ùè; � «�K ¬ ï � 7��4<���9�?�N8;6583þ�:�!N�>47�N8ò47(;=A-B^9�14@(ò474<�1�N �
�
N_ó�J-¡�7�P�N���;6;:?4743���;=141(�fHr>(;6úv;61474;6H �4<���9�?�N8ÿ ý�;=£6<�3þ��P
74B^B^;=>4;614ò47�N ����14<�£6<_9�>�N8��14;6147(�	K

¬ �



�ÁN�@474H_<��8>�N�EF<8Hf¡ � «(K ¬ ï � ����;6>�ø(1��(�v<8ò4;=14@�N P��4��í614;=>4£6747k14;=�(>4;=>4�f1(<�£=<2��7�ø(>!���U3=74HIHI;�5�>47(?414<�A
5�<8?4@�;8K

� »�¼#Ø À Í4Ç À
Ê ¼#ÔGÂ�¹ È Ð�Î�Ô Ê Â À�É Ð À�É Í(Ã���ì^>4N8��;=;I58<�?4@47 S ��N8>�N8HI;�5�>O�4<�>!��P
@�N ;=3658� ~n·eiχ ¡û£ P
;
χ
�Á<8�8ýèN���BDN�EûN�K�ì2>4<8365�>4N8143658��<è���f>4<ûùèP
;=1(7(�kP4���:��;6@(5�<8>�N

~n
�Áí�5�<v<8@4>(9�ùM1(<�3658�

S1
� í6@4�!N�58<�>

3=B^;6>4�
S2
� �8P�����<��8ý�;=A:BDN�E=�

χ
�4>4<�3�5�>�N�143658��<è���f>4<ûùèP
;=147��M5�<ûùè; <�@4>�9�ù�14<�3�5��4K!}I3���7���E=�(58�

@�<�1(5�9�>�14N�>4;FN ����14<�A�����<�36@�<8365�7��8<�@4>(9�£kP�;=B^;=@(5�N��¦��7�ø�>!��¡#5�<_14N�í658<�H�@�<�1(589�>4;��4N8>�N8HI;�5�>
�4<�>!��P
@�N-14;6�4>4;6>4�f��;=1	�

1)
<8���f?414�fAGS¦��>(74@�<�3=<��-��7�ø�>4�(�

~n � X��F�a�q�=¡�g χ HI;=1(�(;65�3þ��<85 0
P
<

2π
�

2)
P�;=B^;=@(5O�4<��4�

~n
P
7436@���741�N�ò47(���

χ � X��W�I�q�F¡ ~n �(<���<�>�Nû?47(�!N8;6583þ�-<85 0
P�<

2π
��147(@�N�@�<8£=<D�4>4<��

1474@(14<���;6147(�G�4<����R32í�5�74H���7�ø�>4;=H�14;23=���(EûN�14<a�4<�1�58< ùv;D7(HI;=;65k��<�£�N�>474B^HI74?4;63=@(9�ÿrí=14;6>4£=74ÿOK
3)
�4<���9�@4��N81(5�<8���fAè��7�ø�>4�4�

~n
�4<8��<�>�Nû?474��N8;6583þ�è<85

0
P�<

π
7v<���ýèN���BON�EûN

χ
�4<���<8>�Nû?474�!N8;�5�3þ�

0
P
<

π
�4>47�<��Fø!<=P
;k�4<G@�<�1(589�>(9��8<�@4>(9�£�P
;=B^;6@(5�N(K�Gb5�N�@�<�14B^74£�9�>�N8ò47(����N�>�N8HI;658>�NR�4<�>!��P
@�N

5�<ûùè;�14;=�(>4;=>4�f�81�N��.�
~neiχ = −~nei(χ+π) ¡�14<��(<���; ~n 7n�4<���; χ 74HI;=ÿ 5_>�N�E=>4�f�_��P�<����G��7414747>�N�E=>4;6EFN(¡�1�Nû?47(1�N8ÿ ý�;=A43þ�-3bP
;6B^;=@(5�N2�2>4;=N�����14<8H��(>4<�3658>�N8143�5���;�K�¢è7�EF74?4;63=@47(A�ùè; 36HI�f3���74HI;��

;65�5�<����8@�<è�(<���;
~n · eiχ K���N8HI;�5�74Hf¡�?(5�<�<��8ýèN��:BDN�EûN χ 14N8��;=£�N�;65k�ví�5�<�Hz��7�ø�>4;¦1�N π ¡�NOEF14N ?(7(5 ¡�4<858<�@�H�N8£6147(5�1(<�£=<C�4<�����;6365��C�(<���<���7(14@�N�<85_�(<85�<�@�N_�_�87�ø�>4;:S¦�8>474@�<�3=<8�!N(¡��4<�í658<�HÁ9!� 58<C<�1

7%�6�4<���9�@4�!N81(58<����fA-��KÆì2<���9�@4�!N81�5�<����f;k��7�ø(>(7C���f�!N8ÿ 5Rï:5�74�4<8�4����;6@(5�<�>
~n
HI< ùv;65R��>�N�ýèN�58���

3þ�z1�N
180o

@�N8@z�4<�?�N83=<8��<�Az3658>4;���@�;�¡�5�N�@�7z�4>4<�5�74�4¡I7zí�5�<�HÁ9�36<�<858��;658365���9�;65�EûN8>!��P ±1/2
K

T2<M7_<8�8ýèN���BDN�EûN-HI<ûùè;65-��74��<-9��8;���74?(74�!N�58��3þ��<85
0o
P
<

180o
¡���74��<�9�HI;614�8úèN�5���3þ��<85

0o
P
<

−180o
�4>47�<��Fø!<=P
;2�8<�@4>(9�£U��7�ø(>!�	¡(7�í658<�HÁ9�3=<�<858��;6583658�89�;�5-P
>(9�£6<�A�EûN8>!��P ±1/2

K�Lv��N���7�ø�>!��3
�4>4<�5�74��<8�4<���<ûù�14�fHI7�<��8<�74HI7�EûN8>!��P
N8HI7��4>(7(5û�4£674�!N8ÿ 5�3þ��7nHI<�£69�5CN�141474£67���74>4<8�!N�5��(K � ���f?��
14�fA�14;6�4>4;=>(�f��14�fA��87�ø�>4�RHI< ùv;65R>�N836��N83�5���3þ��1�N�P
�!N:�(<���9�@4�!N81�5�<����©øC��7�ø�>!��3è�4>4<85874��<��4<��
��<ûù�14�fHI7R�4;=>4�8�fHI7REFN8>!��P�N�HI7 � 3=<�<�5���;�5�3658�89�;�ýv74HI7C�8;=@(58<�>(9

~n
� ¡�14<k<FP�741�N8@�<����fHI7R�858<�>4�fHI7

EûN�>���P�N8HI7 � 36<�<85��8;65�3�5��898;6ý�74HI7�<��8ýv;6A�BDN�E=;
χ
7���7G5�<�@�N8H � K

� »�¼#Ø À Í4Ç À
Ê ¼#Ô�Â�¹ È Ð�Î(Ô À
É Ã-�4JD;=��;6; 5�<8?4@47 S ¡(@�<�£ P�N��4N8>�N8HI;�5�>��4<�>!��P
@�N�7���7 z1 = 0
7���7

z2 = 0
¡	HI< ùv;65R��� 58��P
<8HI;=141�N���365�;614@�N(¡Æ>�N�E�P
;��4�4ÿ ývN���<����
N�365�7�3

z1 = 0
7
z2 = 0.

¤�<ûù�14<
�4<�36?47(5�N�58��í614;=>(£=74ÿ P
<�HI;61414<�A�3�5�;614@47G1�Nv;�P
7(1474ò(9�;6; P���7(14�2¡4<858��;65-�4<�>!��P
@�N √

cxβa.
�ÁN8@�N��

P
<�HI;6141�N���3�5�;=1(@�N_�8�©�
NG>4N83=36HI<85�>4;61�N�� � ¬ ï � 7n�8�©��<��(<�@�N�EûN81(<4¡#?(5�<�<����f?414�fAn<=P
14<�@4��N81(5�<�����fAm��7�ø�>4���89FP
;65n3FNûP
7(5��83þ��1�N�P
<�HI;6141(9�ÿ 365�;614@(98K©¥ ò4;=1�5�>4;�P
<�HI;=1(14<�Am365�;614@47.�4N8>�N8HI;�5�>
�4<�>!��P
@�NO�4>47(1474H�N8;�5OE=1�Nû?4;=147��:7(E �4<=P
HI14<ûùè;63658�!N

S1
í=@4�!N�5�<�>�N^3=B^;6>4�2K � 58<���>�N�ùè;=147(;°��7(14747

P
<�HI;61414<�A�3�5�;=1(@47�¡Æ5 K�;8K
S1

1�N
S1

í6@4�!N�58<�>�ø!N8>�N8@�5�;=>(7(E=98;65�3þ��ò4;����fHs?4743���<�H
Z
¡ �fí65�<G7�;=3�5��

?4743���<-@4�!N81(58<��-�4<85�<8@�N � 36<-E=1�N8@�<�H � �k��7�ø�>!��øG�4>(7(5û�41(9�58�©ø_1�NOP
<8HI;=141(9�ÿr3658;=14@(98K

¨8ª



� � ´"U ® ö ´"Q ¯�¶G´"7b²G´ 5�5 ´
��;6�4;=>(��HI� 3=<83=>4;�P
<85�<8?474HI3þ�r1�N�3=��<8A43658�!N�øt� @474>�N�����14<�£6<��n3=<�3�5�<û�4147��rE=1�Nû?47(58;�����1(< 147(ùv;
Tc(H)

¡©7��4<���9�?47(H HI;=3�5�<��(<���<ûùè;=1(7(����741474AsBDN�EF<��8�©ø��4;6>4;�ø�<FP�<���7.��741(74A�983658<�A4?474�8<�36587
<=P
14<�>(<FP�14<�£=<C7�@474>�N�����14<�£6<_3=<�3�5�<û�41(74A LT ¡ ST ′ 7 T O K#Gb5�<C�8�f?4743���;=1474;R��<�EFHI<ûùM1(<����
N �£=<=P�N�>���58<�HÁ9�¡#?(58< |∆|2 = const

��� @474>�N�����14<�H#�v3=<�3�5�<û�4147(7�¡�7C5�N8@(74H�<���>4N�EF<�H��4��1(<GHI<ûù�14<
���f�47(3FN�58�zN81�N���7�5�74?4;63=@47(;_9�>4N8��14;6147(��¡b<��4>4;�P
;��4�4ÿ ý�74; |∆| 7�36<�<85��8;65�3�5��89�ÿ ýv74A Q £ �49��8<��@�<M��1�9�58>47_36��;=>�ø��4>4<��8<FP��(ýv;6£=<�36<�3658< �(147(�	K���;=>4HI<=P
7414N8HI74?4;63=@474AC�(<85�;614ò47�N��C����@(74>�N����814<�H#�
3=<8365�<û�(14747�HI<ûùè;�5-��� 5����4<�3=?(7(5�N81��

Ωhel =
∆2

U
− ν(εF )T

∑

ω,λ

∫ 2π

0

(√
(ω + iHλ sinϕ)2 + ∆2 − |ω|

) dϕ
2
,

� ï(K ¬H�

Nv9�>�N8��14;6147(�	¡
<8�4>4;�P�;����(ÿ ýv7(; |∆| 7 Q <��(>4;�P
;����4ÿ 5�3þ��7(ED365�N8ò47(<�1�N8>41(�©ø�983���<8��74A��
∂Ωhel

∂∆
=

2∆

U
− ν(εF )T

∑

ω,λ

∫ 2π

0

∆√
(ω + iHλ sinϕ)2 + ∆2

dϕ

2
= 0,

� ï4K ¨ �

∂Ωhel

∂Q
= −vF

2
ν(εF )T

∑

λω

∫ 2π

0

i
(ω + iHλ sinϕ) sinϕ√
(ω + iHλ sinϕ)2 + ∆2

dϕ

2
=
vF
2
ν(εF )T

∑

λω

f(Hλ, ω) = 0.
� ï4K « �

021(5�;6£=>�N �����4<^9�£ �49
ϕ
HI<�£�9�5v��� 58�O�4>(;=<���>4N�EF<���N814�.@-í��4��74�(5�7(?4;=36@474Hz741(58;=£=>4N��
N8H � �4<=P
>4<����

14;6;�36HfK#ì^>(7���<ûùè;=1(74;�S � K#ì2<�3���;-5�N�@�<8£=<��(>4;=<��8>�N�EF<8�!N8147(�_P
��NG3�5�N8ò474<�14N8>414�©ø�9�3���<���7���P��4�
��@(74>�N����814<�A!�UBON�EF� 7(HI;=ÿ 5���7�P#�

1

U
= 2ν(εF )T

∑

ω>0,λ

K (k)√
ω2 + (|Hλ|+ ∆)2

;
� ï(K ï �

∑

ω>0,λ

f(Hλ, ω) = 0,
� ï4K � �

£ P
;DHI<=P�9û�����^@�<��87

k =
2
√

∆|Hλ|√
ω2 + (|Hλ|+ ∆)2

;
� ï(K ñ �

B29�14@4ò47(�
f(Hλ, ω)

���f>�N�ùkN8;6583þ��?4;=>4;�EM�(<���14�f;kí��(��74�(5874?4;=36@474;:7(1(5�;6£=>�N����÷�4;=>(��<�£=<G7��85�<��
>4<�£6<�>(<FP
N(�

f(Hλ) =
1

Hλ

(
(ω2 +H2

λ + ∆2)
K(k)√

ω2 + (|Hλ|+ ∆)2
−
√
ω2 + (|Hλ|+ ∆)2E(k)

)
.

� ï(K ô �

¨ ¬



ì2>47
∆ = 0

�4;=>(��<�;°9�>4N8��14;61474; 3FN8HI<�36<�£ �
N836<��!N81(7(� � ï4K ï � 3=��<=P
7(583þ�:@k9�>�N8��14;61474ÿ � ¨�K ¬�¬H� ¡!<��4>4;��
P
;����4ÿ ýv;=HÁ9�3=��;6>�ø(�(>4<���<=P���ýv74A�BDN�E=<����fA.�4;6>4;�ø�<=P�¡fNn��5�<�>4<8;�365�N�ò474<�1�N�>414<�;_983���<��874; � ï(K � �3=�8<FP�7(5�3þ��@G983���<8��74ÿ

maxQ
P����G�4>4N8��<�AR?�N83�5�7G9�>4N8��14;6147(� � ï4K ï � K

0UEf5�;=>(HI<FP�741�N8HI74?(;=3=@�<�£6<��4<�5�;=1(ò47�N��
N P��4�)��@474>4N�����14<8£=<��b3=<8365�<û�(147(� � ï(K ¬H� HI< ù�14<U7(3=@���ÿ°�
?47(58�MEûN���743=7(HI<�3658�:<85

∆
�4>47_�4<8HI<8ýv7G9�>4N8��14;6147(� � ï4K ï � K���<8£ P�Nk58;=>4HI<=P
7(1�N8HI74?4;63=@47(A��(<85�;61��

ò47�N �:3�5�N814;65OB29�14@4ò474;6A�58<�����@�<
Q
¡!7k�4>(7�H�N���;=14��@�<�H

Q
HI<ûùè;65D��� 58�O>�N�E6��<ûùè;61��4<^3�5�;=�(;=1(�(H

Q
�

Ωhel(Q) = Ωhel(0) + aQ2 + bQ4 + cQ6,
� ï(K � �

£ P
;
c > 0

¡

a =
1

2!

∂2Ω

∂Q2
=
(vF

2

)2

ν(εF )T
∑

λ,ω

∫ 2π

0

∆2 sin2 ϕ

((ω + iλH sinϕ)2 + ∆2)3/2
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∂
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ω2 + (H + ∆)2

.

��N8HI;�5�74Hf¡4?�5�<k@�<�í=B^B^74ò474;61(5��4>47
Q2 �è>4N�E6��<ûùè;614747G3=��;6>�ø(�(>4<���<=P���ýv;=A�í=14;6>4£=7(7�@47(>�N�����1(<�A

BDN�EF� � ï4K � � 3=<8����N P�N�;65�3v@�<�í6B^BD7(ò474;=1�5�<�H��4>47 q2 �:>�N�E���<ûùè;=1(747Cí=14;6>4£=7(7�BDN�E=<���<�£6<:��<8E=HÁ9!�
ýv;6147(� � ï4K ¬ « � XO5�<8?414<�3�5���ÿrP�<M9�HI14<ûùè;=147��_1�N

∆2 KL�ÁN8@(74H.<���>4N�EF<�Hf¡�983���<��87(� � ï(K � � 7 � ï4K ¬ ñ � ¡<��4>(;�P
;����4ÿ ýv74;�£=>�N81(74ò(9z365�N���7�����1(<�36587�$'&'(m36<�3658<û�4147(�	¡�>�N8��14<83=7����814�2Kb¤�� >4;�úèN8;6H÷?4743��
��;61414<_36743658;=HÁ9CP
�89!ø�9�>4N8��14;61474A���9�>4N8��14;61474; � ï4K ¬ � �O� @�<858<�>4<�;�3=��<=P
7(583þ��@n9�>�N���14;=1(74ÿ � ï(K ï �
�4>47

Q = 0
� 7C��5�<�>4<8;v9�>4N8��14;61474;v� � ï(K ¬ ô � �	�(<���9�?�N8;6H���741(74ÿ LO BDN�E=<���<�£6<:�4;6>4;�ø�<FP
N�HI;6ùk�P�9G<=P
14<�>(<FP�14<�Aj$'&'(GBON�EF<�A�7�@�<�HI����;6@�3=14�fH���N8>�N�HI;65�>(<�H��4<�>!��P�@�N�¡��4<8@�N�EûN8141�9�ÿ 1�NMQI743�K � K

¨�ï



� ��>�N�5874H���147(H�N81474;�¡�?(58<:���©��<kP
<�@�N�EûN�14< LT �b��7(147(�_BDN�E=<���<�£6<M�4;6>4;�ø�<=P�N:�85�<8>4<�£=<M>4<=P�N(¡
N147(ùv;^58<�?4@47 T 1�Nû?47(1�N8;6583þ�_�4;6>4;�ø�<=P��4;=>(��<�£=<->4<=P�N(¡45�N�@�?(58< T O �bí�5�<-3=��<�;6£=<�>4<=P�N-<8���
N83�5����<�@�N�����14<�A:98365�<8A4?474��<8365�7�$'&'(:3=<�3�5�<û�4147���K�L�;=A(365��87(5�;�����1�N��R��741(7(���4;6>4;�ø�<FP
N-�4;6>4��<�£6<k>4<=P�N
T O′ ��;6ù�7(5��4>47G��<���;6;D1(7(EF@47�øREF1�Nû?4;6147(��øGH�N�£=147(5814<�£6<M�4<��4� � HO′ < HO = 1.76Tc0

� K
JD74147(��9�3658<�A4?47(��<�36587 ST ′ � @474>�N�����14<�£6<��G3=<�3�5�<û�41(7(�î<��4>4;�P
;���;=1�N��4<83=>4;�P
3658��<�H ���f?4743����;6147(���!N�>47�N8ò47(7�5�;6>4HI<=P
741�N8HI7(?4;=36@�<8£=<m�4<85�;614ò47�N �
N��4>47.3��
N8��<�A�3�5�N�5�7(?4;=36@�<8AsHI<=P�9û���(ò4747

��N8>4N8HI;658>�N-�(<�>!��P
@�N��87�P�N

δ∆(~r) = v−q exp(−iqy) + vq+2Q exp(i(q + 2Q)y)
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(
ω, ~p− ~q

2
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= − iω − (λH +Q/2) sinϕp + ξ − q+Q

2
sinϕp
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Gλ

(
−ω,−~p− ~q

2

)
= − −iω + (λH +Q/2) sinϕp + ξ + q+Q

2
sinϕp

(ω + i(λH +Q/2) sinϕp)2 + (ξ + q+Q
2

sinϕp)2 + |∆|2
,

Fλ

(
−ω,−~p− ~q

2

)
= − λe−iϕp∆

(ω + i(λH +Q/2) sinϕp)2 + (ξ + q+Q
2

sinϕp)2 + |∆|2
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(
ω, ~p+

~q

2
+ ~Q

)
= − iω − (λH +Q/2) sinϕp + ξ + q+Q

2
sinϕp

(ω + i(λH +Q/2) sinϕp)2 + (ξ + q+Q
2

sinϕp)2 + |∆|2
,
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(
−ω,−~p+

~q

2
+ ~Q

)
= − −iω + (λH +Q/2) sinϕp + ξ − q+Q

2
sinϕp

(ω + i(λH +Q/2) sinϕp)2 + (ξ − q+Q
2

sinϕp)2 + |∆|2
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1

U
− g−q + gq+2Q

2

)
±
√(

g−q − gq+2Q

2

)2

+ |f−q|2,
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1

U
− g−q + gq+2Q

2
=

∑

ω>0,λ

∫ 2π

0

dϕ

4

1√
(ω + i(λH +Q/2) sinϕ)2 + ∆2

×

×
(

1− (ω + i(λH +Q/2) sinϕ)2 − ( q+Q
2

sinϕ)2

(ω + i(λH +Q/2) sinϕp)2 + ( q+Q
2

sinϕ)2 + ∆2

)
,

g−q − gq+2Q

2
=

∑

ω>0,λ

∫ 2π

0

dϕ

4

1√
(ω + i(λH +Q/2) sinϕ)2 + ∆2

×

× 2i(ω + i(λH +Q/2) sinϕ)( q+Q
2

sinϕ)

(ω + i(λH +Q/2) sinϕ)2 + ( q+Q
2

sinϕ)2 + ∆2
,

f−q =
∑

ω>0,λ

∫ 2π

0

dϕ

4

1√
(ω + i(λH +Q/2) sinϕ)2 + ∆2

×

× ∆2

(ω + i(λH +Q/2) sinϕ)2 + ( q+Q
2

sinϕ)2 + ∆2
.
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g−q =
∑

ω>0,p,λGλ,p−q/2Gλ,−p−q/2
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gq+2Q =

∑
ω>0,p,λGλ,p+q/2+QGλ,−p+q/2+Q
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∑
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(
u

v

)
= ∆

(
eiψ/2e−iϕ/2 cos θ/2

eiψ/2eiϕ/2 sin θ/2

)
,
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f(κ) = βa∆
4 cos2 θ + κ∆8 cos4 θ.
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Fsn = α∆2 + βs∆
4 + βa(|u|2 − |v|2)2 +

+
(C1 + C2)

4
∆6 +

(3C1 − C2)

4
∆2(|u|2 − |v|2)2 +

+
(D1 +D2 +D3/2)

8
∆8 +

(6D1 −D3)

8
(|u|2 − |v|2)2∆4 +

(D1 −D2 +D3/2)
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(|u|2 − |v|2)4 +
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A =

(
l7 + l9|u|2 + l10|v|2 l11uv

l11u
∗v∗ l7 + l10|u|2 + l9|v|2

)
,

V+ = (u∗3Q, v−3Q), X+ = (x∗, y),

x = l8u
2v∗ + l12u

2v∗|u|2 + (l13 + l14)u2v∗|v|2;

y = l8v
2u∗ + l12v
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E3Q = −X+A−1X.
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E3Q = d2 ·
(
|u|6|v|2 + |u|2|v|6

)
+ d3 · |u|4|v|4,
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d2 =

1

3!

∂3E3Q

∂U3

∂E3Q

∂V
=
l8(−2l12l7 + l8l9)

l27

d3 =

(
1

2!

)2
∂2E3Q

∂U2

∂2E3Q

∂V 2
=

2l8(−2(l13 + l14)l7 + l8(l10 + l11))

l27
.
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1

Uν(εF )
= T

∑

ω>0,λ

∫ 2π

0

dϕ

2

1√
(ω + iHλ sinϕ)2 + ∆2

.
� SOK ¬K�

��N8HI;6?�N8;=Hf¡�?(58< ∫ 2π

0
f(sinϕ)dϕ = 2

∫ π/2
−π/2 f(sinϕ)dϕ = 2

∫ π
0
f(cosϕ)dϕ = 4

∫ π/2
0

f(cos 2ϕ)dϕ.��<8£ P�N(¡�EFN8HI;=1(���m� � S�K ¬H�
sinϕ

14N
cos 2ϕ

7m743=�4<����8E=9���B^<�>(HÁ9 ���
cos 2ϕ = cos2 ϕ − sin2 ϕ

�
cos2 ϕ+ sin2 ϕ = 1,

�4>4N8�89�ÿ\?�N83658�-9�>�N���14;=1(7(��3=N8HI<�36<�£ �
N836<��!N8147��GEFN8�47436�f�!N8;6H�@�N8@

T
∑

ω>0,λ

2

∫ π/2

0

dϕ
1√

[ω(c2 + s2) + iHλ(c2 − s2)]2 + ∆2(c2 + s2)2
,

� SOK ¨ �

£ P
;
c = cosϕ, s = sinϕ.

¥î�4<�3���;�P
1(;=H.741�5�;=£6>�N���;2P
;���N8;=HmEûN8HI;61(9
ϕ = arctg t,

�4<���9�?�N8;6Hf�

T
∑

ω>0,λ

2

∫ ∞

0

dt√
Aeiψt4 + 2(ω2 +H2

λ + ∆2)t2 + Ae−iψ
,

� SOK « �

£ P
;D<���<8E=1�Nû?47���7
Aeiψ = (ω − iHλ)

2 + ∆2 7

A =
√

(ω2 + (|Hλ|+ ∆)2)(ω2 + (|Hλ| −∆)2).
� SOK ï �
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τ = tei

ψ
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T
∑

ω>0,λ

2

∫ ∞

0

dτ√
A
√

1 + (a+ a−1)τ 2 + τ 4
,

� SOK � �
�k@�<85�<�>(<�H

a =

√
(ω2 + (|Hλ|+ ∆)2)

(ω2 + (|Hλ| −∆)2)
.

� SOK ñ �
��;6�4;=>(��� � SOK � � P
;��
N�;=H.<��8>�N�5�1�9�ÿ�EFN8HI;=1(9 τ = tgϕ,

�4<���9�?�N8;=Hf�

T
∑

ω>0,λ

2√
A

∫ π/2

0

dϕ√
1 +

(√
a−
√
a−1

2

)2

cos2 2ϕ

� SOK ô �

ZU?(7(5��f�!N���¡*?(5�< ∫ π/2
0

f(cos2 2ϕ)dϕ =
∫ π/2

0
f(sin2 ϕ)dϕ

¡ÁEûN8HI;61(�4;6HX���4<�3���;�P�14;=H 741(58;=£6>�N���;
cos2 2ϕ

1�N
sin2 ϕ
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K(k) =∫ 2π

0
(1− k2 sin2 ϕ)−1/2 ¡4�4;6>4;=�(743=�f�!N�;=H � SOK ô � ����7�P
;8�

T
∑

ω>0,λ

2√
A

K

(
i

√
a−
√
a−1

2

)
.
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1

Uν(εF )
= T

∑

ω>0,λ

2√
A

K
(√

1− 1
a2

)

√
a

,

� SOK � �
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∆(r) = ueiQr
K

Ò�à ¢�9�14@4ò(7(���2<�367�P
�2K

Y (T,∆) =
1

4T

∫
dξ
�M`cX^ 2

√
ξ2 + ∆2

2T
= 1− T

∑

n

∆2π

(ω2
n + ∆2)3/2

.
� SOK ¬ ª �

Û�à ì2<���;6EF14N��GBD<8>4HÁ9û�
N(K
∫ 2π

0

dϕ

ω + iH sinϕ
=

2π
�MdfáW�

ω√
ω2 +H2

.
� SOK ¬�¬K�
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∫ 2π

0

1

4
√

(ω + iH sinϕ)2 + ∆2

−1 + (ω + i(H +X) sinϕ)2

(ω + iH sinϕ)2 + ∆2 + (X sinϕ)2
=

=
∑

ω>0,λ

zK(k)− z1Π(l1, k)− z2Π(l2, k)√
(∆ +H)2 + ω2

,
� ð¦K ¬K�

∫ 2π

0

1

4
√

(ω + iH sinϕ)2 + ∆2

∆2

(ω + iH sinϕ)2 + ∆2 + (X sinϕ)2
=

=
∑

ω>0,λ

yK(k)− y1Π(l1, k)− y2Π(l2, k)√
(∆ +H)2 + ω2

,
� ð¦K ¨ �

£ P
;D����;�P
;=14�s<���<8E=1�Nû?4;=1(7(�

l1(S) = 1− (∆−H + iω)(∆2 − (H + iω)2) +X2)

(∆ +H + iω)(∆2 +H2 + ω2 −X2 − 2iS)
,

l2(S) = l1(−S);

z = −2− ∆H(2iωX + ∆(H + 2X))

(∆ + iω)2X2
,

z1(S) = − (∆−H + iω)

2 (∆ + iω)2 X2
(
∆2 − (H − iω)2 +X2

)
S
L(S),

z2(S) = z1(−S);

y =
∆2H2

(∆ + iω)2X2

y1(S) = − i∆2 (∆−H + iω)

2 (∆ + iω)2 X2
(
∆2 − (H − iω)2 +X2

)
S
M(S),

y2(S) = y1(−S);
� ð¦K « �
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£ P
;
L(S) = −i∆4H(H +X)2 −

− 2ω2X2(H − iω +X)(ωX + S) +

+ 2i∆ωX(H +X)(H − iω +X)(ωX + S) +

+ ∆3(H +X)2(−iH2 −Hω + 2ωX + iX2 + S) +

+ ∆2(H +X)(H2 − iHω +HX + iωX)(2ωX + S)−
− ωX2∆2(H +X)2

7
S =

√
−∆2H2 + (∆2 + ω2)X2, X =

q +Q

2
;

� ð¦K ï �

M(S) = ∆H3(∆ +H − iω)−
− HX2

(
∆(∆ + 2H)− i(∆−H)ω + 2ω2

)
+

+ (∆ + iω)X4 +

+
(
H2(i(∆ +H) + ω) + (−i(∆ +H) + ω)X2

)
S.
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D1 = 1/8Ts
∑

ω,p,λ

G4

(
p+

Q

2

)
G4

(
−p +

Q

2

)
;

� ¥¦K ¬K�

D2 = Ts
∑

ω,p,λ

G4

(
p+

Q

2

)
G3

(
−p+

Q

2

)
G

(
−p− 3Q

2

)
+

+ Ts
∑

ω,p,λ

G3

(
p+

Q

2

)
G2

(
−p+

Q

2

)
G2

(
−p− 3Q

2

)
G

(
p+

5Q

2

)
;
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D3 = 3/2Ts
∑

ω,p,λ

G4

(
p+

Q

2

)
G2

(
−p +

Q

2

)
G2

(
−p− 3Q

2

)
+

+ Ts
∑

ω,p,λ

G3

(
p+

Q

2

)
G

(
−p +

Q

2

)
G3

(
−p− 3Q

2

)
G

(
p+

5Q

2

)
+

+ Ts
∑

ω,p,λ

G3

(
p+

Q

2

)
G3

(
−p+

Q

2

)
G

(
−p− 3Q

2

)
G

(
p− 3Q

2

)
+

� ¥¦K « �

+ Ts
∑

ω,p,λ

G2

(
p+

Q

2

)
G2

(
−p+

Q

2

)
G2

(
−p− 3Q

2

)
G

(
p− 3Q

2

)
G

(
p+

5Q

2

)
;

l7 =
1

U
− Ts

2

∑

ω,p,λ

G

(
p+

3Q

2

)
G

(
−p +

3Q

2

)
;

� ¥¦K ï �

l8 =
Ts
2

∑

ω,p,λ

G

(
p+

Q

2

)
G

(
−p +

Q

2

)
G

(
−p− 3Q

2

)
G

(
p+

5Q

2

)
;

� ¥¦K � �

l9 = Ts
∑

ω,p,λ

G

(
−p +

Q

2

)
G2

(
p− 3Q

2

)
G

(
−p− 3Q

2

)
;

� ¥¦K ñ �

l10 = Ts
∑

ω,p,λ

G

(
−p+

5Q

2

)
G2

(
p− 3Q

2

)
G

(
−p− 3Q

2

)
;

� ¥¦K ô �

l11 = Ts
∑

ω,p,λ

G

(
−p+

Q

2

)
G

(
p− 3Q

2

)
G

(
−p− 3Q

2

)
G

(
p+

5Q

2

)
;

� ¥¦K � �

l12 = Ts
∑

ω,p,λ

G

(
p+

Q

2

)
G2

(
−p +

Q

2

)
G2

(
p− 3Q

2

)
G

(
−p− 3Q

2

)
;
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