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i (τi) = (ã+i (τi), a
+
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ğio(τ − τ ′) =
〈Tτai(τ)a

+
o (τ

′)〉0
〈{aia+o }〉0

= eε(τ
′−τ)δoi







(1 + e−βε)−1 , τ > τ ′ ,

−(1 + eβε)−1 , τ ′ > τ .
� y L w�y �

0(��~<8�}FE � CbCD9 | :<8>�F� ��G�9F8D:;�(=J8D~;~;�-�

¾

ai(τ
′)a+o (τ)= ğio(τ
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z
l P

+
j P

+
j1
P−j2P

+
j3
〉0
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∫ β

0

ei(
∑

ωn)τdτ = βδ(
∑

ωn) � y L yDv �
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tk
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+ ++= . . . , � y L y?w��

� |

= g(ωn) =
〈P+〉
iωn − ε

+
〈P−〉
iωn − ε̃

� y L yDy �
�U=D� �<9;CJ=D� �c8�
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=DEF:F8>�J�

= Gk(ωn) =
1

g−1(ωn)− tk
. � y L y I �



� � � �
�"C��<�&G�E��(A;~FB;�F� � �c:F� ~F8
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εI,II(tk) =
1

2
(−2µ+ tk)±

1

2

√

g2 + 4tk〈Sz〉g + t2k . � y L y>x �
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=
2

N

∑

n,k

t2k
g−1(ωn)− tk

(

P+
i

iωn − ε
+

P−i
iωn − ε̃

)

= β(α1P
+
i + α2P

−
i ), � y L y O �

� | =D= | � | ~FC
9;CD��~<8�} | ~;~;�

α1 =
2

Nβ

∑

n,k

t2k
(g−1(ωn)− tk)

1

(iωn − ε)
, α2 =

2

Nβ

∑

n,k

t2k
(g−1(ωn)− tk)

1

(iωn − ε̃)
.

4�EFB?CD:FE;G { CD=DA;�&}FE�L L LFC { :FE � 8 
 � C;�

α1 =
2

N

∑

k

tk[A1n(εI(tk)) +B1n(εII(tk))],

α2 =
2

N

∑

k

tk[A2n(εI(tk)) +B2n(εII(tk))],

{ A {

A1 =
εI(tk)− ε̃

εI(tk)− εII(tk)
, B1 =

εII(tk)− ε̃

εII(tk)− εI(tk)
,

A2 =
εI(tk)− ε

εI(tk)− εII(tk)
, B2 =

εII(tk)− ε

εII(tk)− εI(tk)
,

�
n(ε) = 1

1 + eβε
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〈Sz
l 〉 = 〈Sz

l 〉0 − 〈Sz
l β(α1P

+
l + α2P

−
l )〉c0

+
1

2!
〈Sz

l β
2(α1P

+
l + α2P

−
l )2〉c0 − . . . = 〈Sz

l e
−β(α1P

+
l +α2P

−
l )〉c0. � y L y+, �

# 8DB;E � };EF~;C � N-L L L 
 | B;=J� =J8>� | ~ { ~FE � L L L

Heff=
∑

i

{ε(ni↑+ni↓) + ε̃(ñi↑+ñi↓)− ySz
i }, � y L y K �

� |
y = h+ α2 − α1

=DE;��~<8�}F8 

L L L;5(~F8>�F� { EF};~FE;��=DEF� �;�;��L L L?�>8D9;E�* |�{ (JG �-�

y = h+
2

N

∑

k

tk
ε− ε̃

εI(tk)− εII(tk)
[n(εII(tk))− n(εI(tk))]. � y L y M �
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〈Sz
l 〉 = 〈Sz〉eff = b(y), � y L I v �

� |
b(y) =

1

2
tanh

{

β

2
y + ln

1 + e−βε

1 + e−βε̃

}

. � y L I w��
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〈ni〉 = = - + _1
2!

-

,Σ++  ...
α

α

α

- _1
3!

.
� y L I y �

� | =D= | � | ~FC
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α =
〈P α〉

iωn − εα
, α =

1

iωn − εα
, = n̂i,

P α = (P+;P−), εα = (ε; ε̃)

0"G { 8>~F~;� ���FC��c8>~FCDB�� � �F=>�F� 
 { (DG �k�D8+:F8>@?A;~;CJB�L L L
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〈ni〉 = 〈ni〉eff +
2

Nβ

∑

n,k,α

t2k
(g−1(ωn)− tk)

〈P α〉
(iωn − εα)2

. � y L IDI �

� |

〈n〉eff =
Sp(ne−βHeff)

Sp(e−βHeff)
= 2

e−β(ε−h
2
+α1)(1 + e−βε) + e−β(ε̃+h

2
+α2)(1 + e−βε̃)

eβ(h/2−α1)(1 + e−βε)2 + e−β(h/2+α2)(1 + e−βε̃)2
� y L I x �

�"B/6+C�L L L N;C { :;E � 8�
 � CF�

〈n〉 = 〈n〉eff +
2

N

∑

~k

{n(εI(t~k)) + n(εII(t~k))} − 2(n(ε) + n(ε̃)) � y L IJH �

4�EFB?CD:FE;G { CD=DA;�&}FE	~<8>G { A;9;~ | G�9;� =J=D� �<~;C�* | ~;~;�-�

〈n〉eff − n(ε)− n(ε̃) = 2〈Sz〉(n(ε)− n(ε̃))
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〈ni〉 =
2

N

∑

k

[n(εI(tk)) + n(εII(tk))]− 2〈P+〉n(ε̃)− 2〈P−〉n(ε). � y L IDO �

� � : � � � �����)� ����9 � � �
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Hλ = H0 + λHint, � y L I , �
{ 8>B-N�6+C

H → H0
�;�F�

λ = 0
�
H → H0 +Hint

�F�;�
λ = 1

L

Zλ = Sp(e−βHλ) = Sp(e−βH0σ̂λ(β)) = Z0〈σ̂λ(β)〉0,
� |

σ̂λ(β) = Tτ exp







−λ
β
∫

0

Hint(τ)dτ







,

=D� �F9FCD=J� �F~FC

Ωλ = −1

β
lnZ0 −

1

β
ln〈σ̂λ(β)〉0, � y L IDK �

∆Ωλ = Ωλ − Ω0 = −
1

β
ln〈σ̂λ(β)〉0.
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∆Ω =

1
∫

0

dλ

(

dΩλ

dλ

)

. � y L IDM �

1��;�	= | �FEF};EF~;E
dΩλ/dλ
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2

Nβ

∑

n,k

1
∫

0

λt2kg
2
λ(ωn)

1

1− λtkgλ(ωn)
dλ

= − 2

Nβ

∑

n,k

ln(1− tkg(ωn))−
2

Nβ

∑

n,k

1
∫

0

λtk
dgλ(ωn)

dλ

1− λtkgλ(ωn)
dλ. � y L x;w��
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Ωeff = − 2

Nβ

∑

n,k

ln(1−tkg(ωn))−
2

Nβ

∑

n,k

g(ωn))t
2
k

g−1(ωn))− tk
− 1

β
ln Sp(e−βHeff).� y L x H �
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∆Ω = − 2

Nβ

∑

k

ln
(cosh β

2εI(tk))(cosh
β
2εII(tk))

(cosh β
2ε)(cosh

β
2 ε̃)

−1

β
ln cosh

{

β

2
(h+ α2 − α1) + ln

1 + e−βε

1 + e−βε̃

}

+
1

β
ln cosh

{

β

2
h+ ln

1 + e−βε

1 + e−βε̃

}

+ 〈Sz〉(α2 − α1). � y L x O �
1
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dΩ

d(−µ) =
2

N

∑

k

[n(εI(tk)) + n(εII(tk))]− 2〈P+〉n(ε̃)− 2〈P−〉n(ε),

dΩ

d(−h) =
1

2
tanh

{

β

2
(h+ α2 − α1) + ln

1 + e−βε

1 + e−βε̃

}
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d(−µ) = 〈n〉, dΩ

d(−h) = 〈Sz〉.
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












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