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Zn(T, V ) (34)

Z(n, T, V ) =

∫ 2π

0

d(µqI/T )

2π
e−inµqI/TZGC(µq = iµqI , T, V ) (35)

ZGC(iµqI , T, V ) =

∫
DU detD(iµqI) e

−SG (36)

ξB = −1 ⇔ µq/T =
(2k + 1)πi

3
(37)

nq(µq = iµqI , T, V ) (38)

nq(µq = iµqI , T ) (39)

nq(µq, T ) (40)

nq

T 3
(µq = iµqI) =

1

V T 2

∂

∂µq
lnZGC(µq = iµqI) (41)

nq

T 3
=

1

V T 2

∂

∂µq
lnZGC (42)

=
1

V T 3

1

ZGC

∫
DU detD(µq) e

−SG Tr

[
D−1 ∂D

∂(µq/T )

]
(43)

nq

T 3
=

1

V T 2

∂

∂µq
lnZGC (44)

nB

T 3
=

1

3V T 2

∂

∂µq
lnZGC (45)

=
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3V T 3
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∫
DU detD(µq) e
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[
D−1 ∂D

∂(µq/T )

]
(46)

nB = inBI (47)
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θ =
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(45)
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T 3
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∑

k

f3k sin(3kθ) (46)
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T 3
(θ) ∼
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fk sin(kθ) (47)
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[detD(µq)]
∗ = det

[
D(µq)

†
]
= det

[
γ5D(−µ∗

q)γ5
]
= detD(−µ∗

q) (52)

µq = iµqI (53)

[detD(iµqI)]
∗ = detD(iµqI) (54)

[detD(µq)]
∗ = detD(−µ∗

q) (55)

ZGC(µq, T, V ) = Tr
(
e−(Ĥ−µqN̂)/T

)
(56)

=
∑

n

⟨n| e−(Ĥ−µqN̂)/T |n⟩ (57)

=
∑

n

⟨n| e−Ĥ/T |n⟩ enµq/T (58)

=
∑

n

Z(n, T, V )ξn (59)

ξ = eµq/T (60)
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nqI

T 3
(θ) ∼

Nsin∑

k=1

fk sin(kθ) (60)

f3 sin(3θ) (61)

3∑

k=1

f3k sin(3kθ) (62)

7∑

k=1

f3k sin(3kθ) (63)

nqI

T 3
(θ) ∼

∑

k

a2k−1θ
2k−1 (64)

5∑

k=1

a2k−1θ
2k−1 (65)

a1θ
1 + a3θ

3 (66)

= 0 (67)

2Nmax∏

n=1

(ξ − αn) = 0 (68)

2Nmax∏

n=1

(ξ − αn) = 0 (69)

f(ξ) ≡
2Nmax∏

n=1

(ξ − αn) (70)

f ′(ξ)

f(ξ)
=

2Nmax∑

n=1

1

ξ − αn
(71)

5



6/15


�	�����������

M. Wakayama

W � "B��QCD+$AC2��MJNC�A243x24
A4H=E2RVOKTU�I�5@1.2x107.!�B+$I
&+/>:)6�*94H3

W ��QCD+$AC2GPU-CUDAPULSQI��<H=E2
1�BGPUI�-;=OCTOPUS9��A4H3

W PULSQC��;@8GOCTOPUS�AB	��'F4H3

W GPU�A4���#�@B�AB��
2?DG2
243x24(=331776)��9�(3

W 5000�I,7H��0%�AB+$I)6�*94H3



7/15

����	: ��QCD���

Nmax����$ �%��'*)&(!��"
	� ���  �������+
Nmax"��+���#!�
�"���+

ξ ↔ ξ∗ (38)

ξB = ξ3 (39)

N∑

k=−N

Zkξ
k = 0, ξ = ξ(i)N (i = 1, 2, · · · , 2N) (40)

N+1∑

k=−(N+1)

Zkξ
k = 0 (41)

N+1∑

k=−(N+1)

Zk

(
ξ(edge)N − δξN

)k
= 0 δξN : variable (42)

⟨O⟩µq
=

1

ZGC(µq)

∫
DU [detD(µq)]

Nf e−SG O [U ] (43)

ZGC(µq) =

∫
DU [detD(µq)]

Nf e−SG (44)

⟨O⟩µq
= lim

N→∞

1

N

N∑

i=1

O [Ui] (45)

µq = 0 (46)

µq ̸= 0 (47)

V = (Nsa)
3 (48)

Nmax (49)

N3
s (50)

µB/T ∼ 5-6 (51)

4M. Wakayama

M.Wakayama,V.Bornyakov, 
D.Boyda, V.Goy, H.Iida, 
A.Molochkov, A.Nakamura, 
V.Zakharov, Phys. Lett. 
B793 227-233, May, 2019. 
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θ =
µqI

T
(25)

nqI

T 3
(θ) ∼

∑

k

f3k sin(3kθ) (26)

2

����

��$,�2�
4+1QCD3
����5�*.)

����102-*.
"�,� J

;8I;�
�
nqI

T 3
(θ) ∼

Nsin∑

k=1

fk sin(kθ) (60)

f3 sin(3θ) (61)

3∑

k=1

f3k sin(3kθ) (62)

7∑

k=1

f3k sin(3kθ) (63)

nqI

T 3
(θ) ∼

∑

k

a2k−1θ
2k−1 (64)

5∑

k=1

a2k−1θ
2k−1 (65)

a1θ
1 + a3θ

3 (66)

= 0 (67)

2Nmax∏

n=1

(ξ − αn) = 0 (68)

2Nmax∏

n=1

(ξ − αn) = 0 (69)

f(ξ) ≡
2Nmax∏

n=1

(ξ − αn) (70)

f ′(ξ)

f(ξ)
=

2Nmax∑

n=1

1

ξ − αn
(71)

5
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T [MeV] μB [MeV]

µq = 0 (74)

µq ̸= 0 (75)

V = (Nsa)
3 (76)

Nmax (77)

N3
s (78)

χBT/Λ
3 × 102 (79)

ξB = eµB/T (80)

ξq = eµq/T (81)

µB/T ∼ 5-6 (82)

µB/T ∼ 3-3.5 (83)

µB/T ∼??? (84)

µB/T ∼ (1.03, 0.08) (85)

T =
1

Nta
(86)

f(
µ

T
) = f(0) + f ′(0)

(µ

T

)
+

f ′′(0)

2

(µ

T

)2
+ · · · (87)

SG (88)

6

Two-flavor NJL
G=5.5GeV-2

mq=5.5MeV
Λ=631MeV

N+1∑

k=−(N+1)

Zkξ
k = 0 (73)

N+1∑

k=−(N+1)

Zk

(
ξ(edge)N − δξN

)k
= 0 δξN : variable (74)

⟨O⟩µq
=

1

ZGC(µq)

∫
DU [detD(µq)]

Nf e−SG O [U ] (75)

⟨O⟩µq
=

1

ZGC(µq)

∫
DU [detD(0)]Nf e−SG

[
detD(µq)

detD(0)

]Nf

O [U ] (76)

ZGC(µq) =

∫
DU [detD(µq)]

Nf e−SG (77)

⟨O⟩µq
= lim

N→∞

1

N

N∑

i=1

O [Ui] (78)

µq = 0 (79)

µq ̸= 0 (80)

V = (Nsa)
3 (81)

Nmax (82)

N3
s (83)

χBT/Λ
3 × 102 (84)

χB = −1

9

∂2ω

∂µ2
q

(85)

χB =
1

9

∂nq

∂µq
(86)

6
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M. Wakayama, A. Hosaka, 
Phys. Lett. B795 548-553, 
July, 2019. 

[detD(µq)]
∗ = det

[
D(µq)

†
]
= det

[
γ5D(−µ∗

q)γ5
]
= detD(−µ∗

q) (52)

µq = iµqI (53)

[detD(iµqI)]
∗ = detD(iµqI) (54)

[detD(µq)]
∗ = detD(−µ∗

q) (55)

ZGC(µq, T, V ) = Tr
(
e−(Ĥ−µqN̂)/T

)
(56)

=
∑

n

⟨n| e−(Ĥ−µqN̂)/T |n⟩ (57)

=
∑

n

⟨n| e−Ĥ/T |n⟩ enµq/T (58)

=
∑

n

Z(n, T, V )ξn (59)

ξ = eµq/T (60)

5
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Two-flavor
G=11GeV-2
mq=5.5MeV
Λ=631MeV

Real

nB
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M. Wakayama, S-i. Nam, 
A. Hosaka, Phys. Rev. D
,�����(2020).

Nsin=3�&1.$� ��!-�#	/*$5875;�*��
,����%

63=6��

nqI

T 3
(θ) ∼

Nsin∑

k=1

fk sin(kθ) (60)

f3 sin(3θ) (61)

3∑

k=1

f3k sin(3kθ) (62)

7∑

k=1

f3k sin(3kθ) (63)

nqI

T 3
(θ) ∼

∑

k

a2k−1θ
2k−1 (64)

5∑

k=1

a2k−1θ
2k−1 (65)

a1θ
1 + a3θ

3 (66)

= 0 (67)

2Nmax∏

n=1

(ξ − αn) = 0 (68)

2Nmax∏

n=1

(ξ − αn) = 0 (69)

f(ξ) ≡
2Nmax∏

n=1

(ξ − αn) (70)

f ′(ξ)

f(ξ)
=

2Nmax∑

n=1

1

ξ − αn
(71)

5
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M. Wakayama, S-i. Nam, 
A. Hosaka, Phys. Rev. D
0�����(2020).
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