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Messages in this talk

J-PARC and NIKA are an ideal place  
 to study finite density QCD.


Lattice QCD can be a useful tool here. 
  (We can avoid from Sign problem.)   


  We can calculate even hadron masses at finite density.
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Don’t forget 
FAIR and BES-II !
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Intuitive meaning of 
Chemical Potential µ

Tr e�(H�µN̂)/TZ(µ, T ) =
= e�F/T

e�(H�µ(N̂+1))/T

e�(H�µN̂)/T
= e��F/T

N N N
N N

Energy for adding  
one more particle

N
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D. Blaschke, J. Jankowski, and M. Naskręt 
arXiv:1705.00169

µ :Chemical Potential

Confinement 
(Hadron Phase)

QGP
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J-PARC?

Phase Transition 
Line ?

NICA ?

FAIR ?
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J.Cleymans et al.,   
Phys. Rev. C73, (2006) 034905.
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Muroya, Nakamura and Nonaka
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they are stable !
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Phase Structure in 
pure imaginary 

µ = iµI det�: Real !

11
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Comparison of obtained 
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⇠

p
sNN GeVCleymans(06) Aba(14) Our

11.5 8.04 11.1 7.48

19.6 3.62 3.65 3.21

27 2.62 2.58 2.43

39 1.98 1.93 1.88

62.4 1.55 1.53 1.53
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Why imaginary     ?  
In our world,     is real！ 

1.  Continuation by Fugacity Expansion  
(—> Next slide)


2.  Taylor expansion： 

　
M(μ)

T
=

M
T μ=0 + (

μ
T

)
∂M
∂μ μ=0 + (

μ
T

)2 1
2

∂2M
∂μ2 μ=0 + ⋯

How to obtain the information at real

Oni: Japanese demon
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Fugacity Expansion

Inverse transformation:

A.Hasenfratz and Toussaint (1992)

Zn can be determined in imaginary     regions.µ

Z(µ, T )  : Grand Canonical Partition Function
 : Canonical Partition Function

Z(µ, T ) =
X

n

zn(T )(e
µ/T )n

zn(T )

Zn =

Z
d✓

2⇡
ei✓nZGC(✓ ⌘ Imµ

T
, T )zn

zn
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Effective model study + Lattice  
  （Under consideration）

 Effective models: 

  Hosaka, Phys. Lett. B244, 363 (1990),  
　“Meson properties at finite density in  
　an extended Nambu-Jona-Lasinio model”


  Ishii, Miyahara, Kouno and Yahiro, Phys.  
　Rev.  D 99, 2019, “Extrapolation for meson  
    screening masses from imaginary to real 

    chemical potential”


 We compare Results of Lattice and Effective model 
   and Effective model can give Results at real 
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Summary
 At J-PARC and NIKA, high density hadron states  

are realized

 Lattice simulations can study at imaginary chemical  
potential regions.

 We can study the high density hadron world (i.e., real  
chemical potential regions) from the information at  
imaginary chemical potential data.

 This is a preparatory study on a small lattice (Nt=4). 
  We will go to more realistic one (Nt=6). 
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High intensity beam and fixed targets at J-PARC is good for non-simple measurement.



Backup Slides
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QCD-TARO Pushkina et al.
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6.08

6.00

6.40

6.20

6.00

5.80

pi-spatial T/Tc=0.93

T/Tc=0.99

T/Tc=1.035

M/T

6.80

6.40

6.00

5.60

M/T

pi-temporal T/Tc=0.93

pi-temporal T/Tc=0.99

pi-temporal T/Tc=1.035

0.20 0.40 0.60 0.80 1.00

0.20 0.40 0.60 0.80 1.00

0.20 0.40 0.60 0.80 1.00

µI

T
<latexit sha1_base64="j5JkFnn8YTo33o7zelkTJyVMiag=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6LLoRncV+oImhMl00g6dmYR5CDX0S9y4UMStn+LOv3HaZqGtBy4czrmXe++JM0aV9rxvZ219Y3Nru7RT3t3bP6i4h0cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvH4duZ3H4lUNBUtPclIyNFQ0IRipK0UuZUgkQjnATfR/TRvTSO36tW8OeAq8QtSBQWakfsVDFJsOBEaM6RU3/cyHeZIaooZmZYDo0iG8BgNSd9SgThRYT4/fArPrDKASSptCQ3n6u+JHHGlJjy2nRzpkVr2ZuJ/Xt/o5DrMqciMJgIvFiWGQZ3CWQpwQCXBmk0sQVhSeyvEI2ST0Darsg3BX355lXTqNf+iVn+4rDZuijhK4AScgnPggyvQAHegCdoAAwOewSt4c56cF+fd+Vi0rjnFzDH4A+fzByUJk2c=</latexit>

µI

T
<latexit sha1_base64="j5JkFnn8YTo33o7zelkTJyVMiag=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6LLoRncV+oImhMl00g6dmYR5CDX0S9y4UMStn+LOv3HaZqGtBy4czrmXe++JM0aV9rxvZ219Y3Nru7RT3t3bP6i4h0cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvH4duZ3H4lUNBUtPclIyNFQ0IRipK0UuZUgkQjnATfR/TRvTSO36tW8OeAq8QtSBQWakfsVDFJsOBEaM6RU3/cyHeZIaooZmZYDo0iG8BgNSd9SgThRYT4/fArPrDKASSptCQ3n6u+JHHGlJjy2nRzpkVr2ZuJ/Xt/o5DrMqciMJgIvFiWGQZ3CWQpwQCXBmk0sQVhSeyvEI2ST0Darsg3BX355lXTqNf+iVn+4rDZuijhK4AScgnPggyvQAHegCdoAAwOewSt4c56cF+fd+Vi0rjnFzDH4A+fzByUJk2c=</latexit>

0.20 0.40 0.60 0.80 1.00

0.20 0.40 0.60 0.80 1.00

0.20 0.40 0.60 0.80 1.00

µI

T
<latexit sha1_base64="j5JkFnn8YTo33o7zelkTJyVMiag=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6LLoRncV+oImhMl00g6dmYR5CDX0S9y4UMStn+LOv3HaZqGtBy4czrmXe++JM0aV9rxvZ219Y3Nru7RT3t3bP6i4h0cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvH4duZ3H4lUNBUtPclIyNFQ0IRipK0UuZUgkQjnATfR/TRvTSO36tW8OeAq8QtSBQWakfsVDFJsOBEaM6RU3/cyHeZIaooZmZYDo0iG8BgNSd9SgThRYT4/fArPrDKASSptCQ3n6u+JHHGlJjy2nRzpkVr2ZuJ/Xt/o5DrMqciMJgIvFiWGQZ3CWQpwQCXBmk0sQVhSeyvEI2ST0Darsg3BX355lXTqNf+iVn+4rDZuijhK4AScgnPggyvQAHegCdoAAwOewSt4c56cF+fd+Vi0rjnFzDH4A+fzByUJk2c=</latexit>

µI

T
<latexit sha1_base64="j5JkFnn8YTo33o7zelkTJyVMiag=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6LLoRncV+oImhMl00g6dmYR5CDX0S9y4UMStn+LOv3HaZqGtBy4czrmXe++JM0aV9rxvZ219Y3Nru7RT3t3bP6i4h0cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvH4duZ3H4lUNBUtPclIyNFQ0IRipK0UuZUgkQjnATfR/TRvTSO36tW8OeAq8QtSBQWakfsVDFJsOBEaM6RU3/cyHeZIaooZmZYDo0iG8BgNSd9SgThRYT4/fArPrDKASSptCQ3n6u+JHHGlJjy2nRzpkVr2ZuJ/Xt/o5DrMqciMJgIvFiWGQZ3CWQpwQCXBmk0sQVhSeyvEI2ST0Darsg3BX355lXTqNf+iVn+4rDZuijhK4AScgnPggyvQAHegCdoAAwOewSt4c56cF+fd+Vi0rjnFzDH4A+fzByUJk2c=</latexit>

µI

T
<latexit sha1_base64="j5JkFnn8YTo33o7zelkTJyVMiag=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6LLoRncV+oImhMl00g6dmYR5CDX0S9y4UMStn+LOv3HaZqGtBy4czrmXe++JM0aV9rxvZ219Y3Nru7RT3t3bP6i4h0cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvH4duZ3H4lUNBUtPclIyNFQ0IRipK0UuZUgkQjnATfR/TRvTSO36tW8OeAq8QtSBQWakfsVDFJsOBEaM6RU3/cyHeZIaooZmZYDo0iG8BgNSd9SgThRYT4/fArPrDKASSptCQ3n6u+JHHGlJjy2nRzpkVr2ZuJ/Xt/o5DrMqciMJgIvFiWGQZ3CWQpwQCXBmk0sQVhSeyvEI2ST0Darsg3BX355lXTqNf+iVn+4rDZuijhK4AScgnPggyvQAHegCdoAAwOewSt4c56cF+fd+Vi0rjnFzDH4A+fzByUJk2c=</latexit>

µI

T
<latexit sha1_base64="j5JkFnn8YTo33o7zelkTJyVMiag=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVZIq6LLoRncV+oImhMl00g6dmYR5CDX0S9y4UMStn+LOv3HaZqGtBy4czrmXe++JM0aV9rxvZ219Y3Nru7RT3t3bP6i4h0cdlRqJSRunLJW9GCnCqCBtTTUjvUwSxGNGuvH4duZ3H4lUNBUtPclIyNFQ0IRipK0UuZUgkQjnATfR/TRvTSO36tW8OeAq8QtSBQWakfsVDFJsOBEaM6RU3/cyHeZIaooZmZYDo0iG8BgNSd9SgThRYT4/fArPrDKASSptCQ3n6u+JHHGlJjy2nRzpkVr2ZuJ/Xt/o5DrMqciMJgIvFiWGQZ3CWQpwQCXBmk0sQVhSeyvEI2ST0Darsg3BX355lXTqNf+iVn+4rDZuijhK4AScgnPggyvQAHegCdoAAwOewSt4c56cF+fd+Vi0rjnFzDH4A+fzByUJk2c=</latexit>

M/T

8.20

8.16

8.12

8.18

8.14

8.10

8.28

8.20

8.12

8.24

8.16

8.08

8.24

8.16

8.32
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0.05 0.10 0.15 0.20 0.25
�Ia

1.975

1.980

1.985

1.990

1.995

2.000

ma

rho1-spatial �=1.7, T/Tc=0.84

0.05 0.10 0.15 0.20 0.25
�Ia

2.160

2.161

2.162

2.163

ma

rho1-temporal �=1.7, T/Tc=0.84

0.05 0.10 0.15 0.20 0.25
�Ia

1.92

1.93

1.94

1.95

1.96

1.97

ma

rho1-spatial �=1.8, T/Tc=0.93

0.05 0.10 0.15 0.20 0.25
�Ia

2.180

2.185

2.190

ma

rho1-temporal �=1.8, T/Tc=0.93

0.05 0.10 0.15 0.20 0.25
�Ia

1.88

1.90

1.92

1.94

1.96

1.98

ma

rho1-spatial �=1.85, T/Tc=0.99

0.05 0.10 0.15 0.20 0.25
�Ia

2.17

2.18

2.19

2.20

ma

rho1-temporal �=1.85, T/Tc=0.99

0.05 0.10 0.15 0.20 0.25
�Ia

1.90

1.95

2.00

ma

rho1-spatial �=1.8785, T/Tc=1.035

0.05 0.10 0.15 0.20 0.25
�Ia

2.15

2.16

2.17

2.18

2.19

2.20

2.21

ma

rho1-temporal �=1.8785, T/Tc=1.035

0.05 0.10 0.15 0.20 0.25
�Ia

1.85

1.90
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2.00

2.05

ma

rho1-spatial �=1.9, T/Tc=1.08

0.05 0.10 0.15 0.20 0.25
�Ia

2.16

2.18

2.20

2.22

ma

rho1-temporal �=1.9, T/Tc=1.08

0.05 0.10 0.15 0.20 0.25
�Ia

1.85

1.90

1.95

2.00

2.05

ma

rho1-spatial �=1.95, T/Tc=1.2

0.05 0.10 0.15 0.20 0.25
�Ia

2.14

2.16

2.18

2.20

2.22

ma

rho1-temporal �=1.95, T/Tc=1.2

0.2 0.4 0.6 0.8
�Ia

1.85

1.90

1.95

2.00

2.05

2.10

ma

rho1-spatial �=2., T/Tc=1.35

0.2 0.4 0.6 0.8
�Ia

2.16

2.18

2.20

2.22

ma

rho1-temporal �=2., T/Tc=1.35
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