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Introduction : QCD phase diagram at real chemical potential
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Introduction : QCD phase diagram at real chemical potential
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Introduction : QCD phase diagram at real chemical potential
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Introduction : QCD phase diagram at real chemical potential
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Introduction : QCD phase diagram at real chemical potential
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Introduction : QCD phase diagram

Schematic QCD phase diagram

M. Stephanov, Prog. Theor. Phys. Suppl. 153 (2004) 139.
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Introduction : Lattice QCD simulation
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Introduction : Lattice QCD simulation and sign problem
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Introduction : Lattice QCD simulation and sign problem
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Introduction : Lattice QCD simulation and sign problem
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PNJL model
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Introduction : QCD phase diagram
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Imaginary chemical potential approach

Imaginary chemical potential matching approach
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Introduction : Lattice QCD simulation and sign problem
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Imaginary chemical potential approach

Imaginary chemical potential matching approach
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Imaginary chemical potential approach

Imaginary chemical potential matching approach
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Imaginary chemical potential approach

Imaginary chemical potential matching approach

FEICLERIEFERT v )L L, FBEDF#HREF > TS

A. Roberge and N. Weiss, Nucl. Phys. B 275 (1986) 735.
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(First attempt in two color QCD)
T. Makiyama, Y. Sakai, T. Saito, M. Ishii, J. Takahashi, K.K., H. Kouno, A. Nakamura andM. Yahiro, arXiv:1502.06191.




QCD phase diagram at imaginary chemical potential
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QCD phase diagram at imaginary chemical potential
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QCD phase diagram at imaginary chemical potential
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QCD phase diagram at imaginary chemical potential

EHILERTOvILTOQCDHEEDEEH

0 Real Quark chemical potential

Roberge-Weiss(RW) J& &A%

\\\\\\\Rwﬁ@

T (— RHBEERS)
\ RW endpoint
(0=p,/T)
0 /3 2/3

A. Roberge and N. Weiss, Nucl. Phys. B 275 (1986) 735.




QCD phase diagram at imaginary chemical potential
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QCD phase diagram at imaginary chemical potential
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Confined and deconfinend phases

chniral conaensate
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Strong coupling limit of QCD, chiral perturbation theory with relativistic Virial expansion or finite energy sum rule
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Confined and deconfinend phases
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Perturbative one-loop effective potential

Deconfined phase

Perturbative one-loop effective potential with background gauge field
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Model setting

E D LHIAERIZ FH N FUIZ LD 2

Nambu—Jona—-Lasinio (NJL) model
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PNJL model

'fﬁiéﬁ;ﬂ]@%@ PNJL model, holographic model etc...

Polyakov-loop extended NJL (PNJL) model K. Fukushima, Phys. Lett. B591 (2004) 277
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Results : Vector interaction

Temperature
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Results : QCD phase diagram at imaginary chemical potential

PNJL model : Y. Sakai, K. K, H. Kouno, M. Matsuzaki and M. Yahiro, Phys. Rev. D 79 (2009) 096001.
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sef G, G G,

A 5498GeV? 0 0
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TABLE II: Summary of the parameter sets in the PNJL calculations.
The parameters A, mg and Ty are common among the three sets:

4761GeV2 }

A'=631.5MeV, mg = 5.5 MeVand T = 212 MeV.
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Model setting
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Polyakov-loop effective potential K. Fukushima, Phys. Lett. B591 (2004) 277.
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Meisinger-Miller- Ogilvie model P. N. Meisinger, T. R. Miller, M. C. Ogilvie, PRD 65 (2002) 034009.
o ]. 271'4 Agj/\,. ]\/[271'2 AHJ']\-
-- Lm0y e (52) - e ()
Matrix model for deconfinement A. Dumitru, Y. Guo, Y. Hidaka, C. P. K. Altes, R. D. Pisarski,
PRD 83 (2011) 034022.
27T2T4 w2 N
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I J 1 31_?:1

Effective potential from (Landau gauge) gluon and ghost propagator
K. Fukushima, K.K. , Phys. Lett. B 723 (2013) 360.
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Results : Colombia plot at imaginary chemical potential

Colombia plot
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Results : Colombia plot at imaginary chemical potential

Colombia plot
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Results : Colombia plot at imaginary chemical potential
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Dressed Polyakov-loop
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Introduction : QCD phase diagram

Boundary condition

/N
mﬁ%*ﬁ Y. Hosotani, Phys.Lett.B 126 (1983) 309.

REIRTTAD DT —OHF D EHE (BRI —O R FEDEN) DS
) EEERERLER (v AT OREKHR)

Relation with L : KK and T. Misumi, JHEP 05 (2013) 042.

H. Kouno, T. Misumi, K.K., T. Makiyama, T. Sasaki,
M. Yahiro, Phys. Rev .D 88 (2013) 016002.

z Symmetric QCD ex.) H. Kouno, T. Misumi, K.K., T. Makiyama, T. Sasaki, M. Yahiro,
3 Phys. Rev .D 88 (2013) 016002.
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Dressed Polyakov-loop

JERALA ORI D AR TR E

Bt 4—7% %&Ha or dressed Polyakov-loop

Lattice: E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
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PNJL model : K.K, H. Kouno and M. Yahiro, Phys. Rev. D 80 (2009) 117901.



Dressed Polyakov-loop
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Imaginary chemical potential and Aharonov-Bohm phase
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Usual phase transition
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ex) X. Wen, Int. J. Mod. Phys. B4 (1990) 239.
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Topological order

O s M. Sato, M. Kohmoto and Y.-S. Wu, PRL 97 (2006) 010601.
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MR /73)[/&]:']3 M. Sato, PRD 77 (2008) 045013.
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Topological order

rMRASHILEFE

M. Sato, PRD 77 (2008) 045013.
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RW endpoint and (pseudo) critical temperature
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QCD at imaginary chemical potential

] . o .
RW endpoint at finite pg Lee-Yang T ADEEMTICHE AN G
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Nishimura-OgiIvie-Pangeni method H. Nishimura, M .C. Ogilvie and K. Pangeni, PRD 90 (2014) 045039.
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Complex Langevin dynamics
ERICHHBIENBHDIGE . ELVEZE RN

Lefschetz thimble approach for QCD effective model (we need more extension of it for present purpose)

In preparation Y. Tanizaki, H. Nishimura, K.K.,




QCD at imaginary chemical potential
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L ES| %-FT =¥ K. Nagata, K.K., S. M. Nishigaki and A. Nakamura, arXiv:1410.0783.
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Summary

O EHELERTUOYILIZEITAQCDDREEZART-
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