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G. Baym (1983)

Nuclear Phase Diagram (1983)



K. Fukushima and T. Hatsuda, 
Rep. Prog. Phys. 74 (2011) 014001

Nuclear Phase Diagram (2016)



FLAG Coll.(2015)  http://itpwiki.unibe.ch/flag/

Running masses: mq(Q)

quark masses
(from lattice QCD)

[MeV]
(MS-bar @ 2GeV) 

mu 2.16 (9)(7)

md 4.68 (14)(7)

ms 93.8 (1.5)(1.9)

Quantum Chromo Dynamics

Running coupling: αs(Q)=g2/4π 

PDG (2014) http://pdg.lbl.gov/

ALL the QCD parameters 
are fixed in “high” precision
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Lattice QCD

107 -109 dimensional integral
à Monte Carlo integration 



LQCD for single hadron without QED (2010) 

amin = 0.09 fm

Lmax =  2.9 fm

PACS-CS Coll. Phys.Rev. D81 (2010) 074503

Mπ > 150 MeV



BMW Coll.:  Phys.Rev.Lett. 111 (2013) 252001

LQCD for single hadron with QED (2013)

amin = 0.054 fm

Lmax = 6 fm

Mp-Mn



From QCD to Hot Matter

Quantum	Chromo	Dynamics

Relativistic	heavy-Ion	collisions	

Relativistic	
hydrodynamics

Equation	of	State	for	Hot	Matter

Lattice	QCD
Z(T)



From QCD to Dense Matter

Neutron stars

General relativity

Equation of State for Dense Matter

Quantum Chromo Dynamics

Relativistic heavy-Ion collisions 

Relativistic 
hydrodynamics

Equation of State for Hot Matter

Lattice QCD

Lattice QCD ？



sign problem

Complex  

QCD:

Toy model: 



K. Fukushima and T. Hatsuda, 
Rep. Prog. Phys. 74 (2011) 014001

Nuclear Phase Diagram (2016)

Sign	problem
(Complex	Action)



From QCD to Dense Matter

Neutron	stars

General	relativity

Equation	of	State	for	Dense	Matter

Many-body	
techniques

Baryon	interactions

Phenomenological
nuclear	force

Quantum	Chromo	Dynamics

sign
problem
Z(T,μ）

Relativistic	heavy-Ion	collisions	

Relativistic	
hydrodynamics

Equation	of	State	for	Hot	Matter

Lattice	gauge	simulations



Z=0

N=Z	

ρ(fm-3)	

ρ0
=	0.16	fm-3

3ρ0 5ρ0

Akmal,	Pandharipande	&	Ravenhall,	PRC58	(’98)

E/
A	
(M

eV
)

Phenomenological	nuclear	force
(about	40	fitting	parameters)	

Phenomenological	NN	Force	and	dense	EOS（nucleons	only）



(ρmax ～ 6ρ0)

Oppenheimer-Volkov(1939)

NN

NNN

PSR1913+16

J1614-2230

Mass-Radius	relation	of	N☆ （nucleons	only）

Hyperon
mixture

hyperons

Hyperon	Puzzle



Hyperon Puzzle 
and YNN force

Masuda, Hatsuda & Takatsuka,  
ApJ Lett.   764 (2013) 12

Nishizaki, Yamamoto & Takatsuka,
PTP 105  (2001), PTP 108 (2002) 

(ρmax ～ 6ρ0)

hyperons



Baryon interactions from QCD ? 

・ Derivation of the nucleon and hyperon forces from QCD ?

・ Prediction of 3-body forces from QCD?

QCD has only 4 parameters: g , mu,d,s

4500 np and pp scattering data (Tlab < 300 MeV)
40 fitting parameters (AV18)

・ Phenomenological NN Force

・ Phenomenological YN and YY Forces
Limited data from hyper nuclei 

More than 100 fitting parameters

・ Phenomenological NNN, YNN, YYN, YYY Forces
Limited data from light nuclei

Many fitting parameters



Neutron	stars

General	relativity

Relativistic	heavy-Ion	collisions	
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hydrodynamics

From QCD to Dense Matter
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YITP:           S. Aoki, K. Sasaki, D. Kawai, T. Miyamato
U. Tours:      S. Gongyo
RIKEN: T. Doi, T.Hatsuda, T. Iritani
Nihon U.:      T. Inoue  
RCNP:          Y. Ikeda, N. Ishii, K. Murano 
U. Tsukuba:  H. Nemura
Birjand U.:    F. Etminan

Baryon Forces from LQCD 

à More by S. Aoki (Fri.)



0.121 fm x 32 = 3.9 fm
mπ=350-1200 MeV

-2014	

T2K	Tsukuba	(0.1	PFlops)

0.084 fm x 96 = 8.2 fm
Mπ ~146 MeV

2015-

Kcomputer RIKEN	(10	PFlops)



Qualitative studies (2010-2014) 
LQCD simulations of BB force 
with 3 degenerate flavors   (mu=md=ms) 

3.9 fm

HAL QCD Coll., Phys. Rev. Lett. 106(2011) 162002
Nucl. Phys. A881  (2012)  28



HAL QCD Coll.
Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881  (2012)  28

PP (uud-uud) channel 
(partial) Pauli blocking

H (uds-uds) channel  
No Pauli blocking

Pauli and van der Waarls
at work !

Channel dependence !



HAL QCD Coll., Phys. Rev. Lett. 106 (2011) 162002
Nucl. Phys. A881  (2012)  28NN Force in 3-flavor QCD

VC(r;1S0) VC(r;3S1)

VT(r)

・ Stronger attraction in the deuteron channel
・ Physical point is close to the unitary region



HAL QCD Coll.,  Phys. Rev. Lett. 111 (2013)  112503

Neutron	Matter

Nuclear EOS from Lattice NN force + BHF calculation
(NN force: 1S0, 3S1, 3D1 channels only) 

Nuclear	Matter



0.121 fm x 32 = 3.9 fm
mπ=350-1200 MeV

-2014	

T2K	Tsukuba	(0.1	PFlops)

0.084 fm x 96 = 8.2 fm
Mπ ~146 MeV

2015-

Kcomputer RIKEN	(10	PFlops)



Quantitative studies (2015-)
LQCD simulations of BB force 

at physical point  (mu=md ≠ ms) 

8.2 fm
Mπ ~146 MeV



preliminary

Hyperon self-energy with
physical point LQCD results of YN potentials 

Inoue et al. [HAL QCD Coll.]  (2016) 



Z=0

N=Z	

ρ(fm-3)	

ρ0
=	0.16	fm-3

3ρ0 5ρ0

Akmal,	Pandharipande	&	Ravenhall,	PRC58	(’98)

E/
A	
(M

eV
)

Phenomenological	nuclear	force
(about	40	fitting	parameters)	

EOS	based	on	baryonic	degrees	of	freedoms	meaningful	?



First order or crossover in dense matter ?

Baym &	Chin
Phys.Lett.	62B	(1976)241

Baym
Physica 96A	(1979)	131



Hadron-quark crossover
– theory --

Hatsuda, Yamamoto, 
Tachibana &  Baym, 
PRL97  (’06)

QCD axial anomaly

Attractive	Bose-Fermi	Mixture

Quark-Gluon Plasma

〈qq〉
〈qq〉

Strongly interaction baryonic matter à Strongly interacting quark matter
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Hadron-Quark Crossover – phenom. EOS at T=0 -

Masuda, Hatsuda, Takatsuka, 
ApJ Lett. 764 (2013) ; PTEP 2013 (2013);  Eur. Phys. J.  A52 (2016)

See also, Koji, Powell, Song, Baym,  PRD91 (2015)

2ρ０ 4ρ０

EOS:  CRover_cold



Masuda, Hatsuda and Takatsuka, 
PTEP 2016 (2016) 7, 021D01; 
Eur. Phys. J.  A52 (2016) 65.

Hadron-Quark	Crossover	– phenom.	EOS		at	finite	T	--

Y	l=0.3,	S/N=1.0

EOS:		CRover_hot



Neutron	Star	Collision

https://www.youtube.com/watch?v=MTvgnYGu9bg



Expected GW signal Hotokezaka,
Kyutoku,	Shibata	
& Sekiguchi,	
PRD	93		(2016)



Observation
Ｘ-ray,	radio
Neutrino,	GW

Cold	Atoms
Bose-Fermi	mixture
magnetic	atoms

as	quantum	simulators

Theory
Lattice	QCD	BB	int.	
+	many	body	 theory

Experiments
RIBF,	J-PARC,	FAIR	etc.
to	provide	basic	data

Summary


