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Hot matter: T ~1012K Dense matter: p ~ 1012kg/cm3

T. Hatsuda (Tokyo/RIKEN) June 11 (2011) at KEK
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1975 Idea of quark-gluon plasma at high T (Cabbibo & Parisi)
1975 Idea of quark matter at high baryon density  (Collins & Perry)




QCD Phase Structure form, 4 # m, #0)

Quark-Gluon Plasma
sQGP

Critical
Point

Temperature 7

| Quarkyonic
Matter

— ¥ CFL-KS, Crystalline CSC
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

K. Fukushima + T.H.
Rep. Prog. Phys. 74 (2011) 014001




Hot QCD confronts HIC
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arXiv:1011.4229 [hep-lat]

800

Thermal EOS
In the real world

IIIIIIIIIIIIIIIIIIIIIIIIII—

150 200
l 1 1 1 ] ]

400

600 800
T[MeV]




P (GeV/fm°)

3D ideal-hydrodynamics with lattice EOS

—— Lattice (Budapest-Wuppertal)
------- Bag model
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State-of-the-art lattice EOS
+ Full 3D ideal-hydrodynamics

d,T"(e,p)=0

Akamatsu, Hirano, Hamagaki, Hatsuda
in preparation
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Dense QCD confronts N




‘ Neutron star, BB force & Takatsuka problem I
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From TOV to EOS

Ozel, Baym & Guver, arXiv: 1002.3153 [astro-ph.HE]
Steiner, Luttimer & Brown, arXiv: 1005.0811 [astro-ph.HE]

M-R relation from
thermonuclear Burst in X-ray Binaries
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Mass-Radius relation of Neutron Stars and dense EOS

Thermonuclear Burst in X-ray Binaries
4U 1608-248 EXO 1745-248
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(i) Apparent surface area

R2
A= D2f4(1

c

(ii) Eddington limit

|:edd =

R

 47GM ( 2GM )”2

k. D?

CS

Radius (km)

Ozel, Baym & Guver, arXiv: 1002.3153 [astro-ph.HE]



Implications for the EQUATION of STATE I

A.Akmal et al.
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BB force In
SU(3) world

1. First step to study YN, YY interactions not accessible in exp.
2. Origin of the short range repulsion
3. Fate of H-dibaryon in the ideal limit

8 X8=27+8+1+10"+10+ 8a
Symmetric Anti-symmetric

Six independent potentials in flavor-basis




irreducible BB source operator
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BB wave functions in flavor-basis (1S, channel)

lwasaki + clover (CP-PACS/JLQCD)
L=1.9 fm, a=0.12 fm, 163x32
m,_ =835 MeV, mg=1752 MeV

Inoue et al. (HAL QCD Caoll.)
Prog. Theor. Phys. 124 (2010) 591

Pauli principle at work !

Oka, Yazaki, Shimizu, Morimatsu,
Takeuchi, Fujiwara, Nakamoto,

Suzuki, .... g

1 : allowed
27 . partially blocked

8. : almost blocked
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Otsuki, Tamagaki and Wada, “Nuclear Interaction of Core region”, PTP 32 (1964) 220

A hypothetical interpretation on the substantial carrier of the degrees of free-
dom is proposed based on an analogy with nucleus that the carrier is a many-body-system

of ur-fermions. The core is interpreted as the exchange repulsion due to the antisymmetriza-
tion among the ur-fermions.




H-dibaryon is Hot now
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Binding baryons on the lattice Physics

* New materials: Topological
semimetals
Evidence for a Bound H Dibaryon from Lattice QCD

S. R. Beane, E. Chang, W. Detmold, B. Joo, H. W. Lin, T. C. Luu, K. Orginos, A. Parrefio, M. J. g
Savage, A Torok, and A Walker-Loud (NPLQCD Collaboration) Now in Focus

Phys. Rev. Lett 106, 162001 (Published April 20, 2011) Liquid Magnet: Stirred,
not Shaken

Bound H Dibaryon in Flavor SU(3) Limit of Lattice QCD AR Z5, 2011

Takashi Inoue, Noriyoshi Ishii, Sinya Aoki, Takumi Doi, Tetsuo Hatsuda, Yoichi Ikeda, Keiko Liquid sodium agitated gently
Murano, Hidekatsu Nemura, and Kenji Sasaki (HAL QCD Collaboration)

: : in a rotating tank can
Phys. Rev. Lett. 106, 162002 (Published April 20, 2011)

significantly amplify a
magnetic field. The
D? experiment is the first step
ShareThis -« Particles and Fields toward demonstrating a

APS Physics Synopsis (April 26, 2011)



BB potentials in flavor-basis (1S, channel)

i

Mps = 1015 [MeV] —
* mps = 837 [MeV] +—-x---
I x mpg = 672 [MeV] &%

Iy %

Inoue et al. [HAL QCD Caoll.]
Phys. Rev. Lett. 106 (2011) 162002



BB potentials in flavor-basis (1S, channel)
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Inoue et al. [HAL QCD Caoll.]
Phys. Rev. Lett. 106 (2011) 162002



BB potentials in flavor-basis (1S, channel)
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Inoue et al. [HAL QCD Caoll.]
Phys. Rev. Lett. 106 (2011) 162002
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BB phase shifts in flavor-basis (1S, channel)

mps = 1015 [MeV] ——
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mps = 672 [MeV] +x-n

100 130 200 220
Eam [MeV]

Inoue et al. [HAL QCD Caoll.]
Phys. Rev. Lett. 106 (2011) 162002



BB phase shifts in flavor-basis (1S, channel)
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Inoue et al. [HAL QCD Caoll.]
Phys. Rev. Lett. 106 (2011) 162002



BB phase shifts in flavor-basis (1S, channel)
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‘ Binding energy of H dibaryon in full QCD I
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Cho, Furumoto, Hyodo, Jido, Ko, Lee,

Exotics Factory Nielsen, Ohnishi, Sekihara, Yasui, Yazaki [ExHIC Coll.]

arXiv:1011.0852 [nucl-th] PRL 106 (2011) 212001
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S. H. Lee @ 15% Heavy Ion Café (June 26, 2010)
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BB interactions: Current and Future

O HAL QCD method for BB Interaction s
lattice wave func. 2 NN, YN, YY forces - observables - nuclear physics

O Full QCD with m_=135 MeV and L= 6fm, 9fm
"KEI” (10 Pflops supercomputer at AICS) : full operation from 2012

AICS@Kobe SRR

O Physics
- YN force, LS forces, 3N force, lattice nuclei with SU(3) breaking
« exotic hadrons (H dibaryon, pentaquark, etc) with SU(3) breaking

* + many more



Supercomputer peak performance

KEI @AICS

First LOQCD , o % First LQCD
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Tohoku Univ. H. Nemura

Univ. Tsukuba S. Aoki, T. Doi, N. Ishii, K. Sasaki

RIKEN K. Murano, T. Hatsuda
Nihon Univ. T. Inoue

Tokyo Inst. Tech. Y. Ikeda
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Light Hadrons in full QCD
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BMW Caoll.,
Science 322, 1224 (2008)
[arXiv:0906.3599 [hep-lat]]

vector meson octet baryon decuplet baryon

PACS-CS Coll.,
Phys. Rev. D79 (2009) 034503
[arXiv:0807.1661 [hep-lat]].

QCD-fight has only — experiment

== width
4 parameters (M, 4 s, Nocp ) 1 o input
] ¢ QCD




