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Phase structures of

H,O, “He and He
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strong residual force
- pre-formed pairs

Hatsuda & Kunihiro,
Phys.Rev.Lett. 55 (1985)

— o

Origin of each “phase” I

Asymptotic freedom
+ Debye screening
- deconfinement

Collins & Perry,
Phys.Rev.Lett. 34 (1975)

QGP

CSC

quark - anti-quark pairing
- chiral instability

Nambu & Jona-Lasinio,
Phys.Rev. 122 (1961)

>
>

Hp

quark-quark pairing
- Cooper instability

Bailin & Love,
Phys.Rep.107 (1984)




Symmetry of each “phase” (case for small m,,with m =co) I
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Scale of each “phase” I
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Similarity with high T, superconductors I
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Experimental/Observational probes I

Heavy ion collisions

* low energies : (1-20) GeV/A, SIS (GSI), AGS (BNL), SPS (CERN)
SI1S100/300 (GSI), J-PARC (Japan)

- dense matter
* high energies : (200-) GeV/A, RHIC (BNL), LHC (CERN)

- hot matter 7
2 9
aBR N

Compact stars : dense matter




Phases in hot QCD
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t A modern “picture”
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Phases in dense QCD

Yagi, Hatsuda, Miake,

http://chandra.harvard.edu/resourcesl/illustrations/neutronStars.html Quark-Gluon Plasma, (Cambridge Univ. Press)
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Baade-Zwicky ('34) N. Itoh ('70),
E. Witten ('84)

Standard neutron star matter : n,p,e with n@2p +e”

I Akmal, Pandharipande & Ravenhall, PRC58 ('98)
400
i 1w+ State-of-the-art nuclear EoS
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EoS of nuclear matter (N=2) / Hard EoS

from ab initio calculations
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Fuchs and Walter, nucl-th/0511070

Collective flow in low-energy heavy ion collisions and EoS
semi-classical Boltzmann-Vlasov approach
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Constraint from Flow Data in SIS-AGS energies g=) Soft EOSis preferred
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Origin of Color Superconductivity (CSC) I
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Major differences from BCS

1. Highly relativistic High Tc superconductor
Long range magnetic int. { TJ/eg ~0.1
Compact Cooper pair
A ~ e e~ ¢/Vas size ~1-10fm

2. Color-flavor entanglement :> Variety of phases

A, 0 O (such as ice and 3He)
Ni,=10 A, O CFL, 2SC, dSC, uSC, etc
0 0 A,

Phase structure relevant to compact stars
with charge-neutrality & -equilibrium Ny >N, =>nNg
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4

2SC: Bailin and Love, Phys. Rep. ('84)

CFL :  Alford, Rajagopal and Wilczek, NPB ('99)

dSC: lida, Matsuura, Tachibana and Hatsuda, PRL ('04)

uSC: Ruster, Werth, Buballa, Shovkovy and Rischke, PRD ('05)
FFLO, gapless phase, CSL, K-cond. etc




BCS-BEC crossover ? Abuki, Itakura & Hatsuda,

Ladder QCD at finite p
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Cond. of Fermionic-Atom Pairs

Ny/N = 10%
40K : JILA group, PRL 92 (2004) 040403
6Li : Innsbruck group, PRL 92 (2004) 120401
MIT group, PRL 92 (2004) 120403

S1S100/300




M-R relation in APR EoS I (P 6P0)
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Cooling of neutron stars I

Weber, astr-ph/0407155 ('04)
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Summary I
“phase” theory exp./obs.
xSB Mature (precision physics)
(low T & low p) lattice QCD variety of data
effective theories
QGP Developing data accumulation
(high T) lattice QCD RHIC - LHC
effective theories
QM and CSC Developing * Neutron stars (M-R)
(low T & high ) effective theories * SIS, J-PARC, Nuclotron
Need lattice inputs
“PG” Not- fully explored Relevant region
(intermediate T & ) Interesting connection to to RHIC, SIS, J-PARC,
HTS, cold atoms Nuclotron ?




