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Goals of hadron and dense baryonic
matter physics

1. Strong interactiorbetween hadrons, In
particular hyperons

2. Chiral symmetry restoration at high
temperature and density

3. Structures ofhe QCD phase diagraf, )

4. Equation of State (EO&f) hadronic/partonic
matter
A Related topics

I Neutron Star (NS
I NSNS merger observed with gravitational waves



QCD and Hadron Physics

hucleon nucleus Neutron star
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. Strong Mteraction |
(Exott)lha:cdron structure between hadrons EOS of dense matter
r iyl r ~10 [fm] r ~10 [km]
Light quarks Heavy quarks
m,~ 2 MeV m.~ 1.3 GeV
my~ 5 MeV m,~ 4.2 GeV
m.~ 90 MeV m;~ 171 GeV

Fundamental theory of strong int. = Quantum Chromo Dynamics (QCD)
Characteristic strong int. scale ~ (1fm)1~ 200 MeV

T.Hatsuda SNP School 2013



‘ Theoretical Foundations of QCD

1966 color SU(3) gauge theory for strong interaction (Nambu)
1973 Asymptotic freedom (Gross & Wilczek, Politzer)

1974 Quark confinement (Wilson) Y. Nambu

QCD = SU(3) gauge theory for color charges (B, R, G)
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-Intrinsic parameters: m, g
-External parameters: @, 7, p; etc

T.Hatsuda SNP School 2013



Chiral Symmetry Restoration

Realizations of CHIRAL SYMMETRY in QCD ‘

@ QCD with (almost) MASSLESS u- and d-QUARKS (N;=12)
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Hadron spectra are different

Nambu-Goldstone

(1) # 0
at low energy/
low temperature
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Wigner-Weyl|

at high energy/
high temperature
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W. Weise, SNP School, Tokai & Sendai, Japan, Feb 2012

5



QCD Phase Diagram
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Quark-gluon plasma

http://www.bnl.gov/rhic/QGP.htm
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Youngman KinDeokhyunYi, Adv. High Ener. Phys. (2011) 2096325



Strangeness exists in Neutron Star

Hyperon appearance at p >2p,

One probable assumption
but should be determined f:ly exp.
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Strange Quark Star Neutron Star .

e Hydrogen/Helium plasma
e |ron nuclei

Outer Crust
® |ons
e Electron gas

II| Surface
e Degenerate
electron layer,

\ Inner Crust
. e Heavy ions
e Relativistic electron gas
| @ Superfluid neutrons

U,=+30 MeV
U.=—18 MeV,

' Outer Core
e Neutrons, protons
e Electrons, muons

Inner Core
¢ Neutrons
e Superconducting protons
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2p, Hyperon fractions are sensitive to YN, YY interactions
Due to Pauli blocking,

't becomes easier (o H. Tamura, HADRON2017 7
producel than p orn



Observation of twesolar mass neutron st

Hyperon Puzzle (or Hyperon Crisis)
Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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Gravitational waves from neutron star mergers

On 17 Aug. 2017: Gravitational wave signal with associated
electromagnetic counterpart across spectrum

o 1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
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PR Gravitational-wave time-frequency map
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Gravitational waves: PRL. 119, 161101 (2017), ~v-ray: APJ. 848 (2017) L13
Aslo: X-ray, UV, Optical, IR, Radio APJL, 848 (2017) L12

ALICE Week, Nov. 20BdeksiKurkela ’



Tidal deformability

/ duringinspiral

With HI collisions, EOS could be alt
constrained.
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