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QCD and Visible Matter

nucleon nucleus Neutron star

-

r ~1 [fm]=10"13 [cm] r ~10 [fm] r ~10 [km]

QCD (Quantum Chromo Dynamics) = SU(3) gauge theory for color charges (B, R, G)
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Y. Nambu (1966)




Lattice QCD K. Wilson (1974)

ZQCDZ/[dU] [dqdq‘]e-[Sglue(U)Jqu(U)q]

= / [dUdet F(U)eSete(U) = / [dU]e= S (U) = / [dUdP]e™Het(U.F)

quarks q gluons U,
on the sites on the links

\

D.Leinweber,http://www.physics.adelaide.edu.au/theory
/staff/leinweber/Visual QCD/Nobel/index.html




Lattice QCD K. Wilson (1974)

ZQCD:/[dU] [dqdcﬂe—[Sglue(U)Jqu(U)q]

= / [dU]det F(U)e™%sme (V) = / [dU]e ™5 (U)

quarks q gluons U,
on the sites on the links
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QCD Phases
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Early Universe Quark-gluon plasma
« Deconfined, Chiral symmetric
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Central core of neutron stars

temperature : T < 109K

baryon density : p > 1012 kg/cm3
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Semi quark-gluon plasma - quark-gluon plasma
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dilute strongly correlated perturbative QCD
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Semi quark-gluon plasma - quark-gluon plasma

(g\‘#/
\

‘e

Real picture of hot EOS :
from lattice QCD
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Application of hot EOS to heavy ion collisions

particle

production thermalization QGP hydrodynamic Freezeout

expansion

Initial
parton
distribution

Non-equilibrium Relativistic hydrodynamics Ré]atiyistic
process + LQCD equation of state kinetic theory
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From QCD to Neutron Stars

Quantum Chromodynamics (QCD)

Lattice QCD Sign Lattice QCD
problem

Baryon Interactions

Many-body
Theories
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hadronic matter
(with 3-body)

Baym and Chin, Phys. Lett. B62 (1976) 241

Masuda, Hatsuda, Takatsuka, Astrophys. Journal 762, 12 (2013); PTEP 2013, 073 (2013).
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Extrapolations from both ends

Fujimoto & Fukushima, arXiv:2011.1089 [hep-ph]
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No lattice QCD data
due to sign problem




sign problem:

zZ= Y sgn(¢) e 7 (Zo= 3 eS<</>>)

{o(x)==%1} {p(x)==%1}

Z _
(Sgn(qS)}O p— Z_ — 6_(f fO)V/T <1
0

Asgn _ /(san?), — (sam)Z  (U—fo)V/T

= ~ <1 2(f—=fo)V/T
(s9n); Vv N(sgn), VN =) | N> e 0

‘ Dense QCD (T~0, u large) I

Z =Tr [e_(H_'“N)/T} = /[dA] Det[D + m + ipuv4] e~ S(A)
Complex

Complete new idea necessary



Hadronic EOS -2 M-R reltion

Hyperon puzzie
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Hybrid EOS (Hadron-quark crossover)

QHC19 : Baym, Furusawa, Hatsuda, Kojo, Togashi, Astrophysical Journal 885 (2019)

Nuclear —> Interpolated EoS <— Quark models
( non-confining ) (pQCD)

Cf. Masuda, Hatsuda, Takatsuka,
Ap.J. 762, 12 (2013); ); PTEP 2013, 073 (2013)




Hybrid EOS (Hadron-quark crossover)

QHC19 : Baym, Furusawa, Hatsuda, Kojo, Togashi, Astrophysical Journal 885 (2019)
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Equation of State with Quark-Hadron Crossover

QHC series : Baym, Furusawa, Hatsuda, Kojo, Togashi, Astrophysical Journal 885 (2019)
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QCD equations of state and speed of
sound in neutron stars mm) Kojo's talk
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Fig. 2 Rough sketches of P-, M-R, and c2-n relations for three characteristic EoS; see the main text for details. For ¢Z, we also show the typical
behavior of nucleonic EoS with dashed lines




Binary neutron star: Post merger GW signal

Time-frequency analysis S
for the TM1 1.35+1.35 Mg B
waveform from a source -
at 50 Mpc
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Binary neutron star: Post merger trajectory

M=2.8M,

1st order transition
to quark matter
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‘ Heavy Ion Collisions: Trajectory at J-PARC I
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Figure taken from JHF report (2002) by A.Ohnishi



Summar

1. Global QCD phase structure has been studied
extensively by using various theoretical methods.

Quantitative understanding above 2p is far from satisfactory.

-- What kind of phases exit ?
-- What is the order of the hadron-quark transition ?
-- New theoretical tools are called for.

2. Neutron star, neutron star mergers and HIC
will continue to provide valuable information
on high density matter.

3. ltis time that experimentalists and theorists work more

closely together to unravel the physics of dense QCD.
-- as it happened in the case of QGP search.




