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nucleon ~1013 [cm]

nucleus ~10-12 [cm]
” Neutron star ~10 [km]

4’\\»\( '\ , \:“\

From quarks to the nucleon
From quarks to the nuclear force \'
From quarks to neutron stars ? :

Summary
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Visible Matter

Nucleon Atomic nucleus Neutron star

103 [cm] : 10 [km]

QCD (Quantum Chromo Dynamics) = SU(3) gauge theory for color charges (B, R, G)
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Asymptotic Freedom and Color Confinement
-- two sides of the same coin --

K. Wilson (1974) Gross, Wilczek, Politzer (1973)
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Lattice QCD : Numerical Approach K. Wilson (1974)
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From Nucleons to Atomic Nuclel

Atomic nucleus

A
"/ ) \ —
| .

4‘ /‘ "’,

N LA,
@ Eb Neutron # gt/‘\ ‘&

.
\3
”
_—

= Nuclear Force ?




Nuclear Force from lattice QCD

short—-range Repulsion
+ mid—-range Attraction
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Ishii, Aoki, Hatsuda, PRL 99 (2007) 022001 Mz =530 MeV




Realistic force between hadrons from LQCD

Hadrons to Atomlc nuclei
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Femtoscopy: momentum correlation in high-energy collisions

O ALICE data

- Coulomb

Coulomb + p—=" HAL QCD
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Sasaki+ [HAL QCD Coll.] Nucl. Phys. A998 (2020) 121737
LHC ALICE Coll., Nature 588 (2020) 232




Asymptotic Freedom and Color Confinement
-- two sides of a same coin --

K. Wilson (1974) Gross, Wilczek, Politzer (1973)
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Schematic QCD phase diagram (massless 3-flavor)

A

Cabibbo and Parisi, PLB 59 (1975), Collins & Perry, PRL 34 (1975)
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Dirac mass

Alford, Rajagopal & Wilczek, NP B537 (1999)

Majorana mass




QCD phase diagram (realistic (2+1)-flavor)

10 K. Fukushima & T. Hatsuda
T [MEV"’ 10 K] Rep. Prog. Phys. (2011)
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QCD phase diagram ((2+1)-flavor)

10 K. Fukushima & T. Hatsuda
T [MEV"’ 10 K] Rep. Prog. Phys. (2011)
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From Quarks to Neutron Stars

Quantum Chromodynamics

Lattice QCD .
- Sign Lattice QCD
problem

. Baryon Interactions ]
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TMev] | Many-body Theory

[ Hot Equation of State ] [ Cold Equation of State ]

Relativistic Hydrodynamics iL i ‘ { ! General Relativity

[ Heavy lon Collisions Neutron Stars ]
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The progress of science requires the growth of
understanding in both directions, downward from the whole
to the parts and upward from the parts to the whole.

From “The Scientist as Rebel” by Freeman J. Dyson
https://en.wikipedia.org/wiki/Freeman_Dyson

nucleon ~1013 [cm]

Neutron star ~10 [km]



Structure of Neutron Star (NS)

\ES\Y Ead EPAN|Y/ P
Radius R~10km
Mass density ~10%kg/cm3 ~ several times atomic nuclei

Atmosphere

/ H, He, C, etc

10-14 km Outer crust

Atomic nuclei (solid)

Inner crust
Atomic nuclei (solid)
+Neutron ('S, superfluid)

QOuter core
Neutron (3P, superfluid)
+ Proton ('S, superconductor)

Inner core
Quark (color superconductor) ?




Neutron Star in Shanghai
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Neutron Star (NS) observations

Discovery of the neutron [J. Chardwick]

Prediction of neutron star [W. Baade and F. Zwicky]

Discovery of pulsar [S. J. Bell and A. Hewish]

Discovery of binary neutron star
[R. A. Hulse and J.H. Taylor]

Cumulative period shift (s)

Discovery of massive neutron star
[P. Detmorest et al.]

2017 Discovery of GW from NS merger
[LIGO/Virgo]

LIGO-Livingston
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2019 Light bending around pulser
[NICER]




Neutron Star Merger GW170817

in NGC4993 (44.1 Mpc=144 Mly awa
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Neutron Star Merger GW170817

in NGC4993 (44.1 Mpc=144 M|
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Lightcurve from Fermi/GBM (10 — 50 keV)

H IilJ. il

e Jimﬂill.ﬂil]ﬂnrw

| L
W m WAt "M"”" W 1]

Lightcurve from Fermi/GBM (50 — 300 keV)
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Lightcurve from INTEGRAL/SPI-ACS
(> 100 keV)
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Gravitational-wave time-frequency map
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(Abbott+2017)

Gamma-ray from
Fermi Satellite

Gravitational Wave
from LIGO




Neutron Star Merger GW170817

in NGC4993 (44.1 Mpc=144 Mly away) https://www.youtube.com/watch?v=x_Akn8fUBeQ

photons (gamma ray, X ray, UV light, visible light, IR light, radio wave)
were observed simultaneously with GW.




Neutron Star Collision (film/music, 2010)

https://en.wikipedia.org/wiki/The_Twilight_Saga: Eclipse
https://www.youtube.com/watch?v=MTvgnYGu9bg




Masses in the Stellar Graveyard =

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neu EM Neutron Star.
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern

~100M NS
in our galaxy
~2000 observed
https://media.ligo.northwestern.edu/gallery/mass-plot ~ 5% binary




Light bending around NS

Front-side hotspot rotates through the line of sight

https://svs.gsfc.nasa.gov/13240

Relative flux
Increasing compactness (M/R) and light bending

1
Pulse phase

credibility (o)

\‘
Neutron Star Interior Composmon Explorer
(NICER) on ISS

NICER: ApJ 887 (2019)
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Structure of Neutron Stars

Observables

* M~ (1-2)Mg
R ~10 km

- T ~10°10°K
- B ~10°-10G
P ~1ms-10s

Astrophysics
Nuclear physics
Particle physics

Cond. Matt. physics

Matter under
extreme condition

* Nuclear pasta

* Nuclear superfluid
* Meson condensate
* Hyperon liquid

* Quark liquid & CSC




Solving Neutron Star

1. Tolman—Oppenheimer—Volkoff equation € General Relativity
(TOV) dM (1)

dr

dP(r)  GeM 2GM\ ! P\ [ 4mwrP
- -—(1- l+—|(1+——).
dr r- ro g M

2. Equation of state P=P(& ) €& Stong/EM/Weak Interactions

— 474"/'38(1').

(EOS) Low density _ .
(nucleon superfluid) high density
(quark superfluidity)

TOV + EOS =2 Mass-Radius Relation of Neutron Stars




From Hadronic Matter to Quark Matter

Neutron Superfluid Bose—Fermi mixture Color Superconductivity
Tamagaki, Hoffberg+ (1970) Maeda, Baym, Hatsuda, Alford, Rajagopal, Wilczek,
PRL (2009) NPB (1999)

Hadron—Quark Crossover ?

Same SSB pattern (G =SU(3), x SU(3)g x U(1) 3 =2 SU(3)4r) : Schafer and Wilczek, PRL 82 (1999)
Possible new critical point: Hatsuda, Tachibana, Yamamoto, Baym, PRL 97 (2006)
Implication to neutron star phenomenology: Masuda, Hatsuda, Takatsuka, Astrophysical J. 764 (2013)




From Hadronic Matter to Quark Matter

JPR __ Crossover 2 JEFW

Strongly Strongly
interacting interacting
baryonic quark matter
matter




Color superconductivity

-

(d} )ia ~ €ijk€abe(q,) |

(dR)ia\N €iik€abc(qr ) |

flavor color

f © & @é &
2SC uSC dSC CFL

2. Color-flavor entanglement

|:> Various phases (c.f. Ice, 3He)
d;a 2SC, uSC, dSC, CFL etc




Ginzburg-Landau free energy for chiral-super interplay in 3-flavor QCD (m 4.=0)

symmetry:  SU(3)¢ x [SU(3)r, x SU(3)r] x U(1)p x UMTA

— Chiral field: —\ — Diquark field: —

Pij~ (%)‘2(%)2 (dy )ia ~ Gijkeabc(%)ic(%)lg

dL — €2la’A e21a3 VLdLVg

- AN /
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Pisarski & Wilczek, -Iida & Baym, PRD63 ('01) Hatsuda, Yamamoto,

PRD29 ('84) -Tida, Matsuura, Tachibana Tachibana & Baym,
& Hatsuda, PRD71 ('05) PRL97 ('06)




‘ CSC stiffens EOS I
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1 1
p— nzﬁ(e/n) _ ZApd/3 B+ Zn2/3 1 Dn2

on 3 3
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D
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B
- €

Baym, Hatsuda, Kojo,
Powell, Song, Takatsuka,
Rept. Prog. Phys. 81 (2018)



Nuclear EOS meaningful at high density ?

pcenter

1 ]
So channel

| repulsive | |
core

[11




QHC21 EOS (Chiral EFT+ NJL) vs. Observation (SD+GW+NICER)

Kojo, Baym, Hatsuda, Astrophys. J. 936 (2022) 46
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‘ NS merger and gravitational wave I

i

Massive NS

BH with
accretion disk

‘ Inspiral Merger ‘ Post-merger
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http://member.ipmu.jp/masamune.oguri/rironkon2013/talks/06_Shibata.pdf




Merger and post-merger of binary neutron stars with a quark-hadron crossover equation of state
Physical Review Letters 129 (2022) 181101
Yong-Jia Huang'>?, Luca Baiotti*, Toru Kojo>°, Kentaro Takami’-*, Hajime Sotani®?,
Hajime Togashi®, Tetsuo Hatsuda®, Shigehiro Nagataki*® and Yi-Zhong Fan'-?
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Merger and post-merger of binary neutron stars with a quark-hadron crossover equation of state
Physical Review Letters 129 (2022) 181101
Yong-Jia Huang'>?, Luca Baiotti*, Toru Kojo>°, Kentaro Takami’-*, Hajime Sotani®?,
Hajime Togashi®, Tetsuo Hatsuda®, Shigehiro Nagataki*® and Yi-Zhong Fan'-?
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(cs/c)?
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- Legred et al. (2021
0.8 ? )

Togashi EOS srsrrsins
SFHo ===
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QHC19-s0ft  m—
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QII{C1 9-stiff JN—
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Transition from baryonic matter to
color-superconducting quark matter
< post-merger GW frequency

[ — QHC19-soft
 — QHC19-stiff
L BLQ
DD2F-SF7

Mass (M/M@)

Next-generation GW detectors in kHz band with ~ 50Hz resolution

= upgrade of Advanced LIGO and advanced Virgo
- Einstein Telescope - Cosmic Explorer -

NEMO



Cosmic Observation
Gravitational wave

Electromagnetic wave
Neutrino

Theory
Quantum Chromodynamics

+ many body theory

Condensed Matter Nuclear Physics

Liquid helium Nuclear collisions
Unitary fermi gas RIBF, J-PARC, FAIR, HIAF
Bose-Fermi mixture




QCD as quantum many-body problem
quarks  LAEEELL (] gluons

QCD Condensed Matter \
[ Chiral symmetry breakinMBCS superconductivity

Renormalization group ) Renormalization group
& asymptotic freedom & Kondo problem

Lattice gauge theory ) Quantum Monte Carlo
& confinement simulations

Axial anomaly & topology <4mmssy  Tonological insulators

Baryonic Skyrmion ) \[agnetic Skyrmions

Color superconductivity =~ 4=y High T, superconductors

Hadron-quark crossover <4mss% BEC-BCS crossover

Massless quarks Dirac fermions






