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M-R curve and EOS

# M-R curve and NS matter EOS has 1 to 1 correspondence

@ TOV(Tolman-Oppenheimer-Volkoff) equation
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NS matter Grant-in-Aid Study (2012-2017)

High p (Group A)
PI: Tamura, Takahashi

Hypernuclei, Kaonic nuclei
YN & YY int.,
Eff. Interaction

Hyperons, mesons, quarks

Asym. nuclear matter
+elec.+pn

Nuclei+neutron gas+elec.
Nuclei + elec.

Low p (Group B)
PI: Murakami,
Nakamura, Horikoshi

B

Sym. E, Pairing gap,
BEC-BEC cross over,
Cold atom, Unitary gas

NS Obs. (Group C)
PI: Takahashi

Radius, Mass,
Temp. (Cooling),
Star quake, Pasta

Theory (Group D)
PI: Ohnishi
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D01 members

# Project members:
A. Ohnishi, T. Harada, H. Nakada, K. Iida, M. Matsuo, M.
Kimura, T. Tatsumi, A. Ono, A. Dote, K. Nakazato

# Project PDs:
H. Sotani, K. Morita, J. Yamagata-Sekihara, K. Tsubakihara, S.
Ohnishi, T. Inakura, N. Ikeno, C. Ishizuka, T.-G. Lee

# Research Collaborators:
T. Kunihiro, S. Nishizaki, K. Oyamatsu, T. Maruyama, H. Abuki,

Y. Ohashi, N. Shibazaki, Y. Yamamoto, T. Takatsuka, M. Kohno,
T. Miyagawa, T. Muto, K. Sumiyoshi, H. Sagawa

# Proposed Project Pls:
K. Hagino, H. Nemura, K. Kiuchi, N. Yasutake, Y. Ohashi,
M. Nitta, H. Sotani, T. Furumoto
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BEERMEFEYE: Hyperon Puzzle
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0.5 é Observation of massive neutron stars (M ~2 M )

rules out exotic components in NS ?
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PSR J1614-2230: 1.97 £ 0.04 M Demorest et al., Nature 467('10)1081 (Oct.28, 2010).
PSR J0348+0432: 2.01 £ 0.04 M _Adntoniadis et al, Science 340(13) 1233237
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B EREFEYNE : What did we miss ?

s Hyperon potential in nuclear matter ?
@ U.(p,)~-30MeV, U (p)>+20MeV, U_(p,)~ -14 MeV

# Hyperon-Hyperon potential ?

@ If vacuum AA potential is much more attractive than Nagara event
implies, AAN potential must be very repulsive.

# Kaon potential in nuclear matter ?

# Three-baryon (3B) interaction ?
# Quark matter core ?

# Modified gravity ?
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B EPEFENE: AA potential

s Nagara fit — a (AA)=-0.575 fm or - 0.77 fm
Hiyama, Kamimura, Motoba, Yamada, Yamamoto ('02), Filikhin, Gal ('02)

# New approach: AA correlation from HIC (Morita)
— -1.25 fm <a (AA) <0 (Consistent with Nagara)
Exp: Adamczyk et al. (STAR Collaboration), PRL 114 ('15) 022301.

Theor.:Morita et al., T. Furumoto, AO, PRC91('15)024916. NP -v-
NSG97 -
g
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BEEDPEFEYE: 3 or = potential in nuclei ?

# New analysis of X production reaction: °Li ( 7, K*) X"He
— U, ~+30 MeV Harada+

# New = hypernuclei — B.E. =.MeV & (4 or 1) MeV
(Takahashi (A01), Nakazawa, Kanatsuki, Yamamoto)
— Deeper than previous estimate
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B EREFEYE: Kaonic Nuclei
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BEEDMEFEWE : K potential in Nuclear Matter ?

s K pp binding energy (Takahashi (A02), Outa, Dote)

@ E15: One state at B.E.~ (15-30) MeV, Strength at B.E. ~ 100 MeV
E27: B.E.~100 MeV ?

@ Dote: Higher pole B.E.~ 27 MeV, Lower pole B.E.~79 MeV (?)
Akaishi: B.E. ~100 MeV (DISTO, FINUDA)
S.Ohnishi: Saturating B.E. in heavier kaonic nuclei
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BEERMEFEYE: Symmetry Energy

# Symmetry Energy Parameters

S(u) = 8, —I—£ (u—1)+ H;;m (u—1)24+0[(u—1)*] (u=n/ny)

3

100 [

(Nakamura, Li, Trautmann, Murakami,
Ono, Zenihiro, Colo, Aumann, Tamii,

Inakura)
<
100 =
=
Q
)
.
50
| O transverszle flow
30 32 34 S, (MeV)
S, (MeV) Lattimer, Lim ('13), Lattimer, Steiner ('14)

Tsang et al. ('12): NuSYM 2011 Kolomeitsev, Lattimer, AO, Tews ('16)
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BEZEDIEFEYDE : Low Energy Dipole Strength

# Low Energy Dipole Strength and L
(Inakura, Nakada, Matsuo)
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BEZEDREFEYE : Higch Density Symmetry Energy

s Symmetry energy at p=(2-4) p, dominantly determines NS radius.

— Central Heavy-Ion collisions
at a few 100 MeV !

(Li, Trautmann, Murakami, Ono)
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BEZEEDMEFEYE : Unitary gas & Sym. E.

# Conjecture: E(neutron matter) > E(unitary gas)

| K
S(u) >E¢cu?’? E.;]—I—E[u—lj = SLB(u)
— Sym. E. parameters are constrained !
# Many tabulated EOSs are excluded 120 T e
] ' ' ¥
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FKEYEE : Symmetry Energy — Neutron Star

# Sym. E dominantly determines NS radius. Lattimer, Prakash('01)

# What is the role of K (incompressibility) ?
— With EOS fitted to finite nuclear masses and radii,
n= (KL?)"* determines low mass NS radii !

# Small L enlarges the density range of pasta phase
Shen EOS (L=111 MeV) — Variational EOS (L=35 MeV)

# NS torsional oscillation remains as a problem.
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FKEYEE : Sym. E (cont.) and Inhomo. y cond.

s PEFEDEREIHDSFFFIRILF—DHIE
Sotani, Nakazato, Ilida, Oyamatsu ('12, '13, '13, ...)

s BEEICHTS QCD HIEBHIE—#k Chiral FEHEHEZE
BLTHEAMBLNELY,
— Inhomogeneous Chiral Condensate
(Tatsumi; Yoshiike, Lee, Tatsumi ('15))
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FEDEE : Neutron Star Matter EOS
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