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Mysteries of Neutron Star

® Final form of “matter” evolution in the universe
® Highest dense “matter” in the universe (Gigantic Nuclei)
Mass: 1~2 M, Radius:~10-15 km , p(r=0) =3~10p, Crust:
® Various form of “matter” made of hadrons/quarks NClr Pasta

Outer Core:

Neutron Matter
Superfluid?
Inner Core: Center:
Strangeness Hadronic matter ? -Quark matter ?
High dense nuclear matter Deconfined quarks

with Hyperons Color superconductivity
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Joint project among Experiments, Observations, Theories
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EOS

Equation of State of Nuclear Matter  E=E(p) p=p 2k
Energy/Baryon ap

Hydrostatic Equilibrium (General Relativity: T.O.V. Eq.) + EOS
- Radius, Maximum Mass, Mass-Radius Relation of N Star

. . MS2 ]
Pressure (Nuclear/Hadronic Interactions, 2.5E?Ld’ MPA1 \
+ Fermi motion) i -

Stiffer(Softer) EOS = ‘ﬁn‘ \
- Pressure is high(low) .| sami Em‘l:
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- Glitch (Sudden jump in Rotation) J.M. Lattimer, Annu. Rev. Nucl. Part. Sci.
62, 485 (2012).



Experiments to explore EOS

B Quter Core (p < 2p,) B Inner Core (p > 2p,)
How EOS changes with N/Z ratio? Hyperons Exist in N-Star?
’g If so, How?
5 stiff
Properties of 3 Neut e +Strange Hadronic
N-rich Nuclei 5| ' °utron e e Matter(A,EK....)
5 Matter ..._‘._s‘:‘....o ““__,.-.‘

@ | @
\ \ Nuclear Matter(N=2) Properties of
Properties — Hypernuclei

of Ultra-cold - and Kaonic Nuclei

Fermionic  Heavyion  giaple Nuclei
Gas Collisions of

n-rich Nuclei



N-Star Mass

Collaboration among Experiments

[Astrophysical Observations/ Theories

EOS of Nuclear Matter

Uniquely iI

Determined
Mass-Radius Curve !

EOS Puzzie !
Demorest et al., Nature 467, 1081 (2010)
1.97(4) M O (Shapiro Delay)
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(Not yet determidirectly
by observations)

Experiments at
RIBF/J-PARC jDetermine
/UItra-cold Fermions EOS
+Theories
.+.
Observations of Confirm
Radius of [> EOS
N-Star
The EOS
Constrain

on Hadronic/Nuclear Theories,
Existence of Quark Star



EOS of neutron-rich matter
probed by RI-Beam
Experiments

Properties of Medium and Low-density Neutron-rich

Nuclear Matter (p ~ pg, P < Po)
T.Nakamura(Tokyo Tech), S.Shimoura(CNS,U-Tokyo),
Y.Togano(Tokyo Tech), Y.Kondo(Tokyo Tech), T.Teranishi(Kyushu)

EOS for High-Density Neutron-rich Nuclear Matter

(P ~2p,)
T. Murakami(Kyoto), K. leki(Rikkyo), T. Isobe(RIKEN), A.Taketani(RIKEN),

K.Kurita(Rikkyo), H.Baba(RIKEN)




EOS (Nucleonic Degree of Freedom)

Difference of n and p densities
EOS of Nuclear Matter /

v
? A=N || E(p,0)=E(p,0)+S(p)d° +... 6= p”;pp ~ N;lz
| N=Z S(,O)=J+L('O_'0°)+Ksy’"(’0_’00) +...
~ 30, 18\ p
, p (FE)
Symmetry Energy: S(p)

S(p) /

EOS of nuclear matter within nucleonic D.O.F

O Provide Basis of EOS with non-nucleonic D.O.F
- Maximum density—> Composition-> Maximum Mass/Radii of N-Star
O Direct determination of EOS (within nucleonic D.O.F)
can be possible using a variety of observables
O Most important but unknown term: Symmetry Energy S(p)

Neutron-rich Nuclei >Microscopic Laboratory for Neutron-Star Physics



How to determine the EOS?

OS(p) : J, L(pressure), K, (Incompressibility)
< Collective Motion of Neutron-rich Nuclei

n-sKig Pygmy Dipole Resonance (E1)

Breathing Mode (EO)

«<——— Y.Togano, M. Shikata, CATANA-> PDR of 52Ca,

PDR

O Superfluidity €Dineutron correlation in low-dense matter
Coulomb Breakup of 2n Halo %2C and '°B

‘@ Deformed Driven Halos: 3'Ne,3’"Mg
nn TNetal, PRL112,142501(2014).

N.Kobayashi, TN et al.,PRL112, 242501(2014).
OS(p)<Nuclear force

(density dependence, isospin dependence, 3N/4N force)

< tetra neutron, exotic nucleonic system  an °°o 26, 28()
S.Shimoura 4n exp at SHARAQ Done, Next-generation N-array o

Kondo: 260, Done at SAMURALI, 2012, 220 Approved experiment (Grade-S)
Sekiguchi 3N force

OS(p)<Bulk Property
< neutron skin thickness(Tamii,Togano),masses (Yamaguchi)




RIKEN RI Beam Factory (RIBF)

Completed in 2007 e-Rl scattering wit

New-Generation RI-beam facility (oqretructon” 72013

RILACII

Materials
Biolo

RI poduction

Space

Multi-RI Production ~~ Retun BT
(construction)

SRC: World Largest Cyclotron (K=2500 MeV)
Heavy lon Beams up to 238U at 345MeV/u (Light lons up to 440MeV/u)
BigRIPS: Large Acceptance Fragment Separator (80mradx100mrad, dP/P:6%)

v' 3-5 Orders Gain in the Yield of Neutron-rich Nuclei
v' >1000 New Species in neutron-rich nuclei

I




SAMURAI

-—Large Acceptance Spectrometer in RIBF --
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Approach to EOS of Neutron matter/Neutron-rich Matter
| > Neutron Skin Nuclei

Neutron-Skin Nuclei N-rich-> Larger neutron Fermi energy
2 2/3
Normal Nuclei (Neutron-rich Nuclei) | ¢ = & Grp ) = 2N e ©
p? core ’
Neutron for N=2Z - 1.2¢.9 (without n-skin)

Skin P
r

—»

6Rnp=<r2>n1/2_<r2>p1/2

\(

0 Larger L favors
Smaller <p_>

V
NSy |~S,~8MeV N

r

/ EOS of Nuclear Matter \

Neutron Skin : Formed due to S(p)
ORpp(Or R,)-- Depends on EOS
as in NS radius K Po"* o L

NSoc




Pygmy Dipole Resonance of Neutron Skin Nuclei
--- Also Sensitive to EOS

ElStrength  Nuclei Dipole Resonance)_
20MeV
% | EX
Neutron Skin Nuclei n-skin
PhOtOIl(Y) B(Eil) PDR (Pygmy
Dipole Resonance DR é
5~10MeV

Stiff EOS—-> Thicker Neutron Skin - Larger Pygmy Mode



PDR and skin thlckness

T. Inakura et al.,
PRC84, 021302 (2011)

T. Inakura et al.,
arXiv:1306.3089
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PDR of neutron-skin nuclel

SAMURAI Magnet
h l

NEBULA

CATANA 'roet

(Csl(Na) Array)

Y. Togano: Approved experiment at RIBF
Planned in 2016



Production of Unbound 20 States: Y.Kondo et al.

24Na 25Ne?5Ne 27I]Ie 28l]le 29Ne|30Nel*'Ne|32Ne
23F 24F 25F 2 28F 29F 30F 31F
220 230 240 250 60 -2;=8
00} 27F+C>260->240+2n

> | (prellmlnary)
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C.Caesar et al.(GSl,Data), A.Schwenk
(Theory)PRC88,034313 (2013)

— Theory: NN+3N(chiral) +residual 3N

Decay en
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/n* ratio in Heavy ion collisions

T.Murakami, T. Isobe et al.
& N\
@ o (/mwt)~ (N/Z)? of participant
@ﬂ %_sSn., o\o\@- region of heavy ion collisions
19250SNg, (N- ”Ch) ra To\ (A resonance model)
@200~300 MeV High-density -- sensitive to S(p)
(participant region) Bao-An Li et al.,

Phys. Rep. 464, 113 (2008).

2.4 - E/A=400 MeV & T ©  132gn41248n
b=1fm S A22GN L b=t fm
22 r «323 o \
2 -
+li Y , softer
N sym
8l S . b
= 49
S AN s e —— —
pal s stiffer |
‘ 1.2 Lt ' - : :
05 112&1.2 11\1238 14 15 16 0 0.5 1 1.5 2
n+ n
(N/Z)system beam/A (GeV)

RIBF



SnRIT Collaboration
SAMURAI Pion Reconstruction and Ion Tracker

132Sn @ 200 A MeV
108Sn @ 300 A MeV

NEBULA
NeuLAND
| (Neutron
ime projectionf i Detectorsj 1
Chamber) e
SAMURAI at RIBF (200A-300A MeV) To constrain symmetry energy

132,,8ng, +1245,8n;, > T/ +X i Y(n)/Y(p), Y(n)/Y(x*) ete.

124 112 o
50N, +112,,Sng, 2 Tt/ +X

112 124 o
50SNg, +1%4:,SNn,, 2 T+ X

08 112 -
50SNsg + 12,,Sn,, > Tt/ +X

- 0=(pn-pp)/Po - 0.09--0.22




Installation Test of TPC into SAMURAI in July 2014

%




L (MeV)

Symmetry Energy (p~pgy) ---Current Status

U | | D | I [

M.B. Tsang et al.,

.~ PRC86, 015803 (2012).
|. Tews et al.,
PRL110,032504
(2013).

DP: Dipole Polarizability

(A. Tamii PRL107, 062502 (2011)).
HIC: Heavy lon Collision
PDR: Pygmy Dipole Resonance
IAS: Isobaric Analogue State
FRDM: Finite Range Droplet
Model (nuclear mass analysis)
n-star: Neutron Star Observation
«EFT: Chiral Effective Field Theory

100

50

AN TN N N NN T T N NN TN TN MO N A NN

28 30 32 34 op. L-45+18 MeV
J=30.9+1.5 MeV
J (MeV)
L

S(o)=J+—2(p-
(0) +3p0(p /00)"'18[03

K

sym

(0=-py) +...




EOS for Low-density Neutron-
rich Nuclear Matter Studied
by Cold Atoms

M. Horikoshi (U.Tokyo), T. Mukaiyama (UEC),
T.Nakatsukasa(Tsukuba U), K. Mizushima (Okayama U.)




From ultracold atom to the neutron star M-R curve

Cold Fermi atoms Neutron Star
E=f(p) E(p,0=1)

Radius (kr‘n) l _ o po 2p0

Constrain in these regions



Superfluid transition at the unitarity

Momentum distribution of
paired fermions

Trap cold
atoms in an
optical trap

BEC ﬂ
Limit
(Strong
Coupling) k .a Coupling)




M.Horikoshi et al.
Hot topic : Bose-Fermi superfiuid mixture !/

Fermi Superfluid

°Li (Eermi)

20 20
Momentum
distribution of o "
paired Fermions 0 wﬂ-f\%’q hn?
100 200 300 100 200 300

100 200 100 200




Strangeness Matter in Neutron Stars
Explored by Experiments at J-PARC

Baryon-baryon Interaction with Multi-Strangeness
T.Takahashi(KEK), K.Nakazawa(Gifu U.), S.Sato (JAEA), H.Takahashi(KEK),
M.Naruki(Kyoto U.), K.Imai(JAEA), H.Sako(JAEA), S.Hasegawa(JAEA),
M.Sumihama (Gifu U.)

Strangeness in the Neutron-rich Nuclear Matter
H. Tamura(Tohoku U.), A. Sakaguchi(Osaka U.), H. Outa(RIKEN),
K. Miwa (Tohoku U.), T. Koike (Tohoku U.), S.Ajimura(RCNP),

T. Fukuda(OECU), T.Suzuki (U.Tokyo), S.Nakamura (Tohoku U.)




Hyperon Matter should appear at Higher Density

(0> ~2py)

2

Fermi energy: ¢, = 2h—(37r2,0)2/3

mpg

()

(n)

Uy =My +Ep W, =M, +Ep

lad|

A

m,-m, =175 MeV

Y.

= P, (A) =2p,

10°

_ 107" ,
il /1
° /’ /
© Y U,.=+30 MeV
S 10 / I'J. I \l S -
5 {0 : L\, U_=-18 MeV
> P ' . %
@ l i =%\ /
- | e
10 3 'I : A :_ \\ [/ .
I | - |‘ /
o ' |
4 l I ] : ] |
10" 1 . ) H 5 t\ ., L
0.0 p00.3 0.6 0.9 1.2 1.5

Density (fm™°)
J.Schaffner-Bielich, NPA804(2008)309

In reality:

(n) (n)
u,=m +¢&,  +U (k. )

Should be

YY, YN, YNN Interactions
(in high density neutron matter)

<& : .
u, =m, +&," +U,(k,"))" determined.| Essential!

N.B. For two(or more) kinds of Fermions p> 0 =p0,+pP,+... = Lower <E>
Hyperons in NS> Softening of EOS

->How to solve 2My puzzle?->3-Body force (YNN, YYY) ?

Kinetic energy



Baryon-baryon interaction with multi-strangeness
T.Takahashi (KEK)
ZN—AA Conversion =N interaction AA interaction Nakazawa(Gifu U.) et al.

(S=-2) EOS at
@ —_—
P D = high—density
(8=-1) , w region
4 )

Emulsion experiments
& Automatic scanning

Spectroscopy of
= hypernuclei
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KURAMA spectrometer as a tagger of the (K-, K)
reaction for emulsion and H search exp.

Most of the detectors are ready to install.
(waiting for beam time allocation) Y

AIDA chamber



nucleus for the first time

— KISO Event — K.Nakazawa et al.(PTEP in Press)
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. . H.Tamura,Miwa,Koike(Tohoku U.)
Strangeness in n-rich matter sakaguchi(osaka U.), Outa (RIKEN)

et al.

Determine hyperon mixing in p=2~3p,

region where hyperons begin to appear Ultra-fast (x100)
Tracking detector

Using MPPC
(1) >*p scattering(unique) Miwa, Tamura
-=>2'n (= E+p) int. E40 A-Z coherent coupling
=> 3~ exists in n-star or not n, Ay n
A2a) y spectroscopy of .3 HM/ e —

A hypernuclei nl Al nf5 1= ? s attractivé
(Unique method ) Koike, Tamura o 'g | ]
> Details of AN, ANN int. %> |

¢ (2b) n-rich hypernuclei | E10 o O :
(Unique method) Sakaguchi, Ajimura, Fukuda @ 0.01
-> Ann int. in n-rich environment A
=> Fraction of A in n-star
Search for ¢, H: Not observed in (i, K*)
Sugimura et aI PLB729 (2014) 39.
(3) K- nuclear bound uta, Suzuki

-> KbarN int. in matter | E15, E27 "
=> K condensation in n star? Qp @




New development of Research on
Neutron Stars
by X- and Gamma-Rays Observatory

T. Takahashi(JAXA), T. Tamagawa (RIKEN),
T. Dotani(JAXA), M.Tsujimoto(JAXA), S. Miyazaki (NAO)

Companion
NS star

Direct observation of Radius of N-Star by ASTRO-H (2015)

- Gravitational Redshift of narrow absorption lines
of heavy elements in the X-ray burst --- Sensitive to R/M of Neutron Star (NS)

SGD (Soft
Gamma-ray

SXI (X-ray CCD)
SXS (Micro Calorimeter)

HXI (Hard X-ray Imager)

Soft X-ray Spectrometer (SXS)
-- Micro Calorimeter Spectrometer
T. Takahashi et al., Proc. SPIE Int. Soc. Opt. Eng. 8443 (2012) 1Z



Expected Redshift Spectrum

X-ray Radiation
including absorption lines

Gravitational
Redshift

Neutron Star

Hot atmosphere

Model Spectrum
3 =l
>
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Tw o |
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9N
29t |
2° Blackbody
=k (NS Surface)
5, | isk :
o L
:’§ 1 2 | | 5 | 10
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Data —Fit(D+C+B)

Redshift
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Micro-calorimeter and Dewar

Slide by
T.Takahashi(JAXA)

Primary  Secondary
/

L1l

. -

A{E) = Aggr(E) * (E) * psf * .o, * a(E)

t = transmission of blocking filters

psf = x-ray image point spread function
famray = geOmetric filling factor of array
a = absorption efficiency of detector

X-ray Calorimeter Spectrometer

X-ray photon

Ay

TIME

TEMPERATURE

Thermometer

NASA/GSF(

4000 /
=
5 3000+ K-Ka
2 / Mn-Ke Fe-Ka
- / / Cu-Ka  Zn-Ka
@ 2000 s / g
[=
=
3]
(@]
X | Ti-K
1000 - Cll.‘ Ko Ij Kp y; p FQ-Kﬁ GaI-K|
',n" Cl-Kﬂ J M/n-Kl’i // Co-Kp W-lLu. Cu-Kp Zp-K[S
[ ’ / I 4
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3 5 6 7 8 9 10
Energy [keV]

(Takahashi et al., 2012, SPIE, 8443, 1)



Theoretical studies of neutron star and

nuclear matter (A.Ohnishi, K.
e Construction of NS matter EOS
Understanding NS phenomena

Hint for BBB force ?

AA scattering parameters

25 , |
- T a—
hia 3tudy(BPS+BBP) mmms
20k KMSI2(BPS+BRF) = e |
PSR J1614-2230
Eo L5 16
L 194 b
> 10 "
190 |
L
05 186 F . . .
I 105 110 115 120 125
T. Mlyatsmos#afmamw, +Nakazato,|
ApJ 777 (2013), 4. Radius ( .m)

Crust Oscillation and EOS
| Pygmy res.
s and Sym. E

o —

lh(Ll {J ” ﬂl I]W

MU ']|1"
- ‘itmhmayer & Watts (2006) ot socy 7
{11.1] '“‘ﬂﬂll a 5 i 15 X
T. Inakura, T.
H. Sotani, K.Nakazato, K. lida, K. Oyamatsu, PRCO1 (2 ,

Nakatsukasa, K. Yabana,
Mon. Not. Roy. Astron. Soc. 434 (2013), 2060  pRcay (2011) 021302 - Talk by K.Morita (Mar 4)
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ﬁjmmary
/"Neutron-rich Nuclei @/pernuclei/Hyperons\

 Neutron Skin Thickness
A (S=-1)

« Pygmy Dipole Resonance

« Giant Monopole Resonance =+, 25, 20(S=-1)

« Many-Body correlation B, 82,80 (S=-2)
(superfluidity, 3N) _

+ Nuclear Force Cold Fermi « Structure of Hypernuclei

* Nuclear Masses ﬁ Gas « Scattering of Hyperons

* Heavy lon Collisions EOS at very « Interactions of Hyperons

¢ Mean Field Theory / low dense limit /

 E— A
EOS of Asymmetric Nuclear Matter/ Hyperons

i ]

Bulk Property (Radius, Mass)
Neutron Star  superfluidity, Glitch
Composition, Quark/Strangeness Phase

\ Gravitational Wave y

Theories

4 )




Special Thanks to Colleagues in

Grant-in-aid for innovative area:
“Nuclear Matter in neutron Stars investigated by experiments
and astronomical observations”
H. Tamura (Tohoku U.)
T.Takahashi (KEK), T.Murakami(Kyoto U.),
T. Nakamura(Tokyo Tech), S.Horikoshi(Tokyo.U),
T. Takahashi(JAXA),A.Ohnishi(YITP)




Some Remarks

2 )2/3 10°
Ep = (3Jr 0
107"
[ =
A 5
74 W I =
r g // PONOR Ug=+30Mev
5 LI f NN U=-18Mev
> b NN T /
© | | 01\ /
N | I - j
— | ) ] i
m,-m_=175 MeV w0 A ]
I 1 |
n b I8 !
Y. L J U O T T T S
0.0 pO.S 0.6 0.9 1.2 1.5
0

Density (fm'a)

High-momentum n<|:nteraction? Low-momentum p, A ...

How such interactions with

300

1/3
del/p . ~8pg large asymmetry in
separation 2400 momenta are understood?

3p,>0.7d, 2 ool
8py>0.5d, R o, % 3 3-Body Forces?

. NNN,YNN,YYY in dense N

s ~3pg | matter?

100 | J
b QCD has an answer?

Separation (fm)



