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Crab Nebula |
SN1054 (e.g.. Meigetsu-ki, Teika Fujiwara)
| Crab pulsar. (PSR J0534+2200), dlscovered in 1968.

i TRy

Hubble space telescope



Pular position
http://simbad.u-strasbg.fr/simbad/sim-id ?Ident=Crab+Pulsar



Basic properties of neutron stars
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Masss M=(1-2)M_ (M~14M )
Radius: Skm <R <20 km (R ~10 km)

Supported by Nuclear Pressure
c.f. Electron pressure for white dwarts
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Neutron Star Structure

# Dense core + Thin Crust

A NMEUTROM STAR: SURFACE and INTERIOR

CORE:

Homagenaous
Mamer

ATMOSPHERE
EMYELOPE
GRUST
OUTER CORE
INMER CORE

Meuiron Juperfluid -
Froton Supercenduclor
Meuwlron YVorfex
Magraise F hix Tubc

- Mautron Vorkbes

Ny (im°)

107 |

core inner crust

outer

sphere crust

matter +neutron gas sphere
| | 1 L

uniform ?

10.0 10.2 10.4 10.6 10.8
r (km)

by Nakazato
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Observables I
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Neutron Star Observables: Mass (1)

# Please remember Kepler motion basics

@ major axis=a, eccentricity=e,

reduced mass=m, total mass=M v
1 . GM l 2 GM
Elm= v ) 2" all=¢)
L=mv,a(l+e)=mv,a(l—e)
2 GM 1—e diS 2
—V,= 1o , L=2m dt—m\/GMa(l e’)

=S/(dS/dt)=2 ta’V1—e*INGMa(1-e*) =2 a*"*INGM

C \?Qs
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Neutron Star Observables: Mass (2)

# Binary stars | /Observer

ViCED /

@ inclination angle =i
— Doppler shift is given

by the radial velocity ( fR$REE )
K=vsini

@ Mass function (observable)

(Mzsini)3: 47 (a,sini)’ p?

= e
K P(1-eY)" (K=vsini] center of mass
Bl 2nG B '/

@ Doppler shift,
— radial velocity
— orbit parameters

(pulsar) (companion)

- YWTP # Ohnishi @ Osaka U., 2014 10



Hulse-Taylor Pulsar (PSR 1913+16)

# Precisely (and firstly) measured neutron star binary

(1993 Nobel prize)

s Radial velocity — P, e,

TABLE 2

ELEMENTS OF THE OREIT

RADIAL WELOCITY (km s™)

fr:l = 190 -+ Skms
P, = 27908 £ 7 s
e= 0615+ 0.010
w= 179° + 1°
T = JD 2.442,321.433 + 0.002
aysint = 1.00 = 0.02 R,
flm) = 013 = 001 M~
TIYITP

=100 F

=200

=300

a sini — Mass function

HULSE AND TAYLOR

100

-05

FHASE

Hulse-Taylor ('75)

Ohnishi @ Osaka U., 2014 11



More on Hulse-Taylor Pulsar (PSR 1913+16)

8 General Relativistic Effects I AR REREE

@ Perihelion shift (;ZH REH)) .

| =T T 1 ] T 1

27 ¥ (GM )P
.3
» (P) (1—-e’)c

Companion Mass (M,)

= o

R

@ Einstein delay

- : ol 1 1 | I TR T I I T B '
AE o y Sln U 0 F‘:-l]sar‘ Mass ﬂ?[-"i ’
< 2  — I T
(#=-eccentric anomaly) _F | | E
T 0 H—r - i
eP,Gm,(m; + 2m,) ﬂ_g _ @ 1+ (’”1’“2 _9 GM :|2 :’é] 2 N

r= 2nctag M P; 4’ M? 2ag ¢ E “r i
> L |

: - GR test

@ Two observable s s | |
— Precise measurement of m and m.,. P A AR
m,=1442+0.003M ﬁ e

.ﬁ ?_&..--- T

m,=1.386+0.003 M _ SE LA
TS B0 Bo ]

Date

Taylor, Weisenberg ('89)
Ohnishi @ Osaka U., 2014 12
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Neutron Star Masses

# Many NSs have masses
~14M .

# Massive NS masses had large
error bars, and were

considered not to be conclusive
(before 2010).
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PEFEZEOFEERM

BEENAELYLHLL FAEHEKX
hiEFEITRK LD A1 TLAEL
— PEFEFE ~10-15km

— $BAIOH /X ~3x10km (= 10 kpc)
ETIVEILTCTHRETIVEDHY
Z_TlE X g\ —RX 43—
DIBEIZDOLTEAN

Nakazato, NS school 2013
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touch down M &
=0DRE T7p M
ITaRV R
ROEEDRE

Example from 4U 1636-536
Guver et al., ApJ 747 (2012) 47

=
f

Mormalization (RL_/D%, -

l

=
I

Flux (107 erg s em™)

KT, (keV)
I
Lth 3 th 3 LR

tc;uch down

4 6 8

1000F
800
eU0
400k
200

R2/D2§

2 4 b & 10 12 14

Time (s}

Nakazato, NS school 2013
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IT4bBRHEREF(3)
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.« Bl IE u&wﬁﬁfﬁzéa- o e
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Nakazato, NS school 2013



Structure & EOS I
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Neutron star — Is it made of neutrons ?

# Possibilities of various constituents in neutron star core

@ Strange Hadrons

de dec
e e " @
4 (58

u
proton A hyperon

@ Meson condensate (K, )

de o uG o
u S
T anti kaon

@ Quark matter

@ Quark pair condensate
(Color superconductor)

dee
2SC U

== \PQS
-1 YTP“ # Ohnishi @ Osaka U., 2014



TOV equation

# General Relativistic Hydrostatic Equation
= TOV(Tolman-Oppenheimer-Volkoff) equation

d_P:_G(E/cz+P/c2)(M—|—4Tr ¥ Plc?)
dr r’(1-2GM [rc?)

6?3241‘( r’elc®, P=P(g) (EOS)

@ Spherical and non-rotating. e T}

¥ G(e(n)/c?dr) M(r)/ r2
@ 3 Variables (g(r), P(r), M(r)), 3 /“é“ P(r)
3 Equations. ’“

dpP e(r)/cz Mr)

re

== \PQS
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M-R Relation and EOS

# Solving TOV eq.
starting from the “initial” condition, &(r=0) = g, = given
until the “boundary” condition P(r)=0 is satisfied.
— M and R are the functions of £(r=0) and functionals of EOS,

P=P@- v—m(e)[P(e)] . R=R(e)[P(e)]

— M-R curve and NS matter EOS : 1 to 1 correspondence

EOS \ Mass (M) \

Softening from h Softening

non—nucleonic

DOF TOV Eq.

E/A
"

Mass
observation

> >
. Radi R
\_ P, 2p, Densitv(po;)/ \_ MR reliiaius ( )/

- YWTP # Ohnishi @ Osaka U., 2014 28
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Nuclear Mass

8 Bethe-Weizsacker mass formula
Nuclear binding energy is roughly given by Liquid drop.
Nuclear size measurement — R =r, A3

7?2 (N —Z )‘? ép

Al/3 — Qa A T ap A

B(A, Z) =ayA — a A% — ac

Volume Surface Coulomb Symmetry Pairing

I 4 PcdnR D
AR TR a

# Ignore Coulomb, consider A — oo,
BlA=a,(p)—a,(p)d" , 8=(N-Z)/A4
a,~16MeV
a,~23MeV (a,(vol)~30MeV)

Coef. may depend on the number density p
— Nuclear Matter EOS

||
-l Y T P l\qos
e
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- THEORETICAL PHYSICS y 5K

Ohnishi @ Osaka U., 2014 29



Nuclear Matter EOS

# Energy per nucleon in nuclear matter
E<p’6):ESNM<p)+ESym(p)62 , 6:(N_Z)/A

s Saturation point (py, Eg) | DY

po ~ 0.15 fm-3
Ey)=—a, ~—16 MeV Pure Neutron

Matter

(nuclear radius and mass)

s Symmetry energy S(p) / - p
S(p)= Epnm(p) — Esnm(p)
- E(P, 6=1) — E(pa 6=0)
S() = S(p()) ~30 MeV
(mass formula)

Sym. Nucl.
Matter

(p() ’ EO)

Nuclear Matter EOS can be, in principle, determined
by terrestrial (laboratory) nuclear physics experiments !

Ohnishi @ Osaka U., 2014 30



Nuclear Matter EOS

# Additional two important
parameters: K and L

8 Pressure is given \E/A Neutron
by the derivative of E via p

P=p>*(0Eldp)

. L ym.
At p,, L determines P Matter

P=p,L/3(at p=p,) >

Py

ElA(p,d)=e(p)+E,,(p)d"+0(3")
Symmetric Nuclear Matter

_ K(p—p0)2 3
e(p)=¢(po)+ > —+0((p—py))
18,
Symmetry Energy (6=(N—Z)/A=1—2Yp)
L(p—po)  Kym(P—po)
E =S,+ + —=
sym(p) 0 3p0 18p3

+0((p—p,)°)

K
(p,, E/A(p))

|
== Y TP |\qos
"= m YUKAWA INSTITUTE FOR

THEORETICAL PHYSICS
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Neutron Star Matter EOS

# What happens in low-density uniform neutron star matter ?

@ Constituents = proton, neutron and electron

@ Charge neutrality — # of electons= # of protons (p.=p,=p(1- 0)/2)
ENSM(p):ENM(p’ 6)+Ee(pe:pp>

= Equu(p)+S(0)0"+ 2000 +2 7k (1)
E )

(electron mass neglected,
neutron-proton mass diff. incl. Pure Neutron

k.= Fermi wave num. in Sym. N.M.) Matter Unif. NS

ytter

>~ P
Sym. Nucl.
Matter

@ 0 is optimized to minimize
energy per nucleon

ENSM<p)SENM<p’6:1>:EPNM<p)

C - \?Qs
- Y TP # Ohnishi @ Osaka U., 2014 32
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High Density Neutron Star Matter

# Hadrons other than nucleons can admix at high densities.

@ Proposed constituents =N, e, p, 7, Y, K, q, qq

@ Conserved charge = Elec. Charge & Baryon number

ENSM(p>_EHM(pn’pp’ PAs - )+Ee(pe)+EM<pu)

O=p,=2. 0, , Po= ZQp,

I€EB
B MB Q Me

Negative charged baryons are
favored.

@ Each particle fraction is
determined to minimize
Energy per Baryon
— Softening of NS matter EOS

300

SCL3

SCL3A -—-—
TO11-NP

| NPASUQ)) ------
NPAR =0.8) ------

R= g(DA/g(DN -’.'."

NS matter EOS

0 0.2 0.4 0.6 0.8

PB (fm-s)

1
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Common Understanding of Neutron Star Matter (<2010)

s Neutron star crust (p <p, /2 ~10" g/cc, 1-1.5 km)

@ Made of nuclei, free nucleons and electrons.
We may have pasta nuclei in the inner crust.

s Outer core (p/2<p<2p)

@ Made of nucleons and leptons. Nucleons are in superfluid.

3
s Inner core (p>2p ) ,s 1 1 mD
@ Constituents are unknown. ~ 2y T AT
A R Hyperons
@ Many calculations suggest Z 1.5 e
hyperon admixture ‘I |
tarti = (2-4) ; ™1 ---
arting at p = (2- 2
S gat p=( Py > Z o5 EOSY(SM) _
and EOS is softened. EOSY —
o U | EOSYT[ .......
@ K or quarks may appear 10 105 1016
at p~> 3 pO . Central Density (g/cc)
_ Ishizuka et al. (2008)
- YWTP _ # Ohnishi @ Osaka U., 2014 34
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Neutron Star Masses

# Many NSs have masses
~14M .

# Massive NS masses had large

error bars, and were

considered not to be conclusive

(before 2010).

# Discovery of massive neutron

star, M=1.97M _.

e 20 &prj SO0 2
urIIIIIIIIIIIIIIII|EI_L._|_I_|III
0

y I =
j | ——
P —— | H
1 T
i—3 B e
Tiabha T el ?:—mr}rfﬂptrml
.P-I' 3 |_r-_| i: bina
: I =
':IF . I bk sido= r\-lhur -
1S S w ey
orp. -+
cmp. e —
o fpimp. = i-:
CATI . '* 1 —]
L. :I double
.n' o, 1'&1 s—Tayler Wirary NEULTON star
[x) 'y binaries
- U, r. in WS
T . ' double pusar
1. o p I‘: I
i F' = ™ b oe o4
i |_'F_|| I i
Y |_-_|:u i eaa
e
—— |
I—-—I-| i
! .i
]:. lin Tdr 5™
L? I H-I -..-_F g white dwarf—
Bl :I-H%r- T TET pedtron star
&) P ein hoo ez binaries

Thisisit! —

main s&

1k ' . ”"F_.
T T .”F“."”F".q Eipaiss)

' 0 i 5 2.0 2.5 3.0
Meutron star mass (Mg
Lattimer (2013)
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Neutron Stars Puzzles I
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Massive Neutron Star “Shock” (2010)

# Big news in 2010 autumn
— A neutron star is found to have the mass of 1.97 £ 0.04 M _”

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).

@ Based on “Kkinetic” observable

— Photon from the pulsar passes near the companion white dwarf,
and Shapiro dpl‘%v ((IR aoffoct) wace cleoarlv nhearved

20r N\ N
N’ N
f__#i... / _\\\i"“
i - b ». - ;  §F
\>7 ! — J

signature. We calculate the pulsar mass to be (1.97 %= 0.04)M o, which
rules out almost all currently proposed?® hyperon or boson con-
densate equations of state (Mg, solar mass). Quark matter can sup-
port a star this massive only if the quarks are strongly interacting and
are therefore not ‘free’ quarks'’.

- YR Ohnishi @ Osaka U., 2014 37




1.97+£0.04 M o Neutron Star

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).

< MSO
2.5 AP3 MPA1 i
Y ENG .
AP4 MS2 EOS with
2.0 LR hyperons
SQM3
J1903+0327 FSU - or Kaons
S 4 gloeosra '~ PAL6  GM3f—— 1
0 GS1———f—
o Uouble rneutron star gistems ————-____ 4
E o B —_—
1.0F > 3
0.5F -
ol . . . . . . Quark matter
7 8 9 10 11 12 13 14 15 E
Radius (km) OS

|
- \ \Was
| = \
1'- - YUKAWA INSTITUTE FOR : y
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oto 454
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Compact Neutron Star “Shock” (2013)

8 Compact NS “Puzzle”
Guillot et al. (2013); Lattimer, Steiner (2013). , o B

@ Markov-Chain MC fit of X-ray spectrum
Baysian analysis

from quiescent Low Mass X-ray Binaries
(qLMXB)
@ Guillot+ (2013) results A i N
R — 9.1 +1.3 km R (km]
NS - 14 Lattimer, Steiner (2013).

— Most of proposed EOSs are ruled out.
WFF: Wiringa, Fiks, Fabrocini (1988 |

2.0

-----

Mys (M)

1.5}

1.0}

5 R
0 14

12 16

Rxs (km)

Guillot et al. (2013)
Ohnishi @ Osaka U., 2014 39
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Guillot et al. (2013)

& Assumptions rt&i;i;;;z
d 0.01 el T “"1"_=! e
@ H atmosphere neutron stars. R "*”ﬁ el 4
8 o« : ‘ =
@ Low B-field (<10" G) neutron stars. | g
el X 2 /dof = 0. 98/628(pr:)b;. = 0.64
@ Emitting isotropically. * Hillil T =

WFF1

3 S 10 14 16
m m QQS RNS (k:l]l)
= Y TI? L., Ohnishi @ Osaka U., 2014 40




- th

NS’

Ozel et al. 2009
# Photospheric radius expansion (PRE) burst (EXO 1745-248)

black-body radiation

» (M, R)=(1.4 M_, 11 km) or (1.7 M _, 9 km)

25 |-

1.5 -

Mass (M,)

Redshift

Eddington T

Limit

10
Radius (km)

15

20

0 5 10 15 20
Radius (km)

Ozel et al. 2009, ApJ, 693, 1775
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But the game is not over...

# Ozel et al,, PRE bursts z | =z 2.5
R =9.74 £ 0.50 km.

# Suleimanov et al.,
long PRE bursts 2
R,,>13.9 km

# Guillot et al. (2013),
the same radius for all NS,
self NH
R =9.1+1.3-1.5 km.

# Lattimer & Steiner (2013),
TOV, crust EOS, causality,

maximum mass > 2M,
z =1z, alt NH.
ph

o

1.5

M (M

8 Lattimer & Lim (2013), -

nuclear experiments R |1’?' . 14. . Illﬁl | IIS
29 MeV < Sv <33 MeV, R(]-.'-J]l}
40 MeV <L <65 MeV,

R, =120+ 14 km. ‘ R still depends on the analysis I
\PQS

- Y TP Ohnishi @ Osaka U., 2014 ~ 42
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Massive and Compact Neutron Star Puzzles

8 Puzzle 1:
Massive (~2 M ) NS cannot be supported by “standard” EOS

with hyperons or kaons, while theoretical model calculations
based on laboratory hypernuclear physics experiments predict
hyperon appearance.

— Something is wrong !

8 Puzzle 2:
X-ray spectra from qLMXB may imply neutron star masses
around 9 km, while most of theoretical model calculations based
on laboratory normal and neutron-rich nuclear physics
experiments predict neutron star radius above 11 km.
— Something is wrong !

We need studies of neutron star matter EOS cooperated by
Strangeness Nuclear Physics, Neutron-rich Nuclear Physics,
Astronomical Observations, and Theories.

|
== Y TP |\qos
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" YUKAWA INSTITUTE FOR
- THEORETICAL PHYSICS .
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Grant-in-Aid Study on Neutron Star Matter

High p (Group A)

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

(Heavy-ion collisions)

Hyperons, mesons, quarks

Asym. nuclear matter
+elec.+p

Nuclei+neutron gas+elec.
Nuclei + elec.

Low p (Group B

Sym. E, Pairing gap,
S Obs. (Group C BEC-BEC cross over,
Cold atom, Unitary gas

Radius, Mass,

Temp. (Cooling),
Star quake, Pasta

| Theory (Group D)

aolodd DR o o4 o

- - ?QS i S = S M
- Y TP Ohnishi @ OSaka U 2014
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Groups and research subjects

exist

n
P 10

]
[ ] —_—

EHyp&rﬂns_J -
. 3

ef pg

1| Group A

2

K

ihlmﬂst myy'

: neutron

1

0.5

a Group B

: \

D01 Theoretical studies on n-star matter | A.Onishi (Kyoto) H GHOMNRE) fuisimessnssyiasa!

Baryon density

o(r)

1.85 Mo

R
s

AD2 Strangeness in n-rich matter

= — b
i‘ — BO02 Properties of medium/low

-

A01 Interactions of multi-strangeness systems

T. Takahashi (KEK)

H.Tamura{Tohoku)

- : e ™)
m-@‘ /801 EQOS of high density n-rich

matter T.Murakami (Kyoto)

density n-rich matter
T.Nakamura (TIT)

B0O3 EOS of thin n-matter fro
h. sx=C0ld atoms

1

~~h. 1' S.Horikoshi (U.Tokyo) |/

F8& [km]

1L \I
CO01 n-star observation using X—rays
and y-rays T. Takahashi(JAXA)

Group
c




By Tadayuki Takahashi (C1)

6. ASTRO-H Features --- High Resolution Spectroscopy ---

GRO J1655-40
The superior resolution of SXS in the Fe K band

enables the unambiguous detection of weak and o
narrow lines from a wind.
Chandra ~ ASTRO-H (50ks)

|||||||||||||||||||

Same Model Parameters with the Chandra result |

i

—

' Lines are saturated

" but not black due
S | to scattering,
i resolution.

Running out of 5/N

normalized countssackal

- | PO | PR gl
3] ) A g 10 q =] =] F) A 9 10
Enargy (keV) Energy (keV)

(Simulation by J. Miller) ASTRO-H SXS can handle 250 ctsfsm

.01
gL




Summary of Lecture 1

# Neutron Stars are
@ giant neutron-rich nuclei,
@ may have exotic constituents,
@ and have provided evidence of GR.

# We are in a stage where nuclear physics and astrophysics have to
discuss seriously to understand neutron star matter EOS.

|
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Thank you !

|
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