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HIEFEDFEL K
s HE: KEBEEEM ) D12 (KRMICIEM~14M))
s & Skm<R<20km (£FMIZIE R~ 11 km)
s PHEFEDOFEE = (2-7) x 10" g/ cm? (M~1.4 M_, R=10-15 km)

s [RFROZFBE ~2.5%x1014g/cm3
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Crab Nebula
SN1054 (e.g. Melgetsu-rkl, Teika Fujiwara)
Crab pulsar. (PSR .I9534+2200), dlscovered in 1968.
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Hubble space telescope



Pular position
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s SEE-KBEED(A-2)E - M=12)M_ M~14M)

s FFE=5km<R<20km (R~11km)
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HEFEDHELERT

Fe core Collapse ) Core Bounce

pe~10%° giem?® ~3x101 glem?

T ~1 MeV T ~10 MeV

Y ~0.46 Y ~03

E_
Shoc Merger
1000 km fvave pe ~10'S g/em?
r v v T ~ (30-40) MeV
V-Irapping  ra.a. /

Explosion Ye~0.1
.. /" p~6x10M glem?
7 T,~10 MeV

S
AR

J-_:_‘]_I_':.lz gfﬂ[[lﬂ
T ~2 MeV

T‘T
\ Black Hole
- pc ~ 10" g/cm3
T ~(70-90) MeV By Sumiyoshi
—Ye ~ (0.1-0.3)
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FREFEDR (1)
s PHEFES>THRFEINSTETLDIATTN?
— L, DBNAHRFHEE>TVET,
s PHFERE: BEONE - BLEEORTFHEET
s FIEFEDHR (IFRE)
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HhE-FEDRE (2)

s AEF 237 (outer core)

o RFZEED 1-2 57EE : RFEMSBMTT, —HRTMEA~
— PEF-BEF-TF (BT -BFEFETFD 10% 2E)

s EFEIDHER (inner core)
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BT - FEBRENLEGFE
s HE - FZH# M-R curve) &

PEFEMEREBAEXE _— P(r+d)
1 %% 1 535t G (e(r)/c2dr ) M(r)/ r2
s FRKEFMH
CEAELBAOHYBL
° EAENLDS
=S (P(r+dr)-P(r)) ~ S dr dP/dr SIinees Y
e EH=-SdrGs@)/c2M(r)/ r? Nun_ﬁgla g—P = ifi e(r)/c2 M(r)
' r re
s TOV 51X

= — AR R R K T4
(Tolman-Oppenheimer-Volkoff equation)

dP (e/c*+Plc*)(M+4nr Plc?)
—=—G 2 2
dr r (1-2GM /rc”)
Zﬂ:mrze/cz, P=P(¢e) (EOS)
r
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Neutron Star Structure

# Dense core + Thin Crust

T T T |
A NEUTRON STAR: SURFACE and INTERIOR 10° s _
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Hyperon Puzzle

2.5

2.0

Mass (M)

1.0

0.5

0.0

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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s GW170817 00 5 e
N LIGO-Livingston
B. P. Abbott et al. (LIGO and Virgo)

PRL 119, 161101 (2017)
o BEM M=274% M,

s ThEZENDHEE 1.17-1.60 M 30 20 10 ﬂ

Time (seconds)
— HEPHEFEESHK
(Binary Neutron Star Merger)

@ Gamma Ray Burst (GRB170717A) A% @

1.7s $#IzE3, @
— GRB DER (ND—2) HE

@ inspiral (R R ISIEDVTUOERRE) [THITHIRBIBELEZHA
— i FEFEEFIR

* SN -VEDEEM P HEFEDRXKEEZHIR

M. Shibata et al., 1710.07579
M__=(2.15-2.25) M,

Frequency (Hz)
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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

Vn

E 1, GM 1 GM
— = -V — = — v —
m 2 a(l+e) 2 a(l —e)
L =mvsa(l +e) =muya(l —e)

GM1—e dsS

2

—Up = — 1—|—e’L_2mE_m\/GMa(1_€2)
%P:%W:%m%/l—@/\/GMa(l—eQ)
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Neutron Star Observables: Mass (2)
s Binary stars = Observer
; O

@ inclination angle =i

@ Doppler shift (Pulse timing change) is

given by the radial velocity ( fR&EE )
K=vsini

@ Radial velocity — orbit parameters

@ Mass function (observable)

(Mzsini)3: 4:r|:2(azlsini)3 p?

/

M? G
B K3P<1—€2>3/2
B 2nG

(K=vsini, M=M + M,)
@ and GR effects ...

2
(pulsar) (companion)

e PR RLLENSE Y A. Ohnishi @ JEFZERER A 20




Hulse-Taylor Pulsar (PSR 1913+16)

# Precisely (and firstly) measured neutron star binary
(1993 Nobel prize to Hulse & Taylor)

# Radial velocity — P, e, K —Mass function

TABLE 2

ELEMENTS OF THE JREBIT

K= 100 4+ 5 km st
Py= 27908 + 7s
e = 0.615 £ 0.010
w = 179° + 1°
T = JD 2,442,321.433 + 0.002
2y sini = 1.00 = 0.02 R,
fim) = 0,13 + 0.01 M

1993 Nobel Prize

RADIAL VELOCITY (km s™)

HULSE AND TAYLOR

100 ————————————————————
"-.1_ / \
| -
'-. ~.
-100F } b
"i ’f b
o :
-200f | 2
b 1
¥ )
-300F i.} i;
-D.SI C]J 'DI.E 1.O

FPHASE

Hulse-Taylor ('75)

27 YETP oo

YITP Kyoto 3033
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More on Hulse-Taylor Pulsar (PSR 1913+16)

# General Relativistic Effects IR SRR RERE
@ Perihelion shift (;Z B RBH)) 2 [ Juo
m e — 23
5/3 R ez
5 2\ ¥/ (GM)?/3 = [
W = gk -
P (1 —e?)c? iy ]
@ Einstein delay 7 ]
e 1 iy A B [ v b a0 _
AE o /y S U 0 F‘Ellsar‘ Mass H?U °
(u = eccentric anomaly) 2
P,Gmym, +2m,) a4 GM mym, | GM | G
- R )me] )
@ Two observable 2 L
— Precise measurement of m. and m.. : p— —
my =1.442 + 0.003M ,A s
R Ea T '_
mi =1.386 & 0.00SM@ SELL o

Taylor, Weisenberg ('89)
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Massive Neutron Star

s General Relativity Effects on Time Delay

@ Einstein delay : varying grav. red shift

@ Shapiro delay : companion's grav. field
# A massive neutron star (J1614-2230)

@ M=1.97+0.04 M is obtained using the Shapiro delay
Demorest et al. (2010)

TR a4

r | o,
Ag = —2m llu— + In (1 — sin i sin @)
a

Demorest et al., Nature 467 (2010) 1081.
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Neutron Star Masses

peaqred S0 &prj 2002

# NS masses in NS binaries can be iy - RN HE b
GENT

: : Dy vem L
measured precisely by using some &&= il
Her %0 (B, —e——H |  X—rdy/Optical
of GR effects. U o e
="r' '?F ’ : : gha:h -|dl:-'- r\-lhur .
@ Perihelion shift+Einstein delay  Tiaigs f} = —
— M=1.442 +0.003 M _ E ]: r -'"i :
(Hulse-Taylor pulsar) T e N double
. 31FI3T 16 Hihop, } gFtse—Tayior binery E}Eﬂngrrﬁg star
Taylor, Weisenberg ('89) 111, A s
i = 1,}\:; ) ; : double pulsar
@ Shapiro delay :E* G _HH s ssas
— M=1.97+0.04 M it N
Demorest et al. ('10) 3 %f; EJ '—:—:r' P .
TS ) TS ite dwarf—
@ Another obs.: M =2.01+0.04 M _ ﬁ 2, 4; e Ll’;'u;{‘fl‘i' B
. . , ;I.:L i |—|—|.-|I ! NGC 1851 _
Antoniadis et al. ('13) E.:.E h St el e’ —e—
0 A N e =
Neutron Star Mass *I i Ee==a—
=(1-2) M, RN T e U P

o 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Cdl’lOnlCdl Value — 1.4 MQ Meutron star mass {Mg)
Lattimer (2013)
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Neutron Star Radius

s How can we measure 10 km radius of a star
with 10-100 thousands light year distance from us ?

@ Size of galaxy ~ 3 x 104 km (~ 10 kpc ~ 3 x 104 light year)
— Model analysis is necessary !
# X-ray burster

@ Mass accretion from companion occasionally induces explosive
hydrogen / helium burning.

@ High temperature — NS becomes bright !

@ Three methods to measure NS radius

A v\\/\ A A
7 < <
QO w@j}wﬁﬁw 10
n <2 by @2 v -

vV 3

Ignition Touch

down Nakazato
| NASA-Dana Berry v

A. Ohnishi @ JRFHEEREH A 25




NS Radius Measurement (1)

a Surface emiSSiOH COllIltS _-“1-—E.ﬁ?dilff_ﬁutmns,tarﬁ |

@ Stefan-Boltzmann law is assumed
— NS radius is obtained
from Flux, Temperature,
and Distance measurement.

normalized counts s-' keV-1

. a-} X3 /dof = 0. 98/628 = 0.64) \
L=drRyossT", F =~ fﬂT.ﬁL =
R FD? | 2GM -1z L . _H : °
A= ospT* (  Re? ) Aoray Energ)(’?uillot et al. (2013)
L 1 Distance D :
-
@ Total luminosity

L=4nR, 20 T4 Observed flux (F)

W YITP. A. Ohnishi @ [EFEERBHA 26




NS Radius Measurement (2)

radiation pressure = gravity

Iy
-

v

A

s Eddington Limit A L S A
S
@ Eddington Limit LQA[> Lo S 5 Zgz\z 5 ‘Q\
4 v

ArrlogpT?

drric

GM
p— -NN.mN

r2
2GMC?’T1N NN
JTJSBT4 Ne

@ Eddington limit is assumed

Ne 'O-T

2 _
— R =

to be achieved at “touch down”.

@ Electron-nucleon ratio
N /N =(1+X)/2
(X=1 for hydrogen atmosphere
X=0 for light elements)

Mormalization (R} /D7, .0

]
Vi

-

=
TTTJTTT[TTTI]TTT

Flux (10* erg 5" em

i TTD o .T.

0.5E .
0 2 4 6 a 10 12 14

touch down

1000F
800
600
400
200

—

14

Time: (=)

Guver et al., ApJ 747 (2012) 47

1 'Y'TP-«\"“*
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NS Radius Measurement (3)

s Red Shift

@ Neutron Star surface is expected to contain Irons.

@ Absorption lines should be red shifted.
— Almost direct observation of M/R.

2GM
Eobs — Lugurf 1 —

Rc?

, ASTRO-H (50ks) _
@ ASTRO-H will measure s T e i e
Iron absorption line from NS, | |
and determine M/R
with 1 % accuracy !

@ But Hitomi (ASTRO-H) stopped its
operation ....

10

..............

/
Energy (keV)

ASTRO-H simulation

L YITP ceosl A. Ohnishi @ [EFEERBIHA 28




NICER

# Neutron Star Interior Composition ExploreR (NICER)
s ERFHEAT—avIic@BiEshEFEH AR

s hot spot DEIEEH L, HEEFFEZREFICTRE

s 2017 EICEHAIBALE. 2019 FHMEBICT—IRRFE

MM Newton

it 1l oy al? re s Wil b i o gl

000 ﬁ

Mass (M o)

FCWIN TR S and e Dending

Faelarwe fiun

é— I I'III'.II I I'IIII I I'Il-il I I'I-l'.i
Neutron star radius (km) MEZIGE,

2 YITP o228 A. Ohnishi @ JR-FEEBERA 29
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Neutron Star Radius

# Do three methods give consistent (M, R) ?

@ Surface emission & Eddington limit have
large error bars from Distance & Composition

Counts (™" keV=1)

25

uncertainty.
@ Red shift of discrete lines have not been
observed unambiguously.
- ll}ﬂLhUL’\i . ML '4_",1" - i
Fra = 0605 o
, f=14 # 8 Tutl s
RN LA R . - - e v
E‘ifdington R h 7 .
N ed Shi_i‘t : ; Zﬁl# ‘\ b 0.47 \\
ij 1.5:— fidn(:?gton_' | :?flg-hur(:.lws
k! T < :” t""'u“'-i ey
os b urface ; P _
/Emission | | [ »
OO 5 10 15 20 10
Radius (km) 4 U 1 724—307 Suletmanov et al.,

ApJ742('11),122

10%F . I W,
: =

(2) 8-16s

10 k- H'I'ﬂ}!'
E M ",
| g*** |

+-i

(]
L=}
L

{3} 16-24 s.}

f?m-

I++‘

('1]'24 38 s

JrJr ﬂﬂJ:

lll}":- -1‘ I

1 1U

E obs.

Waki et al.,
PASJ36('84)819

YITP Kyoto 3033
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Compact NS puzzle

# Some analyses suggest smaller Guillot et al. (2013)
Rngs than nucl. phys. predictions.

# Some make objections.
Suleimanov+, R , > 13.9 km

Lattimer+, R , =12 +1.4 km

3.0 4U1608-52 I I 7
EX01745-248
4U1820-30 F. Ozel, ('13).
sl KS1731-260 _
'5 SAXJ1748.9-2100
GS1826-24 MPA1
i —/.I— 5214; in NGC6397 AP4 i : ’
= 2.0[7 _ . neezeos L B8 os
S N Cen s \‘x
S - 07
) B .
— 13 ]
g = [ 0.5
1.0 = = [ 0.4
1_ —]
! 03
0.5 - 02
SQM1 0.5 & — 01
= + | I I - _I L1l I L1l I L1l I L1l II Ll -T'|1'1—|| .------ 1
0.0 o o ) T TR TR W R E S VR G -
R °
> 5 ““T,attlmer, Steiner (2014).

Radius (k — -
V““%"i:l,":i'."yi'.i.:é’s” JM adlus ( m) A' OhnlShl @ ﬁ ¥&gﬁﬁﬁ A 31




EEFHEFESH

s GW170817 00 5 e
N LIGO-Livingston
B. P. Abbott et al. (LIGO and Virgo)

PRL 119, 161101 (2017)
o BEM M=274% M,

s ThEZENDHEE 1.17-1.60 M 30 20 10 ﬂ

Time (seconds)
— HEPHEFEESHK
(Binary Neutron Star Merger)

@ Gamma Ray Burst (GRB170717A) A% @

1.7s $#IzE3, @
— GRB DER (ND—2) HE

@ inspiral (R R ISEDVTUVERRE) [TH T 5B BELZHA
— i FEFEEFIR

* SN -VEDEEM P HEFEDRXKEEZHIR

M. Shibata et al., 1710.07579
M__=(2.15-2.25) M,

Frequency (Hz)
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Gravitational Wave in the Inspiral Phase
s ENRDERH
@ Inspiral, merger, post-merger (hypermassive neutron star)
s Inspiral phase TODE R DK

o BERMSDENRICKHRT, (HENED
— Tidal Deformation (I ZER ) R

0.2 F
0.15 k
0.1 |
0.05
O Fti b}
-0.05 | |} |

-0.1 ; B EE
~0.15 | I
0.2 | . : H -
5 10 15 20 25 30

t (ms)

Late inspiral merger
> 4

| pﬂsgitnérger

wave strain

Hotokezaka
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Tidal Deformability ( B;9 ZFE)

s Tidal deformability A ( FERITIE A)
=83 A Eij [CHTIER Qij DE_YPTS

A A

C = GM/c*R (Compactness)

Inspiral phase TOREDEAIE 1o
tidal deformability [Z&KD>T 1200

[FXRFES, g 1, i
s KEEFE (FELVEOS) : :
— EBLPTL > KEGA : :

200 =

T.Hinderer, B.D.Lackey, R.N.Lang, J.S.Read,
PRDS81 ('10)123016
(A) B.D Lackey L.Wade PRC91('15)043002 FIG.2. The A values for stars with M = 1.4 M, as functions of

the corresponding radius. The color coding follows Fig. 1, while

(R-A) E.Annala+, PRL120('18)172703 the orange dashed line A = 2.88 x 107%(R/km)’> has been

included just to guide the eye.
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https://inspirehep.net/record/837252
http://inspirehep.net/record/1325537
http://inspirehep.net/record/1634819

Tidal deformability DEFE 5%

s TOVAREREEDBICROMD FIEERZHEE.
Love number k, 3R 85,

d
Z( } +}(r]F(T}+rEQ( ]
Fory="_ 4r3[E(r) — P(r)]
)= r—2Mir)
e (56 +9P )+ ﬂfﬂ;:ﬂﬁ; B ;ﬁ:?) 4[ M(r) +4nr3P(r]]z
Q(r) = r—2M(r) =2/

8
kp = (1 - 2CYC3[2C(vg — 1) — y5 + z]lzc'(4(yz +1)C* + (6y2 — 4)C* + (26 — 22y,)C* + 3(5y, — 8)C — 3y, +6)

1 -1
—3(1 - 20*2C(y2 — 1) — y2 +3}1°E(1 — zc)] ’

s Love number k, i ok A DBERITIERERN A= el

3C°

T.Hinderer, B.D.Lackey, R.N.Lang, J.S.Read,PRDS81 ('10)123016

B &5t E G £l B.Kumar, S.K.Biswal, S.K.Patra, PRC95('17)015801 25545 Y 459
e LALLENE S A. Ohnishi @ EFEEBRA 35



https://inspirehep.net/record/837252
http://inspirehep.net/record/1488410

Time dependence of Neutron Star Radius (R, )

16 +
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<
-

=~

—
)

[—
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I ——— S NS (X-ray bursts) |
2M(10] 2 GW170817
LE: Nucl.Phys. based
E ~ e :
2 -+ iy
; gl
IR
& o IS = =
§ ::E .:]: L i
i E
o E l
© GW-BNSM('17)

2008 2010 2012 2014 2016 2018 2020

year
LIGO: R=(10.5-13.3) km
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Neutron Star Density

R(atom)
~10"'" m

. R(Sun)
~ ~700,000 km

R(NS)~ 10 km .

R(nuclei
M(NS)~1.4 Mg ~(1 0-14 nz
Very High Density !

m_p(NS) ~(2-7) x 10" g/ cm’ ~ (1-3) my py

TN =y5 L\PQS
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Neutron Stars are supported by Nuclear Force !

s Average density of NS ~ (1-3) p,, Max. density ~ (3-10) p,

— Supported by Nuclear Force
c.f. White Dwarts are supported by electron pressure.

# Nuclear Force

@ Long-range part: @ exchange
Yukawa (1935)

@ Medium-range attraction:

2 m exchange, ¢ exchange, ....
Nambu, Jona-Lasinio (1961)

@ Short-range repulsion:
Vector meson exchange,
Pauli blocking btw. quarks

Gluon exchange .
Neudatchin, Smirnov, Tamagaki; === 1 NN

Oka, Yazaki; Aoki, Hatsuda, Ishii NN NN
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Lec. 1 DFEELYD : AEFEHETHBIPED LAY

s SEREVEOIREAER
* BFLUNDERERENMELIRELCYMEDEERE
o BFLSNDNFOVUKREELTLNEHI?
° BEETO QCD HERITEC->TVSH?

s PAYAREVIEXRHMBDIREBAER

o MPMPIRILF—=rhiE FYHEEAFPEDOIRILTF—E
- FBEZEERE R AERES !

°* BREEEAHASFEEBTON)AVBERB—-PEFE )5HBERE
BHBRFTCUIEaL—ENB 12451 —K[ A HIXIFEIR
4 :JI\OFEUDE{*% B

° AElDMEEIXRAER
—HE-FEF-RE -BETEDAEICLSBPAZRFD !

o HEPHFERKIIFELENKIR - TTHRSE AL site
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