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Mass & Radius Measurements
of Neutron Stars
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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 :lvz_ GM
2T a(l+e) 2" a(l—e)
V,a (1+e) my a(l—e)
->v§ GM 1=e |2 m95 = m\GMa(1-¢)

a l+e’ dt

:S/(dS/dt)ZZﬂ:az\/l—ez/\/GMa(l—ez)=2na3/2/\/GM
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Neutron Star Observables: Mass (2)
# Binary stars am Observer
i O

@ inclination angle =i

@ Doppler shift (Pulse timing change) is
given by the radial velocity ( fR$REEE )
K=vsini

@ Radial velocity — orbit parameters

@ Mass function (observable)

7 (Mzsini)3: 471:2(azlsini)3 p?

M? G
B K3P(1_ez>3/2
B 2nG

(K=vsini, M=M + M,)

2
(pulsar) (companion)

@ and GR effects ...

==VE \eas
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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 OrREIT

HULSE AND TAYLOR

100 —————————T———

" o
10 £ ‘1\1 \ |
1.433 + 0.002 - 1 1
2 K- E -100F \ | b
1 Mo & b .
- > o :
2 o00k b 1
% 200 i | 1,
. ¥ )
-300F i;} i:
-05 T I- C]J - 'DI.E . II | 1.0
FPHASE
1993 Nobel Prize Hulse-Taylor ('75)
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More on Hulse-Taylor Pulsar (PSR 1913+16)

8 General Relativistic Effects
@ Perihelion shift (;ZH RBH))

2x VP (GM )™
1
» (P) (1—-e’)c

@ Einstein delay
A,=ysinu
(#=eccentric anomaly)

EPmez(ml + zmz] ﬂg GM [1 (m1m2 9) GM ]2
y = P2 + -

EHCIHRM Pg' - 4n* M? 2-1'.'1“ c?

@ Two observable
— Precise measurement of m, and m,.

m,=1.442+0.003 M __
m,=1.386+0.003M

Companion Mass (M,)

3

Orbital Phase Shift (s)

Residual (s)

| =T T 1 ] T 1

= o

R

L1 1 1 | | [ N ﬁ] 1

0 1 2 d
Pulsar Mass (M.}
2  — | L —
[ [ I 1
0 & — -
_2 —
_4 — —
_ﬁ —
I GR test
10 IR A [ T
5 _| 1 1 T | ] T 1 1 | | I _Ii_
0 i—I!___ _.‘l- -?f{'—%i—;;:;:i rmeed
-5 e e | [
TS a0 BS ]

Date

Taylor, Weisenberg ('89)

/|
= = \PQS
- )\
] !
m"= m m  YUKAWA INSTITUTE FOR
Fal=i | THEORETICAL PHYSICS YITE Kyoto 30
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Massive Neutron Star

# General Relativity Effects on Time Delay

@ Einstein delay : varying grav. red shift
@ Shapiro delay : companion's grayv. field
8 A massive neutron star (J1614-2230)

@ M=1.97+0.04 M _ is obtained using the Shapiro delay

Demorest et al. (2010)
() N
N’ \_/
B \i _
|'/ \\i T i
7 i

r , .
Ag = —2m llu— + In (1 — sini sin @)
a

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

Ohnishi @ Hokkaido U., 2016 33



Neutron Star Masses

# NS masses in NS binaries can be

measured precisely by using some
of GR effects.

@ Perihelion shift+Einstein delay
— M=1.442+£0.003 M _

(Hulse-Taylor pulsar)
Taylor, Weisenberg ('89)

@ Shapiro delay
— M=197+0.04 M_
Demorest et al. ('10)
@ Another obs.: M =2.01+0.04 M

Antoniadis et al. ('13)

Neutron Star Mass
=(1-2) M_

Canonical value = 1.4 M .

0.0
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H81-1 P e T
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-.J: + doimp 5-:
toimip Py —
VELY ) double
1 1 L
151 i:é , !1ﬁn.ln—Tu;d|.-r Lirary E?EU’(FPH star
Tk ix El in WIS INATrEs
- v | double pusar
Ji2esese Lo I‘:I
SR ! N i b oo sna
JIGTa+ ) l_'F_||—-—||-—|!
P Er’ |_-_|:u MGC 535
ﬁﬁ-%iﬂ |
WTE Y +1857 —e—p |
0
B 45 1 i —a
rahSRdds) s (T e white dwarf—
ﬁ: =724 :l-hui-l‘!fr- AR peutron star
; }‘ - ';E?:‘; ‘Ja; e oz 1201 b'”':'|1.'“-
i J-EI ';.L :'.:.[H} * ir WGE Eal-ilr' oo
E—F T ey ]
il Lt k : [ P
doehdad i 1]
._. - ] _-_..H i
o e o ¥ = main se Er‘l e—
RN 1", reuren sty Fiperigs
.5 1.0 1.5 2.0 2.5 3.0
Meutron star mass (Mg
Lattimer (2013)
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Neutron Star Radius

8 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 !
8 X-ray burster

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

@ High temperature — NS becomes bright !

@ Three methods to measure NS radius

ot o 3

Ignition Touch
down Nakazato
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NS Radius Measurement (1)

# Surface emission

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

normalized counts s keV-1

L
L=4nR.0.T* , F=
5B 4TED2 = orn g Ll o il ; .
2 112 = I AT _ | _-
5 p— FD4 I_ZG]y < E 5 : o
oo T Re -ray nergy

Guillot et al. (2013)

Distance D

| >~
|

Total luminosity

L =4 nR,2 6 , T4 Observed flux (F)
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NS Radius Measurement (2)

s Eddington Limit

@ Eddington Limit
radiation pressure = gravity

€ o
ArrlogpT? o of
2 ) NE ) O-T -,.E 4;
Arréc S of
GM z°
p— 2 . NN . mN
r

2 _ 2GMcemy Ny S 200
o0 A = 15E
UTJSBT N, I 10E

’ o5k Iy, I

[IZl 2 4 [ E “IID ‘IIE 1:4
touch down

} 1000F
sopg  *
600
400
200F -

@ Eddington limit is assumed
to be achieved at “touch down”.

@ Electron-nucleon ratio
Ne/NN=(1+X)/2
(X=1 for hydrogen atmosphere o2 éﬂme iiﬂ] 02
X=() 3’9 llght elements) Guver et al., ApJ 747 (2012) 47
.T'Y TP4‘ £ YR .
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NS Radius Measurement (3)

# Red Shift

@ Neutron Star surface is expected to contain Irons.

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

2G M
Eobs — Lsurf \/1 —

Rc?

, ASTRO-H (50ks)

Same Model Parameters with the Chandra result E

@ ASTRO-H will measure
Iron absorption line from NS,
and determine M/R
with 1 % accuracy !

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

10

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

ASTRO-H simulation

-]
- - Y T P |\qos
| =] !
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NICER

# Neutron Star Interior Composition ExploreR (NICER)
s ERFERAT—avICBE 5P EFERRE

s hot spot DEIEEML, BEELFEZRFFITRE

s 2017 FIZHRBIEALE .

lewton

WP TR A and e bending

. i '!!r"'1ll]"'1|1"'1|4”'
e Neutron star radius (km) MEZO5E

i
II.
i
=
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Neutron Star Radius

Mass (M,)

# 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.
_lum;.hulr\;'IIII'I—-:'I'II:IIIIII
F. —ur[ﬁ
; : 11
[ o & & [ ¢ T U1 = &

Eddington R | \
F ed Shift /
E:::?gton . | long burs

E e (i_thS
[ X=0.7374 o fa il
1 - E 2 ‘, ol
os| Aurface 1 7 \\ g "
/ Emission | | [l ]
0O 5 10 15 20 1] 2
Radius (km) 4 U 1 724—307 Suletmanov et al.,
ApJ742('11),122
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(2) B-16 s
108k
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(]
=
L]

{3} 16-24 s.}

Hﬁw

-l

I "
':'”24 38 s

JrJr ﬂﬂf

Jr I

10!

[

IU

E obs.

Waki et al.,
PASJ36('84)819

TYITPs

YITP Kyoto 34
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Compact NS puzzle

Ly N
L ]

# Some analyses suggest smaller
Rng than nucl. phys. predictions.

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

Lattimer+, R

]
e

Mass (M)
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0.0

=12+1.4 km

|
4U1608-52
EXO1745-248

KS1731-260
SAXJ1748.9-2100

+ U24 in NGC6397 AP4
s7s  M13
- — — - NGC2808

GS1826-24 MPA1

4U1820-30 F. Ozel, ('13).

Radius (km)

YITP Kyoto 354

Guillot et al. (2013)
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Neutron Star Density

R(atom)
~10"" m

. R(Sun)
~ ~700,000 km

R(NS)~ 10 km
M(NS)~1.4 M

R(nucleil)
~ 10 m

Very High Density !
m_p(NS) ~(2-7) x 10" g / cm’ ~ (1-3) my py
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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 Dwarfs 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 '3 : ,
Gluon exchange ) e Yy NN
Neudatchin, Smirnov, Tamagaki;
Oka, Yazaki; Aoki, Hatsuda, Ishii N N NN
A" YEITP$%
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HEFEDRBE (1)
s BHEFE>THRFEIALTETNIATE M ?

— LMV, WANAIGERIFHY

g?fh‘ij—o

s PEFERET : BEOME =HFLTLEDRTFELETF

s PEFEDNE(VFAF)

o BFEBEEMNMBATIHE,

BF +BFILYLPEFOHH

IRILF—HELE D

— PEFBRGRFZEEF

o SHICHEEMNEMNBLE,
RFREDhThEFA
CIENET

- RFRLTHTLET

(neutron drip, 4 x 1011 g/cm3)

o RFRZMA—IICHEL

[ISRZ 1D TES DS,

'EGA

OO o i o o .I
e o 48 8 ® o
Ouﬂ- &

M~14M_, p_~(3-10) p,

-]
- - Y T P |\qos
| =] |
- = YUKAWA INSTITUTE FOR
== 1 THEORETICAL PHYSICS

[ vITP Kyoto 7.5
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hE-FE DR (2)

s AEFZ2 7 (outer core)

o FBFHEED 1-2 S5 : RPHLMIT, —HAmE~
- it F-BF-EF (BT -BEFEHETFO 10% BE)

s A+ FIDER (inner core)
o [RFREFBED?2FBLLLE

R~10
o AHRBENBIHMoTLEL &
q -.-;gi.'_'.;’?
deo d )
u
i Fd % ¥ AN XN v @)
d e DR O
u 0”0 o B3 A
“u \S d0~u % “mn

ce@d K¥MF s r—sx  M~14M_, p ~(3-10)p,

==\ \Was
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FEFEDHE
s FEFEORAIFRILLDIC,

ESVL->THMAHNEDTT M ?
- HECOFEHIOHLIEEHATEET,
- *%7kf ]
g@%‘*ﬁfﬁzﬁf RDE S P(r+dr)S =~ m=&(r)/c?
dP __ M 8/ C xSdr
dr r A(r)/r2

s Tolman-Oppenheimer-Volkoff FE
(— M x SR IEZ SO K EF14)

d_P:_G(E/c + Plc’)(M+4nr’ Plc?)
dr r2(1—2GM/rcz) M(): r ETOEE
%:4.‘}'{3}”28/02, P=P(¢e) (EOS) g(r): TRILX—EE
r P(r): £

==wv=
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BIVAMFEENANO /X)L
s ELV~2M)) FEFENSX)L
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FEH

s [RFEEPDEZDR %ﬁ%#ﬂt?(f" MRoTLVB,
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Thank you !
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A little on NS cooling & Magnetic Field I

2T YITP:

\"I'I'PKyotu
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Neutron Star Cooling

# Direct URCA process Casino de Urca @ Rio _
n—-pte +ve, € +p—o>n+r pvve
@ Dominant at high T (T>10° K) T“;V
@ Suppressed at low T (T < 109 K) n

# Modified URCA process
n+n—-n+p+e +ve, n+p+e —n+n+r,

@ “Standard” cooling process of young NS (t <104 yrs, T > 108 K)

p -
# Non-standard cooling processes n- VV €
@ Y-URCA )

Y —N+e +v., ¢ +Y =< N+, W
n” 'n

@ 7 cooling o _ B
T +NMN—MN—+e€ + Ve, NT+E >N+ T+ Ve

@ quark beta decay
d—>u+e +v.,, ut+e —d+ruv,

==y \pas
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Direct URCA suppression

s D-URCA is suppressed at Y, <0.11 Yp<1/9
. . _ P(p) P(e)
@ Equilibrium condition: p, = p, + pe —_— —
Pz (n) _ Pi(p) P(n)
oM. + M, +U, = oM, + M, + U, + Pr(e)
@ Charge neutrality: Pr(p)=Pg(e) P(pl P(Q

@ Momentum conservation for zero momentum v emission  P(n)

Prp(n) =2Pp(p) — Y, =Z/(N+Z)=1/9=0.11 p -
n vV e
@ Y-DURCA and q-DURCA is free from suppression A V

-

s M-URCA is slow \VY

n n
d3p;
=7 /5(Ef — E)8°(pr —pi)|Hyps|* fif2(1— 1)1 = fo) (1 — fe) 1:[ V(QW};?,

Y 13, ;N8
LPURCA — & (Po) (109 K) (C ~ (0.8 — 5) x 10%%rg/s)
p

s Shapiro texbookt
== \#
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Neutron Star Cooling (cont.)

# Many of neutron star temperature observations are consistent
with “standard” modified URCA cooling (with some heating).

# Some require faster cooling.
Need some exotics.

THEEMAL EVOLUTION OF HYPERON-MIXED NEUTRON STARS

# Exotic cooling is too fast
if there is no suppression
mechanism. Superfluidity
is a promising candidate.

35

Log Ly (ergsisec)

Log Time (years)

S. Tsuruta, Gr(é%smann Medalist, 2015 Tsuruta et al., ("09)
Bl \'s
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Nuclear Superfluidity and Cooling Curve

# Surface T measurement and Cooling curve

@ Stable superfluid — Gap — Suppression of v emission
@ Onset of superfluidity — Rapid cooling

@ Precise T and Cooling rate measurement in Cas A
Heinke, Ho, ApJ 719('10) L167 [arXiv:1007.4719]
Page et al., PRL 106 ('11) 081101 [arXiv:1011.6142]

s Can we predict the pairing cap around Sp,*~ ° 1" 2 @ 45678
10.0- p 'Sy .
log T,
] nn Cooper (K)
2x10° palr
) g v 9.0 —
6 . :’ - ... §
10 C ’ 5_" ",
= : _ . i a¥ ‘.,V ...- Y
Is_l 5x10° | ] A’ b L
= ' T ] %’rf 8.0 : -
8 = : n ) A B R
N O A T TS T
1 10 100 1000 10* 10° ep (g/em’)
- _— Age yrsl  Paoe et al,, 2011 Takatsuka
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Magnetic Field

# Magnetic Dipole Model e

; I B e
(cf. Shapiro, Teukolsky) I e | 0 i
:T-; -8 {04 pﬂ{::; in binary U.ﬂk}"?-‘;/ N
@ Magnetic Dipole Moment 2 )
1
— 3 e
|m| _§B}OR ’ .é
o
: 2 .9 B§R6Q4 sin? o 2
E=——m|"=- 2
3c3 6c3 5
2
g

@ Rotation Energy of NS
E :%m? . E=190 .

log spin period (s)

_ (Q) 61c? Ho, Klus, Coe, Andersson ('13)
0

a)e B2R6sin® a3’
age:t ~1T/2

# Magnetic fieldin NS B=10"-10"G
@ From P and dP/dt, we can guess B and t (age) of NS

a

-]
- - Y T P |\qos
| =] r
" m - YUKAWA INSTITUTE FOR
o i THEORETICAL PHYSICS YITE Kyoto 3 H
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Origin of Strong Magnetic Field

# How can we make strong B ?
cf. H. C. Spruit, AIP Conf.Proc.983('08)391.

@ Fossil field hypothesis ( {E A% )
(flux conservation)

@ Dynamo process in progenitor star
evolution

@ Ferromagnetism
e.g. Yoshiike, Nishiyama, Tatsumi ('135)

# How can we keep strong B ?

@ Dipole magnetic field is not stable
Flowers, Ruderman ('77)
@ Finite magnetic helicity H = f de A- B @

makes magnetic field stable.
Prendergast ('56); AO, N. Yamamoto, arXiv:1402.4760;
D. Grabowska, D. B. Kaplan, S. Reddy, PRD('15)085035.

==VE \eas
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Chiral Plasma Instability ?

# Chiral Plasma Instability
AO, N. Yamamoto, arXiv:1402.4760

@ Left-handed electrons are eaten
in electron capture — chiral chem. pot.

p+e; =+ n4ry.

@ Chiral plasma instability: N_is converted to magnetic helicity
Akamatsu, Yamamoto ('13, '14)

e = E: £ B, ; ( - ?—{) N: = [fil.‘ltg

@ Finite magnetic helicity makes
magnetic field stable.

'H=fd.;-:A-E

@ Electron Mass may Kill the instability.

- D. Gra&;sgwska, D. B. Kaplan, S. Reddy, PRD('15)085035
Sy TP“#_, Ohnishi @ Hokkaido U., 2016 60




	ページ 1
	ページ 2
	ページ 3
	ページ 4
	ページ 5
	ページ 6
	ページ 7
	ページ 8
	ページ 9
	ページ 10
	ページ 11
	ページ 12
	ページ 13
	ページ 14
	ページ 15
	ページ 16
	ページ 17
	ページ 18
	ページ 19
	ページ 20
	ページ 21
	ページ 22
	ページ 23
	ページ 24
	ページ 25
	ページ 26
	ページ 27
	ページ 28
	ページ 29
	ページ 30
	ページ 31
	ページ 32
	ページ 33
	ページ 34
	ページ 35
	ページ 36
	ページ 37
	ページ 38
	ページ 39
	ページ 40
	ページ 41
	ページ 42
	ページ 43
	ページ 44
	ページ 45
	ページ 46
	ページ 47
	ページ 48
	ページ 49
	ページ 50
	ページ 51
	ページ 52
	ページ 53
	ページ 54
	ページ 55
	ページ 56
	ページ 57
	ページ 58
	ページ 59
	ページ 60

