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Motivation

- Detections of gravitational waves
- Observations of x-ray binaries
- Heavy ion experiments

LlGO Laser Interferometer Gravitational-Wave Observatory N |CER Neutron star Interior Composition ExploreR



LIGO

First detection of gravitational-waves
First detection of black hole binary
-irst olbservation of heavy black holes

New possibilities: grativational-wave astronomy

Neutron stars, black holes, supernovae, gamma-ray bursts, ...
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Future Gravitational-Wave Observatories

Einstein Telescope eLISA
ESA / 2030? (designing stage)

EINSTEIN TELESGOPE

10 km LISA pathfinder
2015.12.3




NICER Neutron star Interior Composition ExploreR

- launch: early 2017, SpaceX
- platform: ISS ELC (EXPRESS Logistics Carrier)
- instrument: X-ray (0.2-12 keV)
objective
- structure: neutron star radii to 5%, cooling timescales

- dynamics: stability of pulsars as clocks, properties of outbursts, oscillations,
and precession
- energetics: intrinsic radiation patterns, spectra, and luminosities

Resolution of unidentified sources (e.g., radio-quiet pulsars)
New millisecond pulsars (MSPs)

Ephemerides for y-ray photon folding

» Neutron star radii through Viewing geometry fiom y-ray lightcurves Fermi
lightcurve analysis Magnetic pole localization for y-ray lightcurve analysis
« Masses and clock stabilities 7

through phase-coherent timing Magnetic field strengths and viewing geometries a
« Pulsation period discoveries Ephemerides for phase-resolved polarimetry .
« Nonthermal X-ray beam properties Test of Comptonization in thermal PC models m;emxe'tr:!

Surface and polar-cap temperatures
tmosphere properties in strong magnetic fields

o
all-sky monitors :

Triggers for transients, glitches Timing stabilities for gravitational wave detection > /.- &
Sensitive followup for source identification Parallax distances

]

N MAX, other
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Rare |sotope

PhysICcs

slide from Kevin Insik Hahn

Future Extension

N = Charged Lepton Flavor Violation

4 0O :

= Accelerator complex

= \ : .

2 /\\ \ISOL + In-Flight Fragmentation

Origin of Matter - ¥
gin ‘ m Applied Science
= Nuclear Astrophysics , A 96
= Nuclear Matter — , : — = Bio-Medical Science
= Super Heavy Element Search Properties OfEXOﬂC Nuclei = Material Science
= High-precision Mass Measurement ' = Neutron Science
- ] | =Nuclear Structure

= Electric Dipole Moment and Symmetry
= Nuclear Theory
= Hyperfine Structure Study




2hysics of White Dwarfs

S. Chandrasekhar (1967)

Stellar Structure

S.L. Shapiro & S.A. Teukolsky (1983)
Black Holes, White Dwarfs, and Neutron Stars : The Physics of Compact Object

D. Maoz (2006)
Astrophysics in a Nutshell



Thermodynamics

dP M
Hydrostatic equilibrium (1) — _G (r)p(r)

dr r?
dM
Mass continuity dfr) = 47r?p(r)
dT(r) SL(r)k(r)p(r
Radiative energy transport Ar - Arr24acT (r)?
dL
Energy conservation d(r) = 4mr 2,0(”'“ Je(r)
r

P = P(p, T, composition)
k = k(p, T, composition)

e = €(p, T, composition)
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|[deal Degenerate Electron Gas

3 3
ArAps > h d"pdV > h Pquantum (SUN, center) ~ 640 g/cm?
~ mp — 8mp(3m€kT)3/2 pquantum(T — 108 K) ~ 11, 000 g/cm3
pQUantum ()\6/2)3 h3

pwp ~ 10° g/cm’

Twp ~ 107 K

Quantum degeneracy pressure dominates : thermal pressure negligible

dP(r) GM(r)p(r) g 29 2
o= == 3 Pyeg =~ 3 x 10°“dyne/cm

px p? o plntl)/n P~ 2 X 1()200‘lyne/cnf12
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Polytropic Structure

n : polytropic index

Cp

ratio of specific heats 7V = —— pV7 = constant

/ - . = ] ]
- honrelativistic

|

‘ultrarelativistic
’Y —

|
i ideal gas P X ,07 X p

5 3 (3

b n — — P ==

3 2 207716777,15,/3
4

= n =3

3

Cy
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L ane-

dP(r)
dr

dM (r)
dr

—mden Equation
—GMEQP(T) 1 d
2 dr

= 47t p(7)

41/2
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White Dwarts

ne = A/Z ~ 2 for He, C, O, ..

Non-relativistic 7 = 3

3
2
~1/6 5/6
R:1.122><104< Pe ) (3> km
5)

10 g cm—3

R \°/2
M = 0.7011 — | M
10 (104 km) <He> .

4
Ultra-relativistic 7 = 3 n=3

) ~1/3 ;o\ 2/3
R = 3.347 x 10* P il km
10° ¢ cm—3 LLe

9 2
M = 1.457 () Mg
[he

iIndependent of central density
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White

Dwarts
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White

Dwarts

ApJ 530, 949 (2000)

3.0

4He, 120
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Physics of Neutron Stars

S.L. Shapiro & S.A. Teukolsky (1983)
Black Holes, White Dwarfs, and Neutron Stars: The Physics of Compact Object

J. M. Lattimer (2016)
Neutron Stars are Gold Mines (G.E.Brown Memorial, World Scientific, 2017)

17



Physics of Dense Matter

~asiaAluUN Alieg

3

=

=

&

g ol

= ‘o (.__—:__
+ Chiral perturbation theory - ) 2"
- QCD effective models | YONS
- Color superconductivity Nucle Net Baryon Density
+ Color-flavor locking |
- AdS/QCD o

Neutron Star
Equation of State
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Properties of Neutron Star

€+6

M=1.5~2.0Mg
R =10~ 15 km
A ~

10°7 nucleons

L

palr creation :Q:’:X ‘ ——

Pulsar g e |
. rotation axis

f‘%

- - outer
V2 1 : acceleration
Neutron \ gap
Sidl . inner
g acceleration
- gap
Closed
field lines ;hght

' yllnder
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—ducated Guesses

. —1/3 2/3
c 2
white dwarfs B — 3347 x 10* P 2 em
10° g cm—3 LLe
pwp ~ 10° g/cm’ )
2
Twp ~ 10" K M = 1.457 () Mg
fhe

Quantum degeneracy pressure of protons/neutrons

1 5/3 M —1/3 M —1/3
~23x10° em [ —= ) ( — = ~ 14 k
neutron stars fins ~ 2.3 x 107 cm (mn) ( un) ( M@) o (1.4M@)
14 3
P 1078 om M 02 (2 (e )" 4 x 1.4Mg = 5.6M
an ~ U. — mp ~ ) - <
NS,Ch 0 Gm?2 P © ©
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Neutron Star Formation from Fe Core Collapse

When Fe core reaches Chandrasekhar Limit

Nuclear Photodisintegration
y +°%Fe - 13 *He+4 n (124 MeV is consumed)
v+*He - 2p+2n (28.3 MeV is consumed)

Econsumed(1057p) ~ 1.4 x 10°? erg ~ 1011year with L

Neutralisation

e +p—n+rve Teall ~ a few seconds

e~ +°%Fe —°°Mn + v, Rpe ~ 1500km

e” +MFe =% Cr + 1, Rxs ~ O(10km)

21



General Relativity

hydrostatic equilibrium

dP  GMp dP _ GMp (1+ P ) <1+47rpr3> (1_ 2GM>1

dr 72 dr r2 pC? M c? rc?

dM
—= = Amrp aM _ g2 ( €
dr includes all energy sources

physics of dense nuclear matter
(strong interaction)

22



Causa‘ity Limit §=c2 = % (cs : speed of sound)
2GM

compactness [ = >
rc

M (Mo)

Bmax = 0.271

1
s = 3 for ideal gas
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Neutron Star

—quation of States

8 10 12 14
Radius (km)

Q) How to understand ?

16
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Polytropic Structure without general relativity vy=(n+1)/n

M x KV Gv=4) p(v=2)/(3v—4)

P=Kp’ po (R DE 1z
X 4G

pgl—n)/Qn

P - e = T

R is independent of M

v 2(n=1)

non-relativistic v =

Lol =~ | Ot

ultra-relativistic v =
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Polytropic Structure v=(n+1)/n

M x KYGv=4) p(v=2)/(3v—4)

ER P T
B MSDN\">°
2.3 F o ‘ AP3 =
FQ i = Q\‘\“\i g G PAL1
2.0F
L SQM3 5
& l\.
\E/ 15 GS1 y \PALG iE"\
n \
: | "A 3/4 <y <2
6 "\ '
637\ \\
0.5 \/;A% L k \\\
0.0
8 10 12 14 16
Radiusf(km)

Piecewise Polytopes: Numerical Relativity
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Nuclear matter is not an ideal gas

nonrelativistic v =

ultrarelativistic v =

5
3
4
3

NS eos includes

v~ 2 (n~1)

{

F. Weber 2005

traditional neutron star

uark-hybrid
gtar

neutron star with
pion condensate

Fe
absolutely stable i 3
strange quark 10" gem
matter 10 11 e 3
3

strange star

__ i nucleon star
" R~ 10km

——
—

- still uncertain due to the nature of strong interactions
- Introduction of 3 body forces
- exotic states with strangeness

27



Neutron Star Observations

- Radio pulsars

- Cooling

- Low-mass X-ray binaries
- Particle abundances

- Gravitational Waves

28



Millisecond Pulsars  =|
Dipole Radiation w |
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Maximum Mass of Neutron Stars

--------- LS 220 e S T
00— 11T 12 13 1 1 16
R(km)

Neutron Star-White Dwarf Binaries
1.97 solar mass NS : Nature 467 (2010) 1081
2.01 solar mass NS : Science 340 (2013) 6131
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Masses

High-mass neutron stars
In X-ray binaries

& white dwarf-NS binaries
(2010 & 2013)

Less than 1.5 solar mass
iIN double NS binaries

Maximum NS mass is still
uncertain

Prakash 2013

*l double

Buise—Taylor binary NEUtron star
d‘ poine it binaries
il in M15

::doublopulnr
2808 $mp. 2 & _,‘!rnwcm
: =

—ei fr\'_r?(‘zl 6539
I
I

t—o—'—|
[ ]

i ‘.'—'—‘
i Tdr5

| 295 m PU'SOf Whlte dWCrf—
R o 3 - neutron star
|
|

' |—o+"in NGC 1851 blncrles

| : in NGH 6440 —————

TS E 1 in NGC 6441
|—10—i in NGC 6752
l—o—-l

|

! 5

. ®

1 L3

. H
.l

l P

s Nd;c 6544

0.0 0.5 1.0 e 2.0 2.5 3.0

Neutron star mass (Mg)
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Moment of Inertia / Glitches
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Superfluid Neutrons

D. Antonopoulou (U. Amsterdam, 2015)

Neutron drip line | 1) OUTER CRUST 2) INNER CRUST

Atmosphere lons Neutron drip line Superfluid neutrons

superfluid

3) OUTER CORE 4) INNER CORE

Down quark
May contain, in addition to or instead

Up quark o\ Ao
‘ Pq f” \ { | of nucleons:
. Strange quark "/ @/ : - l l
Nucleons ‘ N ‘ . ‘

Hyperons Free quarks

(neutrons and protons) expected to
be superfluid/superconducting.
Also contains electrons and muons
(not shown). These states of matter
may also be in a superfluid
or superconducting state.
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Neutron Star Cooling

® NV A WN

. Cas A (CA)

PSR J1119-6127 (mHA)
RX J0822-4247 (HA)
1E 1207.4-5209 (HA)
RX J1357-6429 (mHA)
RX J0002+6246 (HA)
PSR B0833-45 (mHA)
PSR B1706-44 (mHA)
PSR J0538+2817 (mHA)
. PSR B2334+61 (mHA)

. PSR B0656+14 (BB)

. PSR B0633+1748 (BB)

. RXJ1856.4-3754 (mHA)
. PSR B1055-52 (BB)

. PSR J0243+2740 (mHA)
. RXJ0720.4-3125 (HA)

. PSR J0205+6449 (BB)

. PSR B0531+21 (BB)

. RXJ0007.0+7303 (BB)

o *18 |_|

I:ICD
|[te}

Y
17 10

14

16

12

15

arXiv:1501.04397

depends on

particle fraction
elements in the envelope
nuclear supertluidity
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Low-Mass X-ray

Sinaries (LMXB)

Accreting Object: NS or BH
Companion: Low-Mass Main Sequence
Age: Old (> 10° year)

Accretion timescale: 107 - 109 year
X-ray energy: Soft (< 10 keV)

35



low-mass & high-mass X-ray binaries

Properties LMXBs HMXBs
Accreting object Low B-field NS or BH High B-field NS or BH
Companion Low-mass main sequence High-mass (O or B type) main sequence
(Lopt /Ly < 0.1) (Lopt /Ly > 1)
Stellar population Old(> 10° yr) Young(< 107 yr)
Mechanism Roche-lobe overflow Stellar wind
Accretion timescale 10" — 107 yr 10° yr
Variability X-ray bursts, Transient behavior Regular X-ray pulsation
X-ray spectra Soft (< 10 keV ) Hard (> 15 keV )

Table 1: Summary of LMXBs and HMXBs (Rosswog et al. 2011)




M & R from LMX

with Myungkuk Kim, Young-Min Kim, Kyujin Kwak

flux

>
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o N

Flux (107 erg s em™)
»
+

15

3.5EF

temperature 3.0F
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kTp (keV)

15
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Normalization (Rf,.\/Dfom)
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10
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Ozel et al. 2009

15

expansion

touchdown
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Low-Mass X-ray

Binaries (LMX

5)

Steiner, Lattimer, Brown, Apd, 2010

Object MM,)  R(km) MMs) R (km)
rph = R 'ph > R

+0.22 +0.53 +0.34 +0.42

BOTiS 28 1sSSE 10988 136550 1182700

AU182030 15701 10917038 1574037 1y gpi0dd

M13 e GO R )

" -0.64 7 T-1.28 ;i -0.12 T -0.62

w Cen 143102 1LI8*: 099477 12,00

X7 083zt 132502 198 113Y5




NIC

R Neutron star Interior Composition ExploreR

aunch: early 2017, SpaceX

olatform: ISS ELC (EXPRESS Logistics Carrier)
instrument: X-ray (0.2-12 keV)

objective

- structure: neutron star radii to 5%, cooling timescales

- dynamics: stability of pulsars as clocks, properties of outbursts,
oscillations, and precession

- energetics: intrinsic radiation patterns, spectra, and luminosities

39



Neutron Star Mergers

Gravitational Waves
Sources of Heavy Elements

S Rosswog 2015

10 | | | | | | | |

Ye =0.12

80 101 123 144 165 186 208 229 25

Massnumber A

solar pattern vs NS-merger

Supernovae:
neutrino-driven wind
r-process upto A~130

NS mergers:
r-process upto A~195
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Gravitational Waves

B1913+16 Hulse & Taylor (1975)

T L L L T 17T 17 L LI L 1T 177 T 7T
I I [ I [ | I

Line of zero orbital decay

|
—
O

IIIIIIIIIIIIIIIIIIII

Cumulative shift of periastron time (s)

l[lllllIll[lllIIl[llllIllllllllllllllllllllll

-20
—25 (-
30 General Relativity prediction _— tosT mass
: light storage arm
. Ii
-35 N lestmass S s‘"’ﬂgcarm
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—40 -
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-45
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Year

Weisberg, Nice, Taylor, Apd (2010)



NS (radio pulsar) which will coalesce within Hubble time

PSR P P, e 'Total Mass Te Taw
(ms)  (hr) Mo (Myr) (Myr)
JO737—3039A  22.70  2.45 0.088 2.58 210 87
JO737—3039B 2773 2.45 0.088 2.58 50 87
B1534+12 37.90 10.10 0.274 2l @ 248 2690
J1756—2251 28.46  7.67 0.181 257 444 1690
B1913+16 59.03  7.75 0.617 2.83 108 310
B2127+11C 30.53 8.04 0.681 2.71 969 220
J1141—6545T  393.90 4.74 0.172 2.30 1.4 590

(2003)
(2004)
(1990)
(2004)
(1975)
(1990)
(2000)
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sGRB short-hard gamma-ray bursts from NS mergers

2704 BATSE Gamma-Ray Bursts

e

|

I : B
107 10° 10°* 10
Fluence, 50-300 keV (ergs cm™)

NUMBER OF BURSTS
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GRB / Kilonova

Binary NS Mergers

Jet—ISM Shock (Afterglow)
Optical (hours—days)
Radio (weeks—years)

Ejecta—ISM Shock

(5/ Radio (years)

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

Kilonova *.
Optical (t ~ 1 day)

Merger Ejecta
Tidal Tail & Disk Wind

Pl

®'< ) —

Metzger and Berger 2012
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Neutron Star Mergers / Kilonova

Gravitational Waves
Sources of Heavy Elements

S Rosswog 2015

10 | | | | | | | |

Ye =0.12

80 101 123 144 165 186 208 229 25

Massnumber A

solar pattern vs NS-merger

Supernovae:
neutrino-driven wind
r-process upto A~130

NS mergers:
r-process upto A~195
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Neutron Star Constraints

Equation of States

46



Nuclear Equation of States o=t

Ko [ p ° KL ([ p 3
E(p,t)=-B+—2 (£ -1 0o (£ _4 92 4.
(p, ) T (po ) + 16 <p0 ) + Esym (p)(1 — 22)" +

Incompressibility o ~ 230 MeV
Skewness K| ~ —2000 MeV

So = Esym(po) Symmetry Energy

L=3p

PO



SO — Esym (IOO)
0 Esym
L =3p >
ap PO

L (MeV)

J.M. Latter (2016)

26 28 30 52 34
S, (MeV)
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Strangeness



Role of strangeness

dense matter with u & d quarks: p(uud) + n(udd)
s-quark can reduce pressure of dense matter
reduce maximum mass of neutron stars

ﬂ:

There are possibilities of NS EOS with strangeness

50



Hyperons in Skyrme force models

Y Lim, C H Hyun, K Kwan, CHL, IUMPE 12, 1550100 (2015)
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Skyrme-type forces : NN interaction

1
NN (Tij) = to(l + zoPy)d(7sj) + 5151(1 + z1 P, )[ki0(ri5) + 6(rs5) K3
1
-+ tg(l -+ LEQPG)IC;:J- . 5(Tij)kz'j + 6t3(1 - £U3PO-),0§V(R)5(T'ZJ)

—I-z'Wokgj - 0(rij) (o + o) X kij,

rij = ri—rj, R= (ri+1;)/2, kij = —i(Vi—V;)/2, k}; =i(Vi— V) /2,
P, = (1‘|‘0'z' -O'j)/2,

NN model £0 B Sov L K my/mn  Mnax/Mg
SLy4 0.160 16.0 32.0 45.9 230 0.694 2.07
Skl4 0.160 16.0 29.5 60.4 248 0.649 2.19

SGI 0.155 15.9 28.3 63.9 262 0.608 2.25
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N-Lambda interaction

1

ona = o1+ YoPo)d(rnn) + 5urlkFAS(rxa) + 6(raa)kn

T+ Pk
2

) 6(TNA),

3
+ uokNa - 0(rNa)kNA + gug(l + y3Py)pn (

Table 2. Parameters for the NA interactions. ug is in unit of MeV- fm3, u; and us in unit of
MeV- fm®, and uj in unit of MeV- fm3+37. yo and y3 are dimensionless. The last column U,*" is
the depth of the A-nucleus optical potential in unit of MeV at the saturation density.

NA model 7« Uo U1 U9 us Yo Y3 UXpt
HPA2 1 —399.946 83.426 11.455 2046.818 —0.486 —0.660  —31.23
OA2 1/3 —417.7593 1.5460 —3.2671 1102.2221 —0.3854 —0.5645 —28.27

YBZ6 1 —=372.2 100.4 79.60 2000 —0.107 0 —29.73
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Lambda-Lambda interaction

1 2

vAA(Tij) = Aod(Ti5) + S A1 [kiGo(rig) + 6(rij)ks;

FRF
UAA

3
(#) = Z(’UZ + vioy - aA)e_“”'Q.

=1

Aokei; - 6(rij)kij + Aspiy (R)S(rs)

Table 3. Parameters of the AA interactions
in the Skyrme-type force. Ag is in unit of
MeV - fm3, and A1 in unit of MeV - fm®. Note
that all models considered here do not have
A2 momentum interaction and A3, o density
dependent interaction.

AA model Ao A1 Ao A3 o
SAA1 —312.6 &7.5 0 0 -
SAA2 —437.7  240.7 0 0 —
SAA3 —831.8 922.9 0 0 —
SAAT’ —37.9 14.1 0 0 —
SAA3/ —156.4 347.2 0 0 —

o4



Lambda-Lamlbda interaction / Binding energy

1
vAA(Tij) = Aod(Tij) + §>\1[k§§5("‘z‘j) + 0(rij) k3

+ Xoki; - 6(rij)kij + Aspy (R)S(rs)

Vi () = 2(’0z +vio, - O'A)e_“”"z.

Nuclei BaaA(SAAl) Baa(SAA2) Bpaa(SAA3) Baa (Exp.)

¢ AHe 11.88 9.25 7.60 6.93 &+ 0.1622
10 Be 19.78 18.34 15.19 14.94 4+ 0.1323:2
11 Be 20.55 19.26 16.27 20.49 4 1.152%2
12 Be 21.10 19.97 17.18 22.23 +:1.15%%
B 91.21 20.26 17.76 23.30 10.70%#
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Maximum mass of NS

NN model SLy4 Skl4 SGI
(without A)f (2.07) (2.19) (2.25)
NA model HPA2* OA2 HPA2 OA2 YBZ6* HPA2 OA2  YBZ6*
(no AA)TT (1.51)  (1.08) (1.52)  (1.19)  (1.80) (1.52) (1.22) (1.79)
SAA1 1.40 1.00 1.41 1.12 1.42 1.16 1.69
SAA2 1.58 1.28 1.57 1.30 1.57 1.28
SAA3 1.85 1.57 1.87 1.62 1.88 1.65
SAA1’ 1.51 1.08 151 1.18 1.51 1.21
SAA3’ 1.76 1.43 1.76 1.47 1.9% 1.77 1.49
FRF 1.61 1.29 1.60 1.25 1.86 1.59 1.26

*Numbers in italic correspond to three selected models, SLy4-HPA2, Skl4-YBZ6 and SGI-YBZ6,
which give relatively large maximum NS mass.

TMaximum NS mass without both NA and AA interactions.
T Maximum NS mass with NA but without AA interactions.
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Central densities

Table 6. Density in fm—3 at the center of stars corre-
sponding to the locations of filled circles in Fig. 1.

SLy4+HLA2  SkI44+YBZ6 SGI+YBZ6

Without AA 1.00 0.81
SAA1 0.89

SAA2 1.65

SAA3 1.44

SAA1/ 1.00 0.81.
SAA3’ 1.44 1.08
FRF 1.31 0.91

O : central densities for maximum mass

T T T T T T

[ -.-. NN+NA
1.0y s Y sLya + HPA?
F annes SAA2 o
0.8 [ - - saAs i ]
SETEREE SAAY _,.1.,:;«.»:"f‘-'"-"'”'”.'.
<067 - - sms e

- —— FRF

—
—_-
—

[ --- NN+NA ]
1.01 sani | Sk4+YBZ6

[ -.=. NN+NA i
1.0: SAAT SGI + YBZ6 i
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Maximum NS mass

0.0}

- Ski4 +YBZ6 —— :

2.0} P —

— ]_5 — NN only .
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—r - - SAAl 4
= LOF=ee. 8555 — i
F —— SAA3 ]

------ SAAL -

0.9F - = saay ]

Z FRF T —]

0.0 ] 1 . | | 1 L I

i 3 !

I v J

|
1

4

-+

+YBZ6

—~ 15 — NN only
;. -+=: NN+ NA :
o - = SAA [
SRR | T ]
— SAA3 i
------ SAAL -
OB e Shiw :
. FRF e ——
0.0 i 1 < | 2 ] ; ] g L : |
9 10 11 12 13 14

R (km)
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Kaons with Skyrme-type models

Y Lim, K Kwan, C H Hyun, C-H Lee, PRC 89, 055804 (2014)
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Kaons

2
L= T”Tra,LUa”UT + cTt[m,(U + U' — 2)]

+iTrBy*d,B + iTrB'[V,y,B] — DTrB's - {A,B}

— FTrB'o - [A, B]

+aTrB'(Em,€ + H.c.)B + a;TrB'B(Em & + H.c.)
+a3TrB'BTr(m,U + H.c.)
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Kaons

Ty 0
Lx = f,fTK sin® @ — 2m% fZ sin® 5

v,

— n'n[—pk + ay + 4az)m,] sin® 3
’r -0
— p'p[—2uk + (2ay + 2az + 4az)m;] sin 5

2
6
Hy = _f’%MTK sin® @ + Zm%fjf sin’ > + Uk pPp

6

—uk(p + pp) sin® = + a1 pp sin 5 +axap sin’

2

6

2
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(a)
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...... X“
o P X
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0.8f
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NS mass with kaons

2.5 T T T T T T T 2:5 T T T T T T T
SLy4 (a) Skl4 (b)
2.0 2.0 |—
~ 1.5 1 15} % |
e —]
= 1.0 1 1.0} + :
— w/o kaon — w/o kaon
— aym, =—134 MeV — aym,=—134 MeV
0.5 azm, =—178 MeV Il 0.5 - aym,=-178 MeV j
© agm, =—222 MeV © aym, =—222 MeV
0.0 ! ! ! I 0.0 I I ] |
8 9 10 11 12 13 14 15 16 8 9 10 11 12 13 14 15 16
2.5 T T T T T T T 2.5 T T T T T T
SGI (c) SV -=-2 (d)
2.0 2.0
~ 1.5} —— 1 15} ——] .
E p——r——— p————
— ) —e—
S 1.0} — 1 1.0} — :
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0.0 ! ! ! ! 0.0 ! ! ! |
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Data: Steiner et al. ApJd 722, 33 (2010)



NS with strangeness

In general, strangeness reduces maximum NS mass

But, there still remain possibilities for the strangeness

masses with Lamlbbda hyperons

SLy4 Ski4
1.15 ~ 1.85 1.47 ~ 1.97 1{44 ~ 2.04 )
A \\‘\‘ —

—222 1.49 ~ 1.79 1.64 ~ 1.85 W75 ~ 1.93
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NS maximum mass with strangeness

and SGI, and SAA3’ with SkI4. The lower limit is the mass
at which A hyperons start to contribute and the upper limit
is the maximum mass of neutron stars in the presence of A
hyperons.

SLy4 SkI4 SGI
1.15 ~ 1.85 1.47 ~ 1.97 1.44 ~ 2.04

given in units of MeV. The lower limit is the mass at which
the kaon condensation starts to appear in the core, and the
upper limit is the maximum mass of neutron stars with kaon
condensation.

as3ms SLy4 Skl4 SGI

—134 1.94 ~ 1.99 2.00 ~ 2.06 2.12 ~ 2.19
—178 1.74 ~ 1.83 1.84 ~ 1.90 1.95 ~ 2.03
—222 1.49 ~ 1.79 1.64 ~ 1.85 1.75 ~ 1.93
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NS cooling with Strangeness

Q) Can NS EOS with strangeness be consistent with
both NS maximum mass & NS cooling?
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arxXiv:1501.04397

No. Source Log(tsa/yr) Log(tkin/yr) Log(T>/K) Log(L>/ergs™1)
1 CasA 0518 ot0f - 618" 01 33.83 - 33.88
2 PSR J1119-6127 3.20 - 808730 32.88 - 33.66

+0.04 .
3 RX J0822-4247" 3.90 e 6'24;383 iy
| 6.6570% 33.60 - 33.90
+0.07 "
4 1E 1207.4-5209 B3t 385 0% 6'21;88{ ok
| | 6:4870 0 33.27 - 33.74
+0.04 .
5 PSR J1357-6429 3.86 - 5'88;3-3‘; vl
o3t 32.35 - 32.76
037983 .08 - 33.33
6  RX J0002-+6246 = 396260 0 03;3-‘32 i
| 61550 1 32.18 - 32.81
17 5.837 002 32.41 - 32.70
7 PSR B0833-45 4.05 4.26%0:3] o
' 61875 o5 32.04 - 32.32
+0.13 )
8 PSR B1706-44 4.24 a 5'80—3-33 LL80 ~ ded
9 PSR J0538+2817 44729 - 5.9470 08 32.32 - 33.33
10 PSR B2334+61 4.61 - 5.8 31.93 - 32.96
11 PSR B0656+14 5.04 : 5% d 32.18 - 32.97
12 PSR B0633+1748" 5.53 - B.7550 6 30.85 - 31.51
13 RX J1856.4-3754 - 5002 i8S 31.32 - 32.35
14 PSR B1055-52 5.73 3 HEgToD 32.05 - 33.08
15 PSR J0243+2740 6.08 . 7 29.10 - 30.13
16 RX J0720.4-3125 6.11 - 0 (Rl 31.37 - 32.40
17 PSR J0205+6449'1 - 2.91 < 6.01 < 33.29
18 PSR B0531+2111 - 3.0 < 6.30 < 34.45
19 RX J0007.0+7303T - 4.0-4.4 < 5.82 < 32.54

67



Neutron Star Cooling

® NV A WN

. Cas A (CA)

PSR J1119-6127 (mHA)
RX J0822-4247 (HA)
1E 1207.4-5209 (HA)
RX J1357-6429 (mHA)
RX J0002+6246 (HA)
PSR B0833-45 (mHA)
PSR B1706-44 (mHA)
PSR J0538+2817 (mHA)
. PSR B2334+61 (mHA)

. PSR B0656+14 (BB)

. PSR B0633+1748 (BB)

. RXJ1856.4-3754 (mHA)
. PSR B1055-52 (BB)

. PSR J0243+2740 (mHA)
. RXJ0720.4-3125 (HA)

. PSR J0205+6449 (BB)

. PSR B0531+21 (BB)

. RXJ0007.0+7303 (BB)

o *18 |_|

I:ICD
|[te}

Y
17 10

14

16

12

15

arXiv:1501.04397

depends on

particle fraction
elements in the envelope
nuclear supertluidity
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Cooling Mechanism

Photon emission : mostly on the surface
Neutrino emission : entire region, major energy l0ss

Name

Modified Urca
(neutron branch)

Modified Urca
(proton branch)

Bremsstrahlung

Cooper pair
formations

Direct Urca

T~ condensate
K~ condensate

Process

n+n—n+p+e +Vv,
n+p+e —n+n+v,
p+n—p+p+e +V,
p+p+e —p+n+v,

n+n—n+n+vyv
n+p—n+p+vv
p+p—p+p+vv
n+n— [nn]+vv
p+p— |ppl+vv

n— p+e +V,

p+e —n+4v,
n+<m” >—n+e 4V,
n+ <K >—n+4+e +V,

Emissivity®
(erg cm ™S s_l)

~2x 108 R TP

~10M R T

~10Y R TS
~5x102' R T
~5x10° R T

Slow

Slow

Slow

Fast

Fast
Fast

aQrm™ 1 1 o r~ &1
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Role of nucleon direct Urca

SLy4

Skl4 SGI

Mumax 2.07 (-) 2.19 (1.63) 2.25 (1.72)

maximum mass without strangeness (critical mass for nucleon direct Urca)

SLy4

Skl4

1.0 M. A
1.1 M.
1.2 M_
1.3 M,
1.4 M.
V50,
1.6 M.

3 4
Log(t/yr)

effect of direct Urca
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effect of surface element

N
=)

N
H
T

o
N
o
[N)

Log(T.* /K)
Log(77* /K)

A
(o]
T
by
2]
T

3t
N
T
v
[=2]
T T

o
>

5.4¢

o
-
N

3 4 3 4
Log(t/yr) Log(t/yr)

light element: H, He, C, O



effect of surface element

o
N

Log(7:* /K)

5.8f 7; =5 x10° 5.8}

. 3 " .

56l Td =210 &6l

[ Ty :104 l

5.4} 5.4}

0 1 2 3 4 5 6 7 0
Log(t/yr)

' SLy4 ' ‘
- 1 6.6f
\ m Light

o
N

Ty —10° (yrs)

Log(77* /K)

Skl4

light elements burn into heavier elements

m Light
mm Heavy

AM=10""M"
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Cooling with strangeness

arXiv:1608.02078

. x 1/3
mim 5
Aspti+n Qn =40 x 1077 —A—F (Z—) RIS
Alltp 0
[ > A+,
R 5 X O,ergem °s™
m*2 Ne 1/3
n+(K~) > n+l+p QK=2.5><1026m"; (no) TS 6%

X tan? f¢c ergcm

—3 S—l

)
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Cooling with hyperons (Skyrme force model Skl4)

Skl4

1.0 M 7 6.6
1.1 M,
1.2 M,
1.3 My |
1.4 M,
1.5 M, |
1.6 M,

Skl4 + YBZ6 + SAA3

3 4
Log(t/yr)

without hyperons
(sudden drop between 1.6~1.7)

with Yeunhwan Lim, Chang Ho Hyun

4 5

3
Log(t/yr)

with hyperons
(sudden drop between 1.5~1.6)
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Cooling with hyperons

Skl4 + YBZ6 + SAA3'

1.0M, |*

1.1 M,

1.2 M, |
1.3 M, A
14 M, |
1.5 M,

Log(¢/yr)

| NSmass: 1.0-2.0 M,

abrupt drop: ingnition of direct
URCA

stiffer EoS allows early direct Urca
no calculated-curve can explain
middle-age data

require real fine-tuning

with Yeunhwan Lim, Chang Ho Hyun
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Cooling with hyperons (Skyrme force model SGi)

SGI

1.0 M, A 6.6
1.1 M
12 M
1.3 Mz
1.4 M.
1.5 M, |
1.6 M.
1.7 M.

SGI + YBZ6 + SAA3

3
Log(t/y

without hyperons
(sudden drop between 1.7~1.8)

4 7 0 1 2

r

with Yeunhwan Lim, Chang Ho Hyun

4 5

3
Log(t/yr)

with hyperons
(sudden drop between 1.5~1.6)

/6



Fine-tuning Problem

Skl4 + YBZ6 + SAA3'

1.0M, |*

1.1 M,

1.2 M, |
1.3 M, A
14 M, |
1.5 M,

Log(¢/yr)

| NSmass: 1.0-2.0 M,

abrupt drop: ingnition of direct
URCA

stiffer EoS allows early direct Urca
no calculated-curve can explain
middle-age data

require real fine-tuning

with Yeunhwan Lim, Chang Ho Hyun, Kyujin Kwak
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Dependence on the surface elements

without hyperons with hyperons

SGI+YBZ6+SAA3

o Light

0 1 2

5 6 7 0 - 2

3 4
Log(t/yr)

3 4
Log(t/yr)

- chemical evolution from light to heavy elements
(earlier plots are with heavy elements)
- pulsar injection of light elements into magnetosphere

o Heavy -
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Negligible contribution with kaons

density for nucleon direct Urca < density for kaon condensation

Nucleon direct Urca is the dominant neutrino emission process

SLy4 + Kaon
6.6} .
1.90 M.
1.91 M.
6.4r 1992 .7
1.93 M.
1.94 M|
1.95 M.
-1.96 M.

o
N

Log(7%:® /K)

o
©
1

1.97 M,
s gl 1.98 M,
1.99 M,

5.4r




Negligible contribution with kaons

SLy4 + Kaon

1.90 M|
1.91 M.
192 M.
1.93 M.
1.94 M|
1.95 M.
1.96 M.

3 4
Log(t/yr)

direct Urca comes before kaon condensation
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DISCUSSION

strangeness seems to be still alive
but, cooling requires real fine tuning

- what is missing ?
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Neutron Star Binaries
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Low-Mass X-ray Binaries (LMXB)
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Black Hole Binaries

Apd 575, 996 (2002)
ApJ 670, 741 (2007)
NPA 928, 296 (2014)

85



Masses

High-mass neutron stars
In X-ray binaries

& white dwarf-NS binaries
(2010 & 2013)

Less than 1.5 solar mass
iIN double NS binaries

Maximum NS mass is still
uncertain

Prakash 2013

*l double

Buise—Taylor binary NEUtron star
d‘ poine it binaries
il in M15
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Black Hole Formation from Core Collapse

unstable branch

Mass (

AGY A
i

A
882

collapse to BH 0.0k

8 10 12 14 16
Radius (km)
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Black Hole Observation

Stellar Mass Black Holes

X-ray Binaries
XTEJ1118+480

Galactic Center

Centaurus A

M87
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Soft X-ray Transients
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New Class of Black Hole Binaries

__ 512 . %
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N B
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Sinary Evolution

- black hole mass depends on the host galaxy
- black hole mass depends on the binary evolution

What about neutron stars ?

A | Bl NS/BH
B |

Life time
A

B
e o ©
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Mass Accretion after NS formation

Final Mass of First-born NS [Msun]

1.5 WO — _
gz ‘ NS-NS Binaries '
E Observed i
1 i | | | | | | | | | | | | | | | L i

5 10 15 20

Progenitor Mass of Companion Star [Msun]
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SBH-NS binaries

Trecycled > Tfresh

NS-NS
1 - If first-born NS is recycled by accretion

Tpulsar 5 51 _ |onger pulsar life time, larger beaming angle

Birosn, ~ 102 G
tresh BH-NS

Breeyeled ~ 10° G - nO recycled pulsar
- smaller chances to be observed

Gravitational Wave Sources

93



