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Multi-Messenger Observations of Neutron Stars

From Electromagnetic Waves to Gravitational Waves
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History of BUD?2 Collaboration my personal point of view

Hadron Physics Astrophysics
NS EoS with Effective Field Theories 1990s NS Binary as a source of GW
(with D.P.Min, M.Rho & G.E.Brown) (with G.E.Brown@Stony Brook)

2003 Korean Gravitational Wave Group

Nuclear physics + Astrophysics +
Science-Business-Belt Project 2006 Mathematics + Artificial Intelligence

initiated by D.P. Min
RAON project was approved 2009 KGWG joined |IGO Scientific Collab.

Transport Studies
DJBUU (new transport code) 2017 GW from NS-NS mergers

BUD2-McGill Collaboration (Multi-messenger Astrophysics)
Tidal deformability of NS
First run of RAON 2021
Symmetry Energy

BUD2 Collaboration
for Astro-Hadron Physics



Plan

1. Lecture 1: Observations
- Electromagnetic Waves (Radio, X-ray, ...)
- Gravitational Waves

2. Lecture 2: Neutron Star Equations of State
- Thermodynamic principles
- Polytropic structure

3. Lecture 3: Dense Matter Physics
- Nuclear & Particle Physics
- Remaining Problems / Prospects




Why Neutron Stars 7

Ultimate testing place for physics of dense matter

magnetic axis

R _ 10 N 15 km rotation axis

A ~ 10°7 nucleons ; /

, 5 outer
. ‘V acceleration
: gap
eTe” pair creation 4‘( st L inner

. acceleration

Pcenter ~ several X L0 / - gap
N -3 field lines

‘radio beam

ligh
~ 1.6 x 10%m=3 feld finee | Kommder
po ~ 2.04 x 101"kg - m™3
N\




Nuclear matter Is not an ideal gas

F. Weber 2005

quark-hybrid traditional neutron star
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Why neutron stars

Ultimate testing place for physics of dense matter

v chiral symmetry restoration

v color superconductivity

v color-flavor locking = 20

v quark-gluon-plasma %

v  AdS/QCD 2

v symmetry energy aé 100 QS

v tensor forces =

v 3-body forces

v oo ° Nuclei Net Baryon Dersity



Neutron Star Observations

- Electromagnetic Waves
- Gravitational Waves
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Masses

igh-mass neutron stars
N X-ray binaries

& white dwarf-NS binaries
(2010 & 2013)
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Maximum Mass of Neutron Stars

Neutron Star-White Dwarf Binaries
[Nature 467 (2010) 1081; Science 340 (2013) 6131]
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Moment of Inertia / Glitches
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Superfluid Neutrons
D. Antonopoulou (U. Amsterdam, 2015)

1) OUTER CRUST 2) INNER CRUST

Neutron drip line

lons Neutron drip line Superfluid neutrons

|

Atmosphere

superfluid

3) OUTER CORE 4) INNER CORE

‘ Up quark May contain, in addition to or instead
(" \ / w of nucleons:
x /] \ ,

' Strange quark & @/ — J— ‘ ‘

Down quark

Nucleons
(neutrons and protons) expected to “
be superfluid/superconducting. ,

. Hyperons Free quarks
Also contains electrons and muons
(not shown). These states of matter

may also be in a superfluid
or superconducting state.



L ow-Mass X-ray Binaries (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)
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M & R from LMXB

with Myungkuk Kim, Young-Min Kim, Kyujin Kwak
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L ow-Mass X-ray Binaries (LMXB)

Steiner, Lattimer, Brown, Apd, 2010
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roh = R 'ph > R
+0.22 +0.53 +0.34 +0.42
EXO 1745208 159E 10018 13840 11820
4U1820-30  1.57°013 10014030 | §7+037 || gp+0i2
V13 148021 11047100 0001+028 19 9+018
"7 -0.64 T —1.28 ’ —-0.12 =7 —-0.62
w Cen 1437020 11.187107  0.9947)>0  12.09%)2/
X7 0.832%502, 1325030 1.987% 11317003




NICER Neutron star Interior Composition ExploreR

launch: June 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
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Riley 2019 vs. Miller 2019

1. Mass
- 1.34 015516 Msun vs. 1.44 t0.155 14 Msun
2. Radius
- 1271 114 19 km vs. 13.02 124 o6 km
3. Methods
- MultiNest vs. MultNest & emcee (MCMC)
-  X-PSI bayesian code vs. Miller’s own code
-  Dafferent heated regions

- Pulse profile model vs. Pulse waveform model

18
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Gravitational waves from neutron star binaries

B1913+16 / Hulse & Taylor (1975)
change in the orbital period due to GW radiation
1993 Nobel Prize

LIGO is based on
NS binary mergers

GW expected in 2019
d= O( 100 MpC)
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NS (radio pulsar) which will coalesce within Hubble time
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sGRB short-hard gamma-ray bursts from NS mergers

2704 BATSE Gamma-Ray Bursts

NUMBER OF BURSTS

Fluence, 50-300 keV (ergs cm?)
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Heavy Elements from NS mergers

Sources of Heavy Elements

S Rosswog 2015

lo- | ] | | | |
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Massnumber A

solar pattern vs NS-merger

Supernovae:
neutrino-driven wind
r-process peak at A~130

NS mergers:
r-process peak at A~195
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NS binary merger

Kilonova .
Optical (t~ 1 day) “~._

Merger Ejecta
Tidal Tail & Disk Wind

=, S,
2@ -
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GW propagating in z-direction

ETMY

Photodiode

Beam splitter

[TMX

plus polarisation

h—l— hx

cross polarisation

25



LSC EE&
Scientific
Collaboration

Laser Interferometer Gravitational-wave Observator
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Detectability of LIGO i

1/1000 of proton diameter in a distance of 4km
(1/10 of hair thickness in a distance of 1 light year)

Strong LASER power (2015) : 20 W =700 W = 100 kW
- design goal : 200 W = 750 kW

280 bounces between mirrors (effective distance : 1120 km)

Detection limit ;
NS binary merger - 10 billi
SH binary merger - 30 Dbl
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LIGO

1st detection of GW
Sep 14th, 2015

28

LIGO
Scientific
Collaboration

Livingstc
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GW150914 i

36 Mo BH + 29 Mo BH (final BH with 62 M)
3 My in GW energy

Mmaximum luminosity ~ 50 times of the total light luminosity of the Universe

distance : 13 billion light year (red shift z=0.09)
GW frequency : 30-150 Hz

. . 51 ,

GW maX|mum Stralﬂ . 10 m — (1 + z)msource

- 4x10-16 cm variation in 4km — -
(correspond to hair thickness in 1 light year)

Georgia Tech animation
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Press Release Oct 16, 2017
GW from Binary NS Mergers

GW 170817 (d=40 Mpc)
GRB 170817A by Fermi-GBM
Kilonova/X-ray/Optical Afterglows
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soon after the announcement of
2017 Nobel Prize

Credit: NSF/LIGO/SSU/A.Simonnet




2017 Nobel Prize

Interstellar original scenario by kip Thorne

2019 LIGO detected GW from Saturn
- GW from BH/NS binary mergers
- No BH/NS near Saturn

- Existence of a Warm Hole near Saturn

Interstellar starts 40 years after GV detection from Saturn

Neutron Black
Star Hole

Gravitational

/ V\./a\/es \
e AN o R et Our Brane \

Wormhole - T




GW170817 / GRB170817A
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First event of Multi-messenger Astronomy
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TIMELINE
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8 Chandra X-ray
B Observatory
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Kilonova / Geometry of GW170817

Nature 551, 71 (2017)

Vg™ 0.2c

Edge-on
observer

B 6, = 90°

(7))

O

£

E /‘\

= >

Time

On-axis
observer

> A 0\, = OO

o

(7))

o)

<

: W\\

)

___________________________________ — . >
Time
:‘ _—
P o

/T observer RN
/T Py
/ |
f £ A
f Z GW170817 |
=
-1,
i 3 o
\ Time
\ -
_ Optical/ IR / X-ray

— B
R — === = =

37



Origin of Solar System Elements

i exploding massive stars [
4 ' dying low mass stars exploding white dwarfs 13
Na Mg

23 24
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LETTER

doi:10.1038/nature24471

A gravitational-wave standard siren measurement
of the Hubble constant

The LIGO Scientific Collaboration and The Virgo Collaboration*, The IM2H Collaboration*, The Dark Energy Camera GW-EM
Collaboration and the DES Collaboration*, The DLT40 Collaboration*, The Las Cumbres Observatory Collaboration*,
The VINROUGE Collaboration* & The MASTER Collaboration*
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Masses In the Stellar Graveyard

in Solar Masses
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Gravitational-Wave & Multi-Messenger Astronomy

First direct detection of GW from BH binaries in 2015
GW, Gamma-ray, Optical, X-ray, Radio from NS mergers

New era for GW Astronomy & Multi-Messenger Astronomy

E I N ST E I N : S M E S S E N G E RS LASER INIERFEROMETER GRAVITATIONAL-WAVE OBSERVATORY

‘) . i .//-/.)/
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Response of NS to GW during Inspiral

Merger Ringdown

absolutely stable
strange quark
matter

perturbative approaches D NI
' time
V \
<——known——{ supercomputer<——known——
~1000 cycles smulgtuons J
~1 min :




Principles of Gravitational Waves

c =1 unit |
long timescale change
sz
curved spacetime " b ackground waves

\
\ I
\

short timescale oscillation
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GW propagating in z-direction

line element

ds® = —dt® + (1 + hy)dz® + (1 — hy)dy® + dz° + 2hy dxdy

lengths in x- & y-directions (plus polarization)

Yy

2 1
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1

o 1
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X Y

1
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Tidal deformability & Love number

Selected references

A.E.H. Love (1909) - The Yielding of the Earth to Disturbing Forces

K.S. Thorne & A. Campolattaro (1967) - Non-radial

oulsation of NS

J.B. Hartle & K.S. Thorne (1969) - Stability of rotatin

g NS
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Tidal deformability & Love number
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2 r 213
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73

E;i . external quadrupole tidal field

(0i; : quadrupole moment of NS

A . Tidal deformability
Qij = —A&;

dimensionless parameter

ko . [ = 2 Tidal Love number
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Regge-VWheeler gauge

linear [ = 2 perturbation onto spherically symmetric star

ds® = — 22 1+ H(r)Yao(0, )] dt” K'(r)=H'(r)+2H(r)®'(r)
L e2A() 1-H(7r)Y2(0,0) dr? de
2 (1= K(r)Yao(0,0)] (d6% +sin®(0)dg?)  *  dp
2A
(—662 ~2(®)? + 20" + §A’+ z@’—Z(I)’A'+ i((I)’+A'))H+ (g +¢'—A') H +H" =0
r r r r r
dH
i 5
1
% _ 2(1—2&) H{—Qﬂ'[5€+9p+f(6+p)]
dr r
-1 2)
+i+2(1_2ﬁ) (& +47r7°p) :
r2 r r2 J

2 A\ ,
+—ﬂ (1—2m—) {—1+m—+27rr2(e—p)}
r r r



| ko = gGAR_5
T|da‘ ‘Ove number ko : [ = 2 Tidal Love number
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week ending

PRL 112, 101101 (2014) PHYSICAL REVIEW LETTERS 14 MARCH 2014

Systematic Parameter Errors in Inspiraling Neutron Star Binaries

Marc Favata'

() = Af /0D
3

Ur(f) = ge + 2nfte + 10 (AVSSpn
+ AWy + AW A AVGN + AVGpy)
6PN
| 39 - 6595 ~ 3115 -
AVGN = —— Av+ ”'2(364 M= A)
v = (7Tf]\4)1/3 [
5PN
v/c = (GMnf/c?)!/3 ,.

- A _ﬁ C A1.20() A
A=32-75=FI(1+7n=310") (4 + 42)
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week endin

PRL 112, 101101 (2014) PHYSICAL REVIEW LETTERS 14 MARCH 2014

Systematic Parameter Errors in Inspiraling Neutron Star Binaries

Marc Favata’

phase shift vs deformability

~ ~o

AU 195 23/2 )\ A
J— O( —_—
dx tidal, 5PN 8 n M°>  M°

dimensionless

GM>2/3

r = (wM)?3 = (w 3

n = mlmg/]W2




accumulated GW phase

10}
1002- |/2-cycle
107}
102}
10-3;_ - A\IJB.5PNonIy
0t K ATLRL A =400
1074 4 == ATLRL A =800 |-
A === AUIS A—-1200]|
1074 B
10" 104 10°
fow [HZ]

waveform model:
TaylorF2(SPA)

Mch=1.188M.
MI=M2=1.365M.

~600 Hz
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Magnitude of strain
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|24 Selected for a Viewpoint in Physics week ending
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

>

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

TABLE 1. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors (|y| <0.05) High-spin priors (|y| < 0.89)
Primary mass m 1.36-1.60 M 1.36-2.26 M
Secondary mass m, [.17-1.36 M 0.86-1.36 M
Chirp mass M 11887000 M 1188 oMo
Mass ratio m,/m, 0.7-1.0 0.4-1.0
Total mass m,, 274150 M 28210 M
Radiated energy E.y > 0.025M  c* > 0.025M ., c?
Luminosity distance D 40", Mpc 401%, Mpc
Viewing angle © < 55° < 56°
Using NGC 4993 location <28° < 28°
Combined dimensionless tidal deformability A < 800 <700
Dimensionless tidal deformability A(1.4M ) < 800 < 1400
| GW170817

Information of Neutron Star Structure l
has been revealed by Grawtatlonal Waves |
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Mass & radius of neutron star

Tidal deformability of NS from GW

Q) Which EOS ? | preter soft
251 EOS
¢
prefer
harder EOS N
”'Oi o 10 11 12 13 1415;6
R(km)

Neutron Star-White Dwarf Binaries
1.97 solar mass NS : Nature 467 (2010) 108
2.01 solar mass NS : Science 340 (2013) 6131
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Prospects of the Observing

Runs

“Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced LIGO, Advanced Virgo and KAGRA”,

arXiv:1304.0670v4,

LIGO-P1200087-v45, Living Rev. Relativity, 21, 3 (2018)

Epoch 2015-2016 2016-2017 § 2018-2019 2020+ 2024+
Planned run duration 4 months 9 months 12 months (per year) (per year)
LIGO 40-60 60-75 75-90 105 105
Expected burst range/Mpc Virgo - 20-40 40-350 40-70 80
KAGRA - — - - 100
LIGO 40-80 80-120 120-170 190 190
Expected BNS range/Mpc Virgo - 20-65 65-85 65115 125
KAGRA - - — 140
LIGO 60— 80 60-100 — —
- 25-30 — —

Achieved BNS range/Mpc Virgo

Estimated BNS detections
Actual BNS detections

4-80 11-180

% within deg? <1 1-5 1-4 3-7 23-30

90% CR 20 deg? <1 7-14 12-21 14-22 65-73
median/deg? 460-530 230-320 120—-180 | 110-180 9-12

L 5 deg? 4-6 15-21 20-26 23-29 62 —67

Searched area % within ) 4 2 14-17 33-41 42-50 44-52  87-90

Ve expect to observe more BNS and/or NS-BH
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LIGO

First detection of gravitational-waves

-Irst detection of black hole binary

-Irst observation of heavy black holes
New possibilities: grativational-wave astronomy

Neutron stars, black holes, supernovae, gamma-ray bursts, ...

E I N ST E | N 'S M E S S E N G E RS LASER INTERFEROMETER GRAVITATIONAL-WAVE OBSERVATORY
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Future Gravitational-Wave Observatories

Einstein Telescope
ESA / 2030? (designing stage)

EINSTEIN TELESCOPE
9 oD r)

eLISA

2034

106 km
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Prospect

GW from NS mergers
- GW190425 : (1.4 M.+ 2.1 M) NS-NS merger (500 Mly, 163 Mpc)

- GW190426 : ( ?7? Mao+ ?? Ms ) NS-BH merger candidate (1.2 Gly, 368 Mpc)
- GW190814 : (2.6 Mo+ 23 My ) NS/BH-BH merger (/00 Mly, 240 Mpc)

BUD2-McGill Collaboration
- DJBUU (new transport code) for RAON
- Dense Matter & Neutron Star EOS




