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1. Previous
observation



Gravitational-wave detector network
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Advanced LIGO (Hanford USA)
another at Livingston

https://www.advancedligo.mit.edu/graphics/summary01.jpg
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The fi rst event: GW1509 1

| -I\/Ie'rger‘ of
two black holes

http://apod.nasa.gov/apod/ap160211.html
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Observed events

* Binary black holes

[IGO O1: GW150914, GW151226 (+LvT151012)
1GO 02: GW170104, GW170608 (+another?)

[ IGO 02 with Virgo: GW170814

* Binary neutron stars
LIGO O2 with Virgo: GW170817
- electromagnetic: GRB 170817A/AT 2017gfo



Example: parameters of GW150914

 Masses of individual stars are measured
- even at 400Mpc (Milky way is only ~10kpc)
* The luminosity distance is measured directly

Primary black hole mass 36M
Secondary black hole mass 29ij o
Final black hole mass 625 M
Final black hole spin 0.67 00
L 1Mpc ~ 3 million ligh -
Luminosity distance pc~3;n 10?;4 fmt year 41():158 Mpc

- Obtained from the luminosity distance 10.03
Source redshift < using Planck cosmology ... not important 0'09—().()4
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Summary of binary black holes

We saw many heavier-than-expected black holes

Masses in the Stellar Graveyard
in Solar Masses - low metal pop I/117?

isolated binary?
dynamical capture?
- pop Il (first stars)?
- primordial BHs?

statistics necessary

https://www.ligo.org/detections/GW170608/images-GW170608/BH_NSmassplot_error_bars.png



Neutron star

. A NEUTRON STAR: SURFACE and INTERIOR
Remnant of massive stars A

(mass range is uncertain)

MOStly ConSiStS Of neutrons [\ + —— ATMOSPHERE

ENVELOPE

CRUST

1.4 solar mass, ~10km it

INNER CORE

The density is higher than
nuclear saturation values

“a huge nucleus”

Arena for nuclear physics

2018/2/12 R E - MR EBABAER2017



GW170817
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LIGO twins observed 5

clear “chirp” signals, i.e.,

100

gravitational waves with 50
increasing frequency

and amplitude in time

Frequency (Hz)

But Virgo did not see...
-> the source should be

at Virgo’s blind spot!

-30 -20 -10 0

Time (seconds)
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Constraints on parameters

The NS radius may be smaller than ~13-14km
- this can be made tighter with better waveforms
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Sky map and localization accuracy

GW170104

LVT151012

GW151226

GW170817
Improved with Virgo!

GW150914

LIGO/Virgo/NASA/Leo Singer

GW170814
(Milky Way image: Axel Mellinger)

I m proved Wlth VI rgo ) http: //www ligo.org/detections/GW170817/images-GW170817/01-02-skymaps-white.jpg
2018/2/12 MK E - KRR = 2017 12



Electromagnetic followup

GW LIGO, Virgo... (2017)

LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPM, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv —o—

Swift, HST

Optical

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STARBST,
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOFE, TOROS, I I " Ill I I | I

BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, TB0S, EABA

IR

REM-ROS2, VISTA, Gemini-South, 2ZMASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-VLF,

nata Telescope, HST o I\ O

Radio \ / @
ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW, MA, OVRO, EVN, e-MERLIN, MeerkKAT, Parkes, SRT, Effelsberg _},-" I.
[ o oy [ IAIIMIIN] N BR
100 -50 50 107 107 0° 10" |
() -, (days) \
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Transient and host galaxy

Lenticular galaxy that experienced minor merger

EVARVA N Day 7.17-7.70

Utsumi+ (2017)




Gravitational-wave cosmology

Hubble’s constant is determmed in @ hovel manner

Planck CMB

SHOES | Supernova
0.04 -

cz=v =HyD
z: redshift from the host galaxy
D: distance from gravitational waves

Hy = 70+12 km s~ Mp¢™?!

0.03 +

0.02

ESee also
Seto-Kyutoku (2018)

p(H, | GW170817) (km™ s Mpc)

0.01 4

0.00 - | . . : : :

50 60 70 80 90 100 110 120 130 140
LIGO&VIrgo+ (2017) HO (km s~ Mpc™)

2018/2/12 R E - R BT S2017 15




r-process element

https://en.wikipedia.org/wiki/Gold#/media/File:Gold-crystals.jpg

I Gold S, wp a half of nuclides

16’

L

heavier than the iron
- the other half for “s”

Where in the Universe

are they produced?

https://en.wikipedi .org/wiki/PIatinum#/media;iIe:PIatinum_crystaIs.jpg
2018/2/12 MK E - KRR = 2017 16



Kilonova/macronova

Ejected material contain
radioactive r-elements Z&
Their decay heat the ejecta ‘L’/L

Thermal photons try to Central

engine

diffuse from the ejecta /v
But r-elements efficiently
traps the photon inside

Characteristic “kilonova”! ' 5

<
Ny

Torus Nuclear
(or Disk) decay

L

Kisaka+ (2015)



AT 2017gfo

In general agreement with theoretical models

-17

particularly in NIR | M = 0.03 Msun (Ve = 0.25) v e
e L Tanaka+ (2017) e
Compared to SNe Pl many other obs.
- small mass g 5 " ¢ LN
: : = o
- high velocity E al g
- high opacity 2
8 -13r
- no time scale
12 |
of the heating
-11 e\ . 1N . N
0 5 10
Days after GW170817
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Mass fraction

Two component?

Early lanthanide-free +

late lanthanide is very likely

10718

No ewdence for heaviest nuclei "
100?., , , — r—r— -3 -

i Tanaka+ (2017) 12_3.32 5 :
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Theoretical modeling

Likely fast light r-elements + slow heavy r-elements
- the latter may be dynamical ejecta or disk wind
- how the former is generated? under debate %

Shibata+KK+ (2017)

Massive neutron star

Kasen+ (2017)

Squeezed dynamical
v = 0.2c-0.3c

Tidal dynamical
kvt v = 0.2c-0.3c

v <0.1c

Neutron star + neutron star
Remnant promptly collapses to black hole

Viscosity-driven
ejecta

Torus

Dynamical ejecta

2018/2/12 K E - P RIERA B S2017 20



Short gamma-ray burst

Gamma-Ray Bursts (GRBs): The Long and Short of It

About 10°terg/s explosions JiEelamrniralliiEs et
-the sunis ~4 x 1033%erg/s Wl
Long-soft GRB: = 2s

deaths of massive stars

Short-hard: < 2s

neutron star binary merger?

rigorous confirmation needs |
gravitational waves /" s

http://www.daviddarling.info/images/gamma-ray _ burstSJpg
2018/2/12 fwﬁ_zi M IRAIATE L2017



GRB 170817A

-N\&:."I %&E.‘i ()\{B

= 25007 Lightcurve from Ferm:/GBM (10 — 50 keV)
. Z 22501
Fermiand INTEGRAL  © =0 ﬂu !
E 1;0— 1””“ l’ IJ [ “M hll N|||1|| 1 f' !II N “ﬂ illlﬁn dLd
= 100—
agree each other )
o 7 1750 Lightcurve from Fermi/GBM (50 — 300 keV)
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T 12501
E J-UUU‘ ulsudh | | |N li |J Ml L il "N. ..IL. i hl TR L
I bk R A
This also implies that “<) ‘‘‘‘‘
g 117500
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p ro p a g a t e W I t h IR Gravitational-wave time-frequency map

N 300
. ) LIGO&Virgo, Fermi,
the speed of light ] INTEGRAL (2017)
2 100 "
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Underluminous...

|

1055 F T T T T T T T T T T T T T T T T T
F (isotropic-equivalent) luminosity of gamma-ray emission
1054 n @® o P
o0
53 | o® ’ —————— I T
& 1053 | O I ______
%’ i "% " ];L"‘
L 1052 ' 8 o~ Detection threshold vs redshift
= 51 _ $
S 10 ]
> I, Because this event was quite nearby,
2 1050 . .
o g I,-' the normal apparent luminosity
Eoqoel ] means the intrinsically low luminosity
: I
as | ,' ® Long GRBs
0% | Short GRBs 7}
-1 LIGO&Virgo, Fermi, INTEGRAL (2017) 4 GRB 170817A :
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0
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Redshift (z
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Sy (Wly)

Continuously brightening afterglow

An ultra-relativistic top-hat jet is not consistent with
continuously brightening afterglow (X/opt/radio)

100

10

{ © Radio data (3 GHz)
| mm 6=10% n=25x10""cm™3, Ey =6 x 10°% erg

1 mmm 0;=15° n=10"* cm~3, Eiso = 3 X 10°° erg (from Margutti et al. 2017)

== 6,=20° n=10"°cm3, E,=1.5x 10°! erg

Mooley+ (2018)

lb 2'0 3'0 4|0 6'0 8'0 1 6 0

2018/2/12

A. On-axis Jet
SGRB and afterglow

R E - MR EBABAER2017
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B. Off-axis Jet
SGRB and afterglow
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Cocoon or structured jet?

Jet-ejecta interaction should be the key ingredient

but whether the jet has break out or not is unclear
‘ <

. y-rays
Mooley+ (2018) yrays Radio

123 i : oy 3

Gottlieb+ (200i7)

18 14
17 1.2

Cocoon y-rays and afterglow ~ Cocoon y-rays .and afterglow
14 -12 -1 -0.8 -0.6 -0.4 »o.zrmgcm]o.z 4 06 08 1 12 (MOSt I|ke|y) (leSS Ilke'y)
2018/2/12 MR E - R ERA AT E2017 25

| C. Choked Jet D. Successful hidden Jet



Distinguishable?

1. Jet signature Nakar-Piran (2018)

E “Off-axis” 3. Continuous energy injection
. . . g Emission energetic cocoon or
In principle possible - ..
Energy injection T "‘ o . /
. . . {08 P e B
with late-time behavior R

“ 0s
\ ] \\ .- Regular
| on-axis”
120 days afterglow

2. No late energy injection
jet or a cocoon with low energy

But it seems difficult

_Log(t)

because of degeneracy

[
Flux density [p Jy]

Flux d v (1

Eventually engulfed by °* S el

ejecta radio emission | /

X-ray | T
Radio L]

"I!i(r)nc since NS mcrgerl[(()i{; Troj a + ( 2 O 1 8) 1]itrjnc since NS mcrgcrl[(zl(;
2018/2/12 R E - R B =2017 26



What we learned from GW170817

Neutron stars are relatively compact (<13-14km),
but GWs are consistent with binary black holes

Short gamma-ray bursts can be driven, but this
was not “the” short gamma-ray burst

R-process elements seem to be produced, but no
evidence for the heaviest (or abundance pattern)

Hubble’s constant is measured independently
and consistently with other studies

Host galaxy, GW-EM simultaneity, etc..



2. Future with
ground-based
detector



Future observation

KAGRA will join in 2020s or earlier (LIGO 03?)

LIGO&Virgo&KAGRA Early wmMid Late  smDesign
(2017) :
Observable range of binary neutron stars
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
Go B e
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo o2 s -
25-40 40-140 140
_ Mpc  Mpc Mpc
KAG RA acceleration I -
planned
| ] | | | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023

2018/2/12
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Polarization

KAGRA will be importa nt to GrawtatylonaI—Wave Polarlzatlon

investigate whether //\ / ’\
gravitational waves are really K / . /
transverse as GR predicts e . v

The number of available \/ \«/
detectors determines @ T @

L L
the number of constraints /"\ /
will 2014)[ /

2018/2/12 R E - IR BRI =201 )

v
. K
. *
.
-
.
-*
Tamm
N




Distance-inclination degeneracy

Key to understand short GRB/ejecta geometry
A1 < 5° is possible with Virgo or KAGRA (Arun+ 2014)

COst

2018/2/12

-0.4

GW170817
LVC+ Planck
05 (2017) LVC:1 < 55°_ 7 % Lo
///// \‘—'///-\\
-0.6 /// ’
> : 130
0.7 - /’/
2 /,/// L 140
-0.8 - e
< 28° if we L 150
09 ./ adopt a distance | _
o ,A from NGC 4993 170
50 60 70 80 90 100 110 120

Note: Virgo
did not detect
GW170817

H, (km s Mpc™): proxy of the inverse distance here

R E - MR EBABAER2017
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Black hole-neutron star binaries

Alternative central engines of short GRBs?
Likely to synthesize heaviest r-process elements

21.31ms lo ( /cm3) .
P’ (extremely neutron rich)
I I
0T 17 14 e | | | | 3 100
[ - ] T™I ]
40 1 13 i T DD2 1 ] _
~ 12 Ty 0.1 E_ SFHo _- : :_E 10 E
é 0 F =~ E - — - >
Ba I '_ i 11 s i ;?,
40 F 44 109 oo01 ] 3 1 %
80 Kyutoku+ (2015) M 9 I r* - Kyutoku+ (2018) ]
[P PR R S | - 8 0.001 ) | | : 0.1
0 0.05 0.1 0.15 0.2 0.25

-80 40 O 40 80

electron fraction
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But ... headwind

Tidal disruption of neutron stars are necessary to
form accretion disk and eject material, and requires

Less massive black holes (say < 10M )
Rapidly spinning black holes

_Less compact neutron stars

None of them are supported by GW observations
-> neutron stars may not be disrupted frequently
-> not distinguishable from binary black holes?



3. Future with
space-borne
detector



LISA

Space-borne gravitational-wave detector operated
by ESA/NASA, sensitive at “mHz bands

Sun

2018/2/12

1 AU (150 million km)

1TAU

Amaro-Seoane+ (2017)

10_165 , B e =] T T T |
: Vi Galactic Background
| \ day ]1()111‘“)7 M I MBHBs at z = 3
10—1 7 L N Wil % Verification Binaries |
B i ),(},]& Eime = EMRI Harmonics
= i | \ | = LIGO-type BHBs
2 407181 \ 10° Mo | — GW150914 ]
Cﬁ g Kens Gal. Bin. (SNR >7) |1
gE o=
2 0 \ 10° M
H " 4 0
2107 \
() F \
-~ 2
O 1020k
o ;
: Observatory
21 I Characteristic Strain
10 _ = = Total
t L L1l PR PR L n PRI
10~ 10 107 10 107

K E - P RIERA B S2017

Frequency (Hz)
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LISA Pathfinder

Noise requwement for LISA has already satlsfled

10—13

1071 ¢ Armano+ (2018)

LISA Pathﬁnder
Requirements

anw W

Fi ebruary 017

10“

2018/2/12

10“4 10_ 10>

Frequency [Hz|
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Eccentricity

Formation scenario from eccentricities

Dynamical formation tends to give large eccentricity

100 obs. will allow us to distinguish scenarios

10°F
pop llI? primordial BHs?
-1
10 N L R N [ o o e I | I LI l IIIIIIII I rrri I LI I LI I LU I LI I-
fleld(A) Vs cluster(B) B
15 = e
107 [ .
- Log odds ratio o
. o 10 | EEE =
10 = - at
Q0 Fi
2 * .;:;'
10%} S - -
.| Breivik+(2016) . W R " Nishizawa+ (2017) -
10 ] - globularcluster | | ‘I I:Ivl I‘l 1 l L l‘l 1 l L1l I L1l I L1l I L1111 I L1 11 I L1l I L1l
B galactic field: 1CE \ \ 0 10 20 30 40 o0 60 70 80 90 100
o actc et oF] RN Number of observed binary black holes
107 10° 10° 10* 10% 10° 10" 10° 10
GW Frequency (Hz)
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Other advantage of LISA

Q. Why observe binary black holes from space?
A. Good for positional astronomy (astrometry)

 The distance is determined more accurately

Detector calibration will be improved for LISA, and
the amplitude will be determined accurately

* The sky location is determined more accurately
LISA uses the Doppler shift due to its own motion



On host galaxies of binary black holes

What is the host ost galaxy of massive black holes?

To determine the host,

- detect EM counterparts
...hopeless (I believe)

- GW localization e
..very difficult with

ground-based detectors

—=Ag ) 9 10 1 0 2
log Mgai(z = 0) (M) logdR/dZ,
2018/2/12 R E - R BT S2017 39



Number of accurately localized sources

Assuming M = 28M@,R =100 Gpc 3 yr!

1000 — T T T 11T T T 11 IIII T T 1T O B A
dwarf gal. i giant gal. i
- =

~15 | ~60

Kyutoku-Seto (2017)
but see also

Del Pozzo+ (2017)

total error | 100

LISA (N2A5) .
g =1000km/s - -

100

# of BBH with <AV
D for 7mHz [Mpc]

10 I ||||E
1 10 100 1000 10000

error volume AV [Mpc3]



4. Summary



Summary

Binary black holes are massive with diversity

GW170817 confirmed various expectations but
very little is understood in a conclusive manner

Future ground-based observations will measure
inclination and help to understand GRB and
ejecta geometry (+ GW polarization with KAGRA)

Future space-borne observatories will be useful
to determine the origin and host of massive
binary black holes
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GW distance determination

Observed gravitational-waves are (schematically)

5/3 £2/3
h(t) =F(0,9,1,9Y) 5

d(t) = 2r(ft+ ft2/2+ )

f — (96/5)7T8/3M5/3f11/3
The phase tells us binary parameters, e.g., the mass

cos|D(t)]

The amplitude can be predicted, and the distance D
is found (degenerated w/ the direction, inclination)

2018/2/12 MR E - R ERA AT E2017 45



Quadrupolar tidal deformability

Leading-order finite-size effect on orbital evolution
(strongly correlated with the neutron-star radius)

Y 5 2 (R 5 RS
— — e — —_— OC
v T3\ Gm

k~0.1: (second/electric) tidal Love number

External
Qij = —A& field

1
Qij = fp(xixj —§X26ij> d3X . GZCI)ext

2018/2/12 R E - MR EBABAER2017




Neutron star equation of state

Note: not need to observe the radius, and other quantities may be fine

We want to know the realistic equation of state,
that uniquely determines the mass-radius relation

Mass-Radius relation: Astrophysics

Equation of state: Nuclear

il Ozel-Freire 30
roo L ALF14 4 !

= —— AP1-4

°F — WrF13 (2016)

[ —— sQM1-3

4f =—GSI1-2

- — BBB2

5| = BGNIHI
— B5K19-21
—— BPAL12

— ENG
— FPS
GNH
— H1-7
v/ & — MPAI1
= —_— M51-2
/ — NJL

Pressure (MeV fm™)
Mass (M)

m— PALG
= QMC
— SlLy
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<

Representative example of EOSs
R(1.35Mg ), A(1.35M)
I I I

10000 g -
N 13.7km, 1211 1.5H =— -
) . 13.0km, 863 1.25H = = =+ ]
- X 12.3km, 607 H |
1000 | \,\‘ 11.6km, 422 HB -
- N 11.0km, 289 B ==+ 1
- .,\“ ~ . ]
L N, - -
~. i
i <)
\:
1 1.2 1.4 1.6 1.8
M [Mgynl
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Future prospect for the inclination

Key to understand short GRBs + ejecta geometry
Note: GW170817 was not detected by Virgo

Network

No EM information

Direction known

3D localized

LHV
LHVK
LHVKI

0.3 (41.5)
7.1 (24)
5.8 (15.5)

3.3 (34.4)
6.5 (21.0)
5.5 (14.3)

3.3 (8.6)
2.7 (6.4)
2.2 (5.1)

Arun+ (2014)

L: LIGO Livingston, H: LIGO Hanford, V: Virgo
K: KAGRA, I: LIGO India

BH-NS (NS-NS)@200Mpc




Errors associated with the Hubble

When the host galaxy is large ... (M, > 10° M)
host galaxies may be determined for ~60 binaries
statistical errors and shot noises will be OK
suffer from voids (cosmic variance) up to 2-3%?

- this may be what we want to observe

When the host galaxy is small ... (M, > 10" M)
only ~15 binaries are useful ... not very happy
still we can investigate black holes’ host galaxies



