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1. Gravitational waves 
from binary black holes
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Nightly sky as our eyes see
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http://www.eso.org/public/images/potw1333a/
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Multi-wavelength sky
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Toward multi-messenger astronomy

Strong interaction: (strong but short-range)

Electromagnetic interaction: electromagnetic waves

Signals are strong but also hidden very easily

Weak interaction: neutrino

Another interesting messenger, particle physics

Gravitational interaction: gravitational waves

Signals are weak but extremely penetrating

Tsukuba Unstable Nuclei Seminar 6

strong / opaque

weak / transparent
2018/1/17



LIGO detector

Measures the propagating strain of spacetime, i.e., 
gravitational waves, with the precision of ρπ
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Location of two LIGO detectors
Hanford, WA
Livingston, LA

Noise level at the first observing run

Schematic picture of
Michelson-Morley interferometer
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Ὤ

LIGO&Virgo
(2016)



Thefirst event:GW150914
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http://apod.nasa.gov/apod/ap160211.html

Merger of
two black holes
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Parameters of GW150914

ÅMasses of individual stars are measured

- even at 400Mpc (Milky way is only ~10kpc)

Å The luminosity distance is measured directly
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1Mpc ~ 3 million light years
~ 3 x 10^24 cm

LIGO&Virgo(2016)

Obtained from the luminosity distance 
ǳǎƛƴƎ tƭŀƴŎƪ ŎƻǎƳƻƭƻƎȅ Χ ƴƻǘ ƛƳǇƻǊǘŀƴǘ
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Summary of binary black holes

We saw many heavier-than-expected black holes

- low metal pop I/II?

isolated binary?

dynamical capture?

- pop III (first stars)?

- primordial origin?

statistics necessary
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https://www.ligo.caltech.edu/system/avm_image_sqls/binaries/91/original/Mass_plot_black_no_gap.jpg?1508029040



Gravitational-wave detector network

Tsukuba Unstable Nuclei Seminar 11

Advanced LIGO (Hanford, USA)
another at Livingston

https://www.advancedligo.mit.edu/graphics/summary01.jpg

http://virgopisa.df.unipi.it/sites/virgopisa.df.unipi.it.virgopisa/files/banner/virgo.jpg

Advanced Virgo
(Pisa, Italy)

KAGRA (Kamioka, Japan)

http://gwcenter.icrr.u-tokyo.ac.jp/wp-content/themes/lcgt/images/img_abt_lcgt.jpg
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GW170814 (not 170817)

Simultaneous detection by LIGO twins and Virgo
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²Ŝŀƪ Χ ŎƻƛƴŎƛŘŜƴŎŜ
w/ LIGO was crucial
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Test of general relativity (skipped)

This event probes the strong and dynamical gravity
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Weak gravity Strong gravity Dynamical Static

Small curvature scale (quantum somewhere)

Large curvature scale (classical)

Yunes+ (2016)Yunes+ (2016)

Ὃ ὧ ρassumed
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2. Gravitational waves 
from binary neutron stars 

(GW170817)
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Neutron star binary coalescence

ÅGravitational waves

- test of the theory of gravitation in a non-vacuum

- high-density matter signature: equation of state

Å Formation of a hot massive remnant (star/disk)

- central engine of short gamma-ray bursts

ÅMass ejection of neutron-rich material

- r-process nucleosynthesis

- radioactively-ŘǊƛǾŜƴ άkilonovaκƳŀŎǊƻƴƻǾŀέ
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Electromagnetic counterpart

EM radiation will accompany neutron star mergers

localization

- host identification

- cosmological redshift

ejecta properties

- ejection mechanism

- r-process element
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Berger (2014)
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Short gamma-ray burst (skipped)

About ρπÅÒÇȾÓexplosions

- the sun is ͯτ ρπÅÒÇȾÓ

Long-soft GRB: ςÓ

deaths of massive stars

Short-hard: ςÓ

neutron star binary merger?

rigorous confirmation needs

gravitational waves
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http://www.daviddarling.info/images/gamma-ray_bursts.jpg
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r-process nucleosynthesis

Synthesize heavy, neutron-ǊƛŎƘ ŜƭŜƳŜƴǘǎ ό!ǳΣ tǘΧύ

r = rapid: neutron capture faster than beta decay

need very dense and

neutron-rich matter

supernova explosions

now seem to fail to

achieve r-process
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Sneden+ (2008)
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Neutron star

Remnant of massive stars

(mass range is uncertain)

Mostly consists of neutrons

1.4 solar mass, ~10km

The density is higher than

nuclear saturation values

άŀ ƘǳƎŜ ƴǳŎƭŜǳǎέ

Arena for nuclear physics
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Lattimer(2014)

2018/1/17



Neutron-star matter

Cold, high-density, highly neutron-rich matter

also could be magnetized up to ~ρπ'ρπ4
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Fukushima-Hatsuda(2011)

~density
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Neutron star equation of state

We want to know the realistic equation of state, 
that uniquely determines the mass-radius relation
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Equation of state: Nuclear physics Mass-Radius relation: Astrophysics

Özel-Freire
(2016)

Özel-Freire (2016)
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Note: not need to observe the radius, and other quantities may be fine



Example of the binary merger

A massive rotating star can be left after merger, and 
emit gravitational waves to collapse to a black hole
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ÌÏÇ”(g/cc)

(old) Movies by Kenta Hotokezaka
Based on Hotokezaka, KK+ (2011)
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Encoded physics
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(H/S)
MNS

Hotokezaka, KK+ (2011)

Early inspiralΥ ƳŀǎǎΣ ǎǇƛƴǎΧ

Late inspiraland merger:
tidal deformation, NS EOS

Remnant massive NS:
extreme temperature/density

Ringdown: GR
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Merger dynamics of NS-NS
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Massive, 
hot NS

Large-mass disk

ὓÔÏÔÁÌὓÃÒÉÔ
ὓÔÏÔÁÌὓÃÒÉÔ:

prompt collapse
(unlikely)

Small-mass disk

Hypermassive:
~100ms

Small-mass disk?

Stable NS

Supramassive:
ὓÔÏÔÁÌὓÒÏÔȟÍÁØ

~spin-down time

ὓÔÏÔÁÌὓÍÁØ

[See e.g., Hotokezaka+KK+ (2013)]
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GW170817

http://www.ligo.org/detections/GW170817.php
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https://pbs.twimg.com/media/DOyV7PVVoAAkRZN.jpg

The longest BH-BH waveform is only ~2s (so far)

The NS-NS, GW170817, was detected for >1min

2018/1/17

http://www.ligo.org/detections/GW170817.php


Spectrogram

LIGO twins observed

ŎƭŜŀǊ άŎƘƛǊǇέ ǎƛƎƴŀƭǎΣ ƛΦŜΦΣ

gravitational waves with

increasing frequency

and amplitude in time

.ǳǘ ±ƛǊƎƻ ŘƛŘ ƴƻǘ ǎŜŜΧ

-> the source should be

ŀǘ ±ƛǊƎƻΩǎ ōƭƛƴŘ ǎǇƻǘΗ
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Sky map and localization accuracy
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Improved with Virgo!

Improved with Virgo!
http://www.ligo.org/detections/GW170817/images-GW170817/O1-O2-skymaps-white.jpg
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Electromagnetic followup
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[LDhΣ ±ƛǊƎƻΧ όнлмтύ



Transient and host galaxy

The kilonova/macronova and associated host galaxy 

are successfully discovered

by various telescopes
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Utsumi+ (2017)

UV, optical, IR
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IǳōōƭŜΩǎ Ŏƻƴǎǘŀƴǘ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ƛƴ ŀ ƴƻǾŜƭ ƳŀƴƴŜǊ

Gravitational-wave cosmology
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LIGO&Virgo+ (2017)

ὧᾀὺ ὌὈ
z: redshift from the host galaxy
D: distance from gravitational waves

See also
Seto-Kyutoku(2017)
arXiv:1710.06424

CMB
Supernova

Ὄ χπ ËÍÓ -ÐÃ

2018/1/17



Hubble tension?

GW-EM can examine this 3.4sigma~9% discrepancy
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Freedman (2017)    adapted from
Beaton+ (2016)
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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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LIGO&Virgo(2017)

mass
tidal
deformability

2018/1/17

chirp mass
יִ variation

BH-BH

Mass ratio
variation

Blue: astro. realistic

Red: conservative



Definition of parameters

Total mass ὓ ά ά

Reduced mass ‘ άά Ⱦὓ

Chirp mass ִי ‘Ⱦὓ Ⱦ: accurately measured!

Symmetric mass ratio – ‘ȾὓΥ ƴƻǘ ǾŜǊȅ ŀŎŎǳǊŀǘŜΧ

Binary tidal deformability (ά ά )

ɤ
ψ

ρσ
ρ χ–σρ– ɤ ɤ

ρ τ–ρ ω–ρρ– ɤ ɤ
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Quadrupolartidal deformability

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

ɤ Ὃ‗
ὧ

Ὃὓ

ς

σ
Ὧ
ὧὙ

Ὃὓ
ᶿὙ

Ὧͯ πȢρ: (second/electric) tidal Love number
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deformed
External 

fieldא ‗꜡

א ḳ ” ὼὼ
ρ

σ
ὼ‏ Ὠὼ ꜡ ḳ

‬ɮ

‬ὼ‬ὼ
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Representative example of EOSs
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ὙρȢσυὓṩ ȟɤρȢσυὓṩ

13.7km, 1211
13.0km, 863
12.3km, 607
11.6km, 422
11.0km, 289



Tight correlation of ɤ יִ

GW-measured ɤis

tightly correlated

w/ the chirp mass

ɤὓ ςȾִי is

effectively constrained

>13km is not favored

2018/1/17 Tsukuba Unstable Nuclei Seminar 36

Mass ratio
variation

GW170817:
יִ ρȢρψψὓṩ



Only upper limits?

Information at high frequency is crucially important

- low sensitivity

of detectors

- unreliable

theoretical

waveforms

-> our work ongoing 

2018/1/17 Tsukuba Unstable Nuclei Seminar 37

Error in ɤ
Kawaguchi+KK+ (submitted)



Theoretical waveform issue

The best analytic model so far is not yet accurately 
reproduce numerical-relativity waveforms

2018/1/17 Tsukuba Unstable Nuclei Seminar 38

Hinderer+KK+ (2016)



Postmergerinformation

The current limit ~ Ὁ'7ȟÐÏÓÔÍÅÒÇÅÒὓÔÏÔÁÌὧ

2018/1/17 Tsukuba Unstable Nuclei Seminar 39

LIGO&Virgo
(2017)



Stacking estimation

2018/1/17 Tsukuba Unstable Nuclei Seminar 40
Number of detections

Agathos+ (2015)

~tidal deformability

Note: correct prior is highly desired



3. r-process and 
kilonova/macronova 

(AT 2017gfo)
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r-process element

a half of nuclides

heavier than the iron

-ǘƘŜ ƻǘƘŜǊ ƘŀƭŦ ŦƻǊ άǎέ

Where in the Universe

are they produced?
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Gold
https://en.wikipedia.org/wiki/Gold#/media/File:Gold-crystals.jpg

https://en.wikipedia.org/wiki/Platinum#/media/File:Platinum_crystals.jpg

Platinum
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Mass ejection from binary mergers

Successful at least for some binary models

how can we confirm this idea?
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Sekiguchi+KK+ (2015)

Wanajo+KK+ (2014)



Kilonova/macronova

Ejected material contain

radioactive r-elements

Their decay heat the ejecta

Thermal photons try to

diffuse from the ejecta

But r-elements efficiently

traps the photon inside

/ƘŀǊŀŎǘŜǊƛǎǘƛŎ άkilonovaέΗ
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Kisaka+ (2015)
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AT 2017gfo

In general agreement with theoretical models

particularly in NIR

Compared to SNe

- small mass

- high velocity

- high opacity

- no time scale

of the heating

2018/1/17 Tsukuba Unstable Nuclei Seminar 45

Tanaka+ (2017)
many other obs.



Uniqueness as an optical transient

Consistent w/ kilonova/macronova

featureless red spectrum

rapid dimming and reddening
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Black (SSS17a=AT 2017gfo): this event 
Colored: other known transients

2018/1/17

bright

dim

red

blue
redblue



Kilonova/macronova characteristics

For spherical ejecta (Li-Paczynski1998, also Arnett 1982)

The peak luminosity: ὒÐÅÁËθὪ‖
Ⱦὓ ȾὺȾ

The peak time           : ὸÐÅÁËθ‖
Ⱦὓ Ⱦὺ Ⱦ

Heating efficiency Ὢand opacity ‖ςmicrophysics

particularly, r-process elements have high opacity

Ejecta mass ὓand ejecta velocity ὺςmacrophysics

small mass and high velocity (vs supernovae)
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Too many lines of lanthanides

A bunch of energy levels -> complex line structures

-> very frequent interaction  -> very high opacity

But modeling is incomplete (quantum many-body)
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Kasen+ (2013)
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Number of lines
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Tanaka+ (2017)



Theoretical uncertainties
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Tanaka+ (2017)



Two component?

Too bright at earlier epochs

Early lanthanide-free +

late lanthanide is very likely
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lanthanide actinide

Tanaka+ (2017)

Tanaka+ (2017)
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lanthanide-free
intermediate
lanthanide-rich


