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Initial request

ά/ƻǳƭŘ ȅƻǳ ǎǇŜŀƪ ƻƴ άThe impact on Astroparticle
Physics from LIGO-±ƛǊƎƻΩǎ ŘŜǘŜŎǘƛƻƴ ƻŦ ƎǊŀǾƛǘŀǘƛƻƴŀƭ 
ǿŀǾŜǎΚέέ

AstroparticleΧ

- cosmic rays?

- neutrinos?

- (very) high-energy gamma rays?
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1. Introduction: 
current LIGO-
Virgo results
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Era of gravitational-wave astronomy

10 binary black holes and 1 binary neutron stars
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https://ciera.northwestern.edu/gallery/masses-in-the-stellar-graveyard-3/



Mass distribution of black holes

Beginning to be understood to some accuracy
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LIGO&Virgo(2018)

Primary mass

Mass ratio (secondary/primary)



Spin distribution of black holes

…ÅÆÆά…ȟ᷆ ά…ȟ᷆Ⱦά ά

Not likely to be extremely rapidly spinning, but not 

necessarily preferring

non-spinning or

random orientation

Seems premature
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LIGO&Virgo(2018)



On black-hole echoes

It is possible if it was NOT a genuine black hole

e.g., boson stars, gravastarsΣ ƻǊ ŦƛǊŜǿŀƭƭǎ Χ
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Abedi+ (2017)

Prediction for black holes 
in general relativity

Model of echoes



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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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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Constraint on neutron-star properties

Model-insensitive constraints are obtained, and 
aggressive assumptions derive strong constraints 
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LIGO&Virgo(2019)

Tidal deformability
LIGO&Virgo(2018)



Electromagnetic counterpart

EM radiation accompanies 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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Neutrino upper limit

No coincident event

No model is rejected

(except for on-axis GRBs)

2019/2/18 VHEPA2019 14

Albert+ (2017)

Abe+ (2018)

Super-Kamiokande



High-energy gamma ray upper limit

Mostly upper limit for >MeV gamma rays, and 
Fermi/LAT put an upper limit only at late times
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Abdalla+ (2017)



2. KilonovaAT 2017gfo 
and r-process cosmic rays
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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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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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UV/optical/IR transient AT 2017gfo

The host galaxy and redshift are determined
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Utsumi+ (2017)



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(2018)

CMB
Supernova

Ὄ χπ ËÍÓ -ÐÃ
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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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But caution! Calibration accuracy

Amplitude measurements by LIGO/Virgo have ~5% 
systematic errors Χ ŀǎ ŀǊŜ ǘƘŜ ŘƛǎǘŀƴŎŜ ŜǊǊƻǊǎ
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Cahillane+ (2017)

Livingston, similar for Hanford



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
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Tanaka+ (2017)
many other obs.



No indication of ultraheavy elements

A moderate amount of lanthanide is required but 
gold, platinum, etc. are not concretely detected

- it is simply hard to confirm their presence, though
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Tanaka+ (2017)

lanthanide actinide

Pt, Au



Heating source

Some people claim that heavy elements such as 
gold and platinum better explain late-time emission

but

- the prediction is

not very robust

- late bolometric

luminosity is not

very accurate
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Kasliwal+ (2018)



Polarization

Ejecta geometry and atomic distribution could be 
inferred from polarization due to electron scattering

This is possible only if

both light and heavy

r-process elements

exist in the ejecta

No polarization for AT 2017gfo [Covino et al. 2017]
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©M. Bulla



Possible probe into atomic distribution

~1% polarization is possible for binary neutron stars
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Bulla+KK+ (2018)



Future of the kilonovaejecta

The ejecta with πȢπσ πȢπυὓṩ and πȢρ πȢςὧwill 
eventually collide with the interstellar medium

-> a system very similar to supernova remnants

Broadband emission is

expected (mainly radio)

Gamma-rays are possible

for (very) extreme cases

e.g., with magnetars
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Takami, KK+ (2014)
Not corresponding to AT 2017gfo



Cosmic-ray acceleration?

The velocity of the r-process-enriched ejecta is 
ƭŀǊƎŜǊ ōȅ ŀƴ ƻǊŘŜǊ ƻŦ ƳŀƎƴƛǘǳŘŜ ǘƘŀƴ ǎǳǇŜǊƴƻǾŀΩǎ

If all the r-process elements are produced in 
mergers, they must be born with two order-of-
magnitude larger kinetic energy (per mass) than 
elements from the supernova explosion e.g., Fe

Then - r-process cosmic rays could be very intense 
as far as the reverse-shock acceleration is efficient
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Observed cosmic-ray composition

No selective r-process enhancement is observed

άǎƻƭŀǊ ŎƻƳǇƻǎƛǘƛƻƴέ

Enhancement for

- refractory elements

that tend to form dusts

- all the heavy elements

(or for large A/Q ?)
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Ellison+ (1997)

estimated
abundance
ratio at
the source



Limit on acceleration efficiency

Particle acceleration and emission will be inefficient 
in the reverse shock of the kilonovaejecta

2019/2/18 VHEPA2019 32

Kyutoku-Ioka(2016)



3. Gamma-ray burst 
GRB 170817A and 

magnetars
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Short gamma-ray burst

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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GRB 170817A
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© LIGO/Virgo; Fermi; INTEGRAL; NASA/DOE; NSF; EGO; ESA.



The difference of speeds in GW/EM

Gravitational waves and gamma rays arrive 
separated only by ~1.7s from ~40Mpc=4x10^15s

Timing difference ɝὸ ὈȾὺ'7 ὈȾὺ%-
renders the velocity differenceɝὺḧὺ'7 ὺ%-

σ ρπ
ɝὺ

ὺ%-
χ ρπ

if the difference at the source is [0:10]s (model!)

- multiple events will alleviate model dependence
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Dispersion relation

Propagation of electromagnetic waves (in a suitable 
gauge) is governed by the spacetime metric as

– ‬‬ὃ π

Gravitational waves Ὤ must obey the same causal 

structure, so that
Ὣ ‬‬Ὤ π

with Ὣ ɱ– , no correction such as ɳ‰ɳ ‰

This is not usually assuring for modified theory of 
gravity with higher derivatives of scalar fields
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Constraint on modified gravity

Various theories are now regarded as rejected
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Ezquiaga-Zumalacarregui(2017)



Scenario confirmation

Apparently, short gamma-ray burst (but not hard)

-> Binary neutron stars drive some short GRBs!
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Goldstein+ (2017)

Duration of emission

Hard spectrum

Soft spectrum
2019/2/18



The closest short gamma-ray burst

Among the short GRBs with measured redshifts
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Fong+ (2017)

Ὀ τπ -ÐÃfrom
gravitational waves (90%)

consistent with ᾀ πȢπρ



UnderluminousΧ
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Because this event was quite nearby,
the normal apparent luminosity
means the intrinsically low luminosity

Detection threshold vs redshift

(isotropic-equivalent) luminosity of gamma-ray emission

2019/2/18

LIGO&Virgo, Fermi, INTEGRAL (2017)



Brightening of the afterglow

An off-axis jet is a good candidate, but an ultra-
relativistic top-hat jet is rejected (for any angle)
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Mooley+ (2018)

A top-hat jet
must evolve rapidly



Structured jet

The jet of gamma-ray bursts is not very simple but 
is associated with a non-trivial angular structure
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Lazzati+ (2018)



Superluminal motion

Radio VLBI resolved material moving with ɜ τ

Evidence of a jet! But ɜ σπis not yet confirmed
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Apparently
ὺ τὧ

Mooley+ (2018)



Peakanddeclineof the luminosity

Declineafter the peak is not very slow: jet-like

Thisdoes not fit with quasisphericalcocoon models
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Troja+ (2018)



Late-time X-ray flare?

Was the remnant a magnetar w/ ~160day lifetime? 
Very important to understand the central engine
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Piro+ (2019)

Piro+ (2019)



Magnetic-field amplification

Hydrodynamic and magneto-hydrodynamic 
instabilities amplify the magnetic field to 10^17G

- Kelvin-Helmholtz instability at the contact surface

- winding and magneto-rotational instability
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Kiuchi, KK+ (2015)



GeV-TeVgamma-ray emission

A central engine or late-time GRB activity may give 
us a chance of detecting ~100GeV gamma rays

magnetar case                       on-axis GRB case
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thick: 1GeV, thin: 100GeV

Murase+ (2018)

100GeV



Dark age of binary neutron star merger

What is ongoing in

the 1.7s delay between

gravitational waves

and gamma rays?

- black hole formation?

- magnetar?

Only neutrinos could be

possible messengers
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