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In 2015 

The first direct detec5on of  
gravita5onal waves (GW) 



Advanced LIGO (USA)

Advanced Virgo (Europe)

KAGRA (Japan)

Gravita5onal wave (GW) detectors



mirror

Beam
Detector

hGp://gwcenter.icrr.u-tokyo.ac.jp/plan/aboutu-gw

〰
〰
〰

 

〰
〰
〰

 

〰
〰
〰

mirror
Beam spliIer

L = 4km

ΔL

〰〰〰 
〰〰〰 
〰〰〰

〰
〰
〰

 
〰
〰
〰

 
〰
〰
〰

〰
〰
〰

 
〰
〰
〰

 
〰
〰
〰

ΔL/L ~ 10-21



hIp://www.ligo.org/detec5ons.php

Full moon x 3000 
(600 deg2)

Full moon x 4500 
(900 deg2)

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


Search for electromagne5c (EM) counterpart

Detec5on of gravita5onal wave (GW)

Iden5fica5on of GW source

GW + EM 
“Mul5messenger” astronomy

Hubble constant (distance vs redshib), 
Propaga5on speed of GWs,  

Many astrophysics of GW sources, …



Are GW sources “visible”? 
(do they emit EM signals?)

Neutron star merger Black hole merger

??
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Mass ejec5on from NS merger

Sekiguchi+15, 16
M ~ 10-2 Msun 

v ~ 0.1 c

Top view Side view
10-3 - 1 sec

柴田さん講演 
（数値相対論）



r-process in NS merger

(C) Nobuya Nishimura

n-capture: ~ 1 sec 
Decay: sec - days - weeks

和南城さん講演、西村さんポスター（核反応ネットワーク）
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Figure 4. Heating rates (black) from β-decay (top), α-decay (middle), and fission (bottom) for mFE-a (left) and mFE-b (right)
with the top 11 isotopes (in different colors) that have more than 10% contributions at the maxima.
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Radioac5ve decay luminosity

1 day

10 day

~ t-1.3

β decay

β decay  (+ α decay + fission)
Decay: sec - days - weeks



Gamma-rays 
β/α par5cles

Op5cal+infrared 
photons

“Kilonova”
R ~ 1014-15 cm

Diffusion ~ day - weeks



Merger r-process 
nucleosynthesis

Radioac5ve 
 decay 

=> kilonova

1-10 seconds  days - weeksms - seconds

Mass 
ejec5on

MT & Hotoke 13
hGp://www.aei.mpg.de/comp-rel-astro

Chemical 
enrichment

> Myr

Timescales in NS mergers

Gravita5onal waves Electromagne5c waves

平居さん講演 
（銀河進化）



Gamma-rays 
β/α par5cles

Op5cal+infrared 
photons

“Kilonova”

Interac5on with maIer  
mainly via bound-bound transi5ons

ρ ~ 10-13 g cm-3  (n ~ 109 cm-3) 

Τ ~ 5,000 K 
(neutral - doubly ionized gas)

R ~ 1014-15 cm

Diffusion ~ day - weeks



“Kilonova" 
Ini5al works: Li & Paczynski 98, Kulkarni 05, Metzger+10, Goriely+11, … 
High opacity: Kasen+13, Barnes & Kasen 13, MT & Hotokezaka 13, …
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Numerical rela5vity 
Mass, velocity, …

Nucleosynthesis 
Chemical elements

Nuclear data 
(MeV scale)

Radioac5ve decays and energy deposi5on 
γ-rays, electrons, α par0cles, and fission products

Atomic data 
(eV scale)Photon propaga5on 

Atomic opaci0es (mainly bound-bound transi0ons)

Observa5ons

Ini5al condi5ons
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earlier time ti, defined by

Epart(t) = E0 �
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The number of live particles at time t is then
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(33)

where tine↵ is the ine�ciency timescale defined in the
previous section.

It is now straightforward to calculate the ratio fp of
thermalized to emitted energy for a massive particle of
type p,

fp(t) =
Ėth

Ėrad

=

ln


1 + 2

⇣
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⌘2
�

2
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t
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Eq. 34 can be used to estimate the thermalization
e�ciencies of massive particles, where the relevant
timescales tine↵,p are given by Eq.s 22 (�-particles), 26
(↵-particles), and 27 (fission fragments).

For �-rays, the thermalization e�ciency is approxi-
mately equal to the interaction probability: f�(t) ⇡
1 � e�⌧ . We can estimate the optical depth ⌧ ⇡ ⇢�Rej
using ̄� , the �-ray opacity averaged over the emission
spectrum. Optical depth is related to tine↵,� by

✓
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Figure 9 shows our analytic thermalization functions
for Mej = 5 ⇥ 10�3M�, and vej = 0.2c, using the expres-
sions for tine↵ derived in §3. For massive particles, we
used E�,0 = 0.5 MeV, E↵,0 = 6 MeV, and E↵,0 = 125
MeV. For �-rays, we take ̄ = 0.1 cm2 g�1, which gives
tine↵,� ⇡ 1.4 days.

As we will see in §5, the approximate analytic expres-
sions Eq.s 34 and 35 agree fairly well with our numerical
results.

5. NUMERICAL RESULTS

In this section, we present numerical calculations
of thermalization e�ciencies as determined by model-
ing the 3-dimensional transport of �-rays, fission frag-
ments, and ↵- and �-particles in a magnetized expand-
ing medium. Our calculations used the time-evolving

0 5 10 15 20 25 30
Days

0.0

0.2

0.4

0.6

0.8

1.0

f(
t)

fission fragments �-particles
�-particles
�-rays

Figure 9. Analytic thermalization e�ciencies, calculated with
Eq.s 34 and 35. We use t0 = 1 day, and ⇢0 = 7.9 ⇥ 10�15 cm�3,
corresponding to a uniform density ejecta with the same mass and
energy as our fiducial model. For ↵’s, �’s, and fission fragments
we take E0 = 6, 1, and 125 MeV, respectively.

emission spectra introduced in §2.5, accounted for the
time-dependent partition of radioactive energy among
di↵erent decay products, and incorporated the detailed,
energy-dependent energy loss rates derived in §3. The
flux tube approximation was used to model charged par-
ticle transport, allowing us to explore the sensitivity of
our results to the architecture of the ejecta’s magnetic
field. Additional details of our transport method are
given in the Appendix.

5.1. Thermalization e�ciencies

Figure 10 presents the numerically calculated thermal-
ization e�ciency, f(t), of all particles for the fiducial
ejecta model (Mej= 5 ⇥ 10�3M� and vej= 0.2c.) Fission
fragments thermalize most e�ciently, having f(t) & 0.5
out to t ⇠ 15 days. Alpha- and �-particle thermaliza-
tion is slightly lower, reaching f(t) = 0.5 around a week
post-merger, while f(t) for �-rays is much lower, falling
below 0.5 by t ⇠ 1 day.

For massive particles, we show f(t) for radial (dot-
ted lines), toroidal (solid lines), and lightly tangled (� =
0.25; dashed lines) magnetic field geometries. The mag-
netic field configuration a↵ects thermalization in three
ways:

1. Di↵usion: Radial or lightly tangled fields allow
particles to di↵use outward into regions of lower
density, and lead to lower f(t).

2. Escape: Radial fields that allow charged parti-
cles to escape before they have completely ther-
malized will lower f(t). This is most important for
�-particles, which move faster than the ejecta.

3. Frame-to-frame e↵ects: Particles in a homolo-
gous flow lose energy, as measured in the co-moving
frame (cmf), as they move through the ejecta.
These frame-to-frame losses reduce the amount of
kinetic energy a particle has to thermalize, and
therefore reduce f(t). Radial fields and lightly
tangled fields, which allow particles to move fairly

Efficiency of energy deposi5on 
γ-rays, electrons, α par0cles, and fission products

Barnes+16



Radia5on transfer simula5ons of kilonova 
(MT & Hotokezaka 13, MT+14) 



T(x,y,z)

Photon tracing

Ioniza5on (LTE)  
X(x,y,z,element,ion)

T(x,y,z)

Opacity  
τ(x,y,z,ν)

Monte-Carlo radia5ve transfer in NS mergers 
(= photon transfer in expanding metal-rich gas) 
* Not coupled with hydrodynamics (Ekin >> Erad)

t(i) t(i+1)Photon tracing

Ioniza5on (LTE)  
X(x,y,z,element,ion)

Opacity 
τ(x,y,z,ν)

T(x,y,z)

....



L ~ 1040-1041 erg s-1 

t ~ weeks 
NIR > Op5cal 
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Bound-bound opacity
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open s shell

open p-shell

open d-shell

open f shell

Kasen+13: Sn II, Ce II-III, Nd I-IV, Os II
Fontes+17: Ce I-IV, Nd I-IV, Sm I-IV, U I-IV

MT+18: Se I-III, Ru I-III, Te I-III, Nd I-III, Er I-III
Wollaeger+17: Se, Br, Zr, Pd, Te

Kasen+17: all lanthanides

Atomic data for kilonova

MT+19: all r-process elements

Nh Mc Ts Og



Energy levels (singly ionized)

~ 106 levels in total 
(I, II, III, IV)

Lanthanide Ac0nide

Systema5c calcula5ons of atomic structure
Using HULLAC code (with parametric radial poten0al)

Typical accuracy is only ~20 % 
(good only for sta5s5cal proper5es)



4 M. Tanaka et al.
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Figure 2. Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1× 10−13 g cm−3, and
t = 1 day after the merger. Blue and red lines present the opacities for T = 5, 000 and 10,000 K, respectively.

bution of the energy levels becomes wider for higher Z

in a given shell. (2) At the same time, the number of
states is the largest for the half-closed shell since it gives
the highest complexity, i.e., the number of combinations
formed from different quantum numbers is the largest.
For the case of lanthanides (Z = 57 − 71), the total

number of levels is the largest for Eu or Gd which have
half closed 4f -shells, depending on the ionization states.
But the distribution of the energy levels is pushed up as
Z increases, and thus, the number of low-lying levels
is not necessarily higher than that of other lanthanide
elements. This is the reason why the opacities of these
complex elements are not always higher than those of
the other lanthanides (Section 3).

3. OPACITY

In a typical timescale of kilonova emission (t ∼> 1
day), bound-bound transitions play the dominant role
for the opacities in near ultraviolet, optical, and in-
frared wavelengths (Kasen et al. 2013; Barnes & Kasen
2013; Tanaka & Hotokezaka 2013). To evaluate the
bound-bound opacities in rapidly expanding medium,
such as supernova or neutron star merger ejecta, ex-
pansion opacities are commonly used (Karp et al. 1977;
Eastman & Pinto 1993; Kasen et al. 2006). In the ho-
mologous expansion, the expansion opacity is expressed
by

κexp(λ) =
1

ctρ

!

l

λl

∆λ
(1− e−τl), (1)

where summation is taken over all the transitions within
the wavelength bin ∆λ in radiative transfer simulations.
Here τl is the Sobolev optical depth for each bound-

bound transition;

τl =
πe2

mec
flntλl, (2)

where n is the number density in a lower level of the
transition and fl and λl are the oscillator strength and
transition wavelength, respectively. Whenever not ex-
plicitly mentioned, the expansion opacities shown in this
paper are evaluated at t = 1 day after the merger by as-
suming density of ρ = 1×10−13 g cm−3, which is typical
for the ejecta mass of Mej ∼ 10−2M⊙ and the ejecta ve-
locity of v ∼ 0.1c.
Our simulations assume local thermodynamic equilib-

rium (LTE), and ionization states are calculated by solv-
ing Saha equation. Population of excited states follow
the Boltzmann distribution. By the exponential depen-
dence of the population of excited states (n ∝ e−E/kT ),
bound-bound transitions from lower energy levels have
much higher contributions to the total opacities.
Figure 2 shows the overview of the opacity as a func-

tion of atomic number: the Plank mean opacities are
shown for T = 5, 000 and 10,000 K for all the elements.
In the following sections, properties of the opacities are
discussed for each open shell of the elements.

3.1. f-shell elements

Open f -shell elements, lanthanides and actinides,
have larger opacities than the elements with other open
shells (Kasen et al. 2013; Tanaka & Hotokezaka 2013;
Fontes et al. 2017; Tanaka et al. 2018; Wollaeger et al.
2018; Fontes et al. 2019). Due to the large number of
energy levels with small energy spacing, the opacities

Lanthanide Ac0nide

~ 109 transi0ons in total
Systema5c calcula5ons of opaci5es



Some comments about numerical simula5ons

• Typical 2D simula5ons take ~1 day with ~100 cores 

• ~100% efficiency with “photon parallel” 

• Resolu5on is limited by memory size 

• Each node should keep opacity data 
(b-b transi0ons in ~3,000 wavelength/frequency bin)

• Accurate and systema5c atomic data are missing 

• Need calibra0on with experiments 

• Assump5on of local thermodynamic equilibrium (LTE) 

• Not good at t >~ 10 days aser the merger



EM astronomyGW astronomy

Event rate of  
neutron star merger

Mul5messenger 
astronomy

Mass ejec5on from 
neutron star merger

Origin of the heavy elements in the Universe



• なぜ「マルチメッセンジャー」観測？ 

• 中性子星合体からの電磁波放射シミュレーション 

• 重力波天体のマルチメッセンジャー観測

重力波天体のマルチメッセンジャー観測



LIGO Scien0fic Collabora0on  
and Virgo Collabora0on, 2017, PRL

2

gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

GW170817: 
The first detec5on of GWs 
from a NS merger 

Posi5on  
localized to 30 deg2 



Movie: Utsumi, MT+17, Tominaga, MT+18Coulter+17, Soares-Santos+17, Valen0+17,  
Arcavi+17, Tanvir+17, Lipunov+17



Op5cal (z)  near IR (H)  near IR (Ks)

Electromagne5c counterpart of GW170817 @ 40 Mpc 

Utsumi, MT+17

Day 1 Day 7



GW170817: op5cal/infrared light curves

Arcavi+17, Cowperthwaite+17,  
Diaz+17, Drout+17,Evans+17,  
Kasliwal+17,Pian+17, 
SmarG+17, Tanvir+17, Troja+17, 
Utsumi, MT+17, Valen0+17
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Model: MT+17
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTER RESEARCH

2  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  6 9

part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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simulations for dynamic NSNS ejecta, for other cases we use a parametrized treatment with 
numerical values based on existing hydrodynamic studies.

2.1. NSNS merger simulations

The NSNS simulations of this paper make use of the Smooth Particle Hydrodynamics (SPH) 
method, see [72–75] for recent reviews. Our code is an updated version of the one that was 
used in earlier studies [11, 76–78]. We solve the Newtonian, ideal hydrodynamics equa-
tions for each particle a:
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower 
right indicate the typical ejecta mass required to explain all r-process/all r-process with 
A  >  80/all r-process with A  >  130 for a given event rate (lower panel per year and 
Milky Way-type galaxy, upper panel per year and Gpc3). Also marked is the compiled 
rate range from Abadie et al (2010) for both double neutron stars and neutron star black 
hole systems and (expected) LIGO upper limits for O1 to O3 (Abbott et al 2016b). 
The dynamic ejecta results from some hydrodynamic simulations are also indicated: 
the double arrow denoted ‘nsns Bauswein  +  13’ indicates the ejecta mass range found 
in [23], ‘nsns Rosswog 13’ refers to [24], ‘nsns Hotokezaka  +  13’ to [25], ‘nsbh 
Foucart  +  14’ to [26] and ‘nsbh Kyutoku  +  13’ to [27].
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first named ‘SSS17a’ and ‘DLT17ck’, but here we use the official IAU 
designation, AT 2017gfo.

We carried out targeted and wide-field optical/near-infrared imag-
ing observations of several bright galaxies within the reconstructed 
sky localization of the gravitational-wave signal with the Rapid Eye 
Mount (REM) telescope and with the European Southern Observatory 
(ESO) Very Large Telescope (VLT) Survey Telescope (ESO-VST). This 
led to the detection of AT 2017gfo in the REM images of the field of 
NGC 4993, which were obtained 12.8 h after the gravitational-wave/
GRB event. Following the detection of this source, we started an 
imaging and spectroscopic follow-up campaign at optical and near- 
infrared wavelengths. Imaging was carried out with the REM telescope, 
the ESO-VST and the ESO-VLT. A series of spectra was obtained with 
the VLT/X-shooter in the wavelength range 3,200–24,800 Å, with VLT/
FORS2 (Focal Reducer/low-dispersion Spectrograph) in 3,500–9,000 Å 
and with Gemini-S/GMOS in 5,500–9,000 Å (see ref. 20 for GMOS 
reduction and analysis details). Overall, we observed the source with an 
almost daily cadence during the period 17 August 2017 to 3 September 
2017 (about 0.5–17.5 days after the gravitational-wave/GRB trigger; 
details are provided in Methods). We present here the results of the 
observations carried out in August 2017.

As described in the following, the analysis and modelling of the 
spectral characteristics of our dataset, together with their evolution 
with time, result in a good match with the expectations for kilonovae, 
providing the first compelling observational evidence for the existence 
of such elusive transient sources. Details of the observations are pro-
vided in Methods.

We adopted a foreground Milky Way extinction of E(B − V) = 0.1 mag 
and the extinction curve of ref. 21 and used them to correct both 
 magnitudes and spectra (see Methods). The extinction within the host 
galaxy is negligible according to the absence of substantial detection of 
characteristic narrow absorption features associated with its interstellar 
medium. The optical light curve resulting from our data is shown in 
Fig. 1 and the sequence of X-shooter, FORS2 and GMOS spectra is 
shown in Fig. 2. Apart from Milky Way foreground lines, the spectrum 

is otherwise devoid of narrow features that could indicate association 
with NGC 4993. In the slit, which was displaced from the position of 
the transient by 3″–10″ (0.6–2.0 kpc in projection), we detected narrow 
emission lines exhibiting noticeable structure, both spatially and in 
velocity space (receding at 100–250 km s−1 with respect to the systemic 
velocity), which were probably caused by the slit crossing a spiral struc-
ture of the galaxy (see Methods).

The first X-shooter spectrum of the transient shows a bright, blue 
continuum across the entire wavelength coverage—with a maximum 
at about 6,000 Å and total luminosity of 3.2 ×  1041 erg s−1—that can be 
fitted with the spectrum of a blackbody of temperature 5,000 ± 200 K 
and a spherical equivalent radius of approximately 8 ×  1014 cm. At a 
phase of 1.5 days after the gravitational-wave/GRB trigger, this indi-
cates an expansion velocity of the ejected material of about 0.2c. The 
temperature is considerably lower than that inferred from photometric 
observations about 20 h earlier (about 8,000 K)22, suggesting rapid cool-
ing. On top of this overall blackbody spectral shape are undulations that 
may represent very broad absorption features similar to those predicted 
by merger ejecta simulations16. We refrain from connecting these to the 
expansion velocity because they may be combinations of many lines 
with poorly known properties.

At the second epoch, one day later, when the spectrum covered only 
the optical range, the maximum moved to longer wavelengths, indicat-
ing rapid cooling. At the third epoch, when near-infrared wavelength 
information was again available, the peak shifted further to 11,000 Å 
and the overall spectral shape changed. This indicated that the photo-
sphere was receding, the ejecta was becoming increasingly transparent 
and more absorption lines became visible. The near-infrared part of the 
spectrum evolved in flux and shape much less rapidly than the optical 
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Figure 1 | Multiband optical light curve of AT 2017gfo.  The data shown 
for each filter (see legend) are listed in Extended Data Table 1. Details of 
data acquisition and analysis are reported in Methods. The x axis indicates 
the difference in days between the time at which the observation was 
carried out T and the time of the gravitation-wave event T0. The error 
bars show the 1σ confidence level. The data have not been corrected for 
Galactic reddening.
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Figure 2 | Time evolution of the AT 2017gfo spectra. VLT/X-shooter, 
VLT/FORS2 and Gemini/GMOS spectra of AT 2017gfo. Details of data 
acquisition and analysis are reported in Methods. For each spectrum, 
the observation epoch is reported on the left (phases with respect to the 
gravitation-wave trigger time are reported in Extended Data Table 2; 
the flux normalization is arbitrary). Spikes and spurious features were 
removed and a filter median of 21 pixels was applied. The shaded areas 
mark the wavelength ranges with very low atmospheric transmission. The 
data have not been corrected for Galactic reddening.
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imately (Kasen & Barnes 2018)

f(t) ⇡ p�(1� e�t2�/t2) + pe(1 + t/te)
�n, (1)

where p� ⇡ 0.4, pe ⇡ 0.2 are the fraction of beta-decay
energy emitted as gamma-rays and electrons, respectively.
For ejecta masses and velocities in the range M ⇡ 0.01 �
0.05 M�, v ⇡ 0.1c�0.2c the timescale for gamma-rays to be-
come ine�cient to thermalization is t� ⇡ 0.5� 2 days while
that for electrons is te ⇡ 10� 40 days. The exponent n ⇡ 1
for typical conditions, though n can be larger depending on
the details of the thermalization and decay physics (Kasen
& Barnes 2018).

Figure A1 shows calculations of the radioactive power
✏̇(t) derived from detailed r-process nuclear reaction net-
works for outflows with a range of physical conditions (ini-
tial electron fractions Ye = 0.05 � 0.5, expansion velocity
of 0.2c, ejecta mass of 0.05 M� Rosswog et al. 2018). At
+43 d, the radioactive power ranges from ✏̇ ⇡ 0.5 � 2.5 ⇥
108 erg s�1 g�1. Adopting the ⌫L⌫ luminosity at epoch 1
of L43 = 7.8 ⇥ 1038 erg s�1 and using an e�ciency factor
f = 0.1 (appropriate for te ⇡ 30 days) implies an ejecta
mass of Mej ⇡ 1.6�7.8⇥10�2 M�. Within large uncertain-
ties, the mass range is consistent with that inferred from
analysis of early time observations of GW170817 (Coulter
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal
et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017;
Cowperthwaite et al. 2017; Arcavi et al. 2017), and provides
additional evidence that the neutron star merger produced
a large quantity of radioactive ejecta.

Between the two epochs of Spitzer observations, the lu-
minosity dropped by a factor L1/L2 ⇡ 6.2 corresponding to
a power-law L/ t�3.4±0.2. This is steeper than the L / t�7/3

dependence of statistical distribution of isotopes with power
✏̇ / t�4/3 with ine�cient thermalization f(t) / t�1. Alter-
nately, the observed decline can be explained if the e�ciency
drops even more rapidly, f(t) / t�2, as suggested by Wax-
man et al. (2017) (although such a steep dependence of f(t)
is not consistent with the numerical thermalization calcu-
lations of (Barnes et al. 2016)). Based on late-time optical
data, Waxman et al. 2017 and Arcavi 2018 also suggested a
similarly steep late-time power-law slope of t�3.

It is possible that the decline in luminosity between the
two Spitzer epochs is a result of the spectral energy progres-
sively moving out of 4.5µm band, such that the bolometric
correction increases with time. If such a color evolution oc-
curred, the spectrum must have moved redward of 5 µm, as
the upper limits in the 3.6µm band rule out a substantial
increase of the flux at bluer wavelengths.

If we assume, on the other hand, that the bolomet-
ric correction remained largely unchanged between the two
epochs, the two Spitzer epochs suggest that the underlying
radioactivity has deviated from the ✏̇ / t�4/3 power-law be-
havior. This is expected to occur when the decay becomes
dominated by one or a few isotopes rather than a statistical
distribution (Kasen & Barnes 2018; Wu et al. 2018). For a
single dominant isotope the energy generation rate follows
✏̇(t) / e�t/ti where ti is the decay timescale. Taking into
account the e↵ects of ine�cient thermalization, the heating
from a single isotope at times t & te is (Kasen & Barnes

Figure 2. Comparing early-time bolometric data (circles, Kasli-
wal et al. 2017) and late-time Spitzer detections (stars, this paper)
with the predicted radioactive luminosity as a function of time
(lines). The dashed colored lines show a luminosity L = Mej ✏̇(t)
f(t), where the ejecta mass Mej = 0.05 M�, the thermalization
e�ciency f(t) is from Kasen & Barnes 2018, and the radioactive
power ✏̇(t) is from the detailed nuclear reaction network calcu-
lations of Rosswog et al. 2018. ✏̇(t) explores a range of electron
fraction Ye and expansion velocity from 0.1c to 0.4c. Outflows
with Ye<0.25 synthesize the heaviest r-process elements in the
second-peak and third-peak and show a steeper late time decline,
whereas those with Ye&0.25 produce relatively lighter elements
and have a shallower decline due to the presence of longer lived
radioactive isotopes. Also shown is the power law inferred from
early-time data (gray solid line) and an analytic estimate of beta
decay rates assuming a statistical distribution (magenta solid line;
Hotokezaka et al. 2017).

2018)

L /
exp

h
� 3
p

3t/2te(te/ti)
i

(t/te)7/3
. (2)

From Equation 2 and using te = 30 days the observed ratio
L1/L2 ⇡ 6.2 implies heating dominated by an isotope with
decay time ti ⇡ 14 days.

If the late time radioactivity is indeed dominated by a
single isotope, this provides constraints on the ejecta compo-
sition. For merger outflows with electron fractions Ye . 0.25
the nucleosynthesis proceeds to the 3rd r-process peak (Fig-
ure A1) and the radioactive power ✏̇(t) steepens at times
t & 40 days to a decline rate consistent with the two Spitzer
epochs (Figure 2). For electron fractions Ye & 0.25, in con-
trast, the r-process stalls at the first or second r-process
peak and the heating rate is flatter at late times due to the
presence of long-lived radioisotopes. Thus, the Spitzer data
provides conditional evidence that GW170817 produced 3rd
peak r-process elements.

Another simple check to this inference is to compare
the bolometric light curve to the electron heating rates cal-
culated based on the solar abundance pattern (Figure 3).
The Spitzer detections cannot be explained only by radioac-
tive decay of elements in the first abundance peak as none
of them have half-life between between 10–100 days. Abun-
dant elements with relevant half-life include 89Sr, 125Sn, 131I,

MNRAS 000, 1–6 (2018)

t-1.3

t-3

43 74

Late-5me follow-up in mid infrared (4 um)

Kasliwal+18

Dominated by  
several isotopes 
in the 3rd peak?

t ~ 40 days

Iden5fica5on of elements (2) Nuclear physics approach

Need beIer observa5ons un5l late 5me 
Need non-LTE modelling



Figure 2: The planned sensitivity evolution and observing runs of the aLIGO, AdV and
KAGRA detectors over the coming years. The colored bars show the observing runs,
with achieved sensitivities in O1 and in O2, and the expected sensitivities given by the
data in Fig. 1 for future runs. There is significant uncertainty in the start and end times
of the planned observing runs, especially for those further in the future, and these could
move forward or backwards relative to what is shown above. Uncertainty in start or
finish dates is represented by shading. We do anticipate that the break between O3 and
O4 will last at least 18 months. Any extension of O3 would lead to a corresponding
delay in the start of O4. O3 will finish by June 30 2020 at the latest. A commissioning
break for the LIGO and Virgo observatories is scheduled to begin October 1, 2019 at
1500 UTC (0800 Pacific Time). The break is planned for one month, and the end date for
O3 is now planned to be April 30, 2020. The O4 run is expected to last for one calendar
year. We indicate a range of potential sensitivities for aLIGO during O4 depending on
which upgrades and improvements are made after O3. The most significant driver of the
aLIGO range in O4 is from frequency-dependent squeezing, which may or may not be
implemented for this run.
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Current status/future of GW observa5ons

Today

Several events with NS have been already reported in O3

LIGO, VIrgo, KAGRA collabora0ons 2019



S190425z: 2nd candidate of NS merger (~150 Mpc)

hGps://gracedb.ligo.org/superevents/S190425z/

GW170817: 30 deg2

e.g., Hosseinzadeh+19

No convincing counterpart was iden5fied so far



GW150914 with future detectors 9

Figure 3. The 90% credible areas of one individual signal. The upper panel shows the
global localisation over the root-mean-square sensitivity patterns of the Hanford and
Livingston detectors added in quadrature. The two yellow areas mark the locations
with the highest antenna response while signals from sources located in the dark
blue regions are strongly suppressed. Only the largest areas are shown, as design
sensitivity runs with 3+ detectors would be indistinguishable. The lower panels show
the central region in greater detail and illustrate the di↵erences between 3, 4, and
5-detector set-ups, which continuously shrink the area while remaining centred on
the true location. Noteworthy is also that even at low sensitivity AdVirgo is able
to improve the localisation massively and collapse the annulus into a region with the
diameter comparable to the width of the 2-detector ring. The increased sensitivity has
a greater impact in the 3-detector set-up as the improvements in AdVirgo are much
larger.

KAGRA: improvement in localiza5on

https://arxiv.org/pdf/1703.08988.pdf

GW150914

Localiza5on area (real5me analysis) 
LIGO: 600 deg2 => 300 deg2 
LIGO + Virgo: 5.5 deg2 
LIGO + Virgo + KAGRA: 1.2 deg2
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Figure 3. The 90% credible areas of one individual signal. The upper panel shows the
global localisation over the root-mean-square sensitivity patterns of the Hanford and
Livingston detectors added in quadrature. The two yellow areas mark the locations
with the highest antenna response while signals from sources located in the dark
blue regions are strongly suppressed. Only the largest areas are shown, as design
sensitivity runs with 3+ detectors would be indistinguishable. The lower panels show
the central region in greater detail and illustrate the di↵erences between 3, 4, and
5-detector set-ups, which continuously shrink the area while remaining centred on
the true location. Noteworthy is also that even at low sensitivity AdVirgo is able
to improve the localisation massively and collapse the annulus into a region with the
diameter comparable to the width of the 2-detector ring. The increased sensitivity has
a greater impact in the 3-detector set-up as the improvements in AdVirgo are much
larger.
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Summary

• Neutron star merger 

• Mass ejec0on => r-process nucleosynthesis => kilonova 

• Simula0ons of kilonova  
= photon transfer in metal-rich expanding gas 

• Observa5ons of GW170817 

• Red/blue kilonova => Produc0on of lanthanide and lighter 
elements 

• Ejecta mass x event rate => Consistent with the total amount 

• Future 

• More events to come with beGer localiza0on  
(O3 is on-going, but no promising EM counterpart so far) 

• Need beGer model (accurate atomic data and non-LTE transfer) 


