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The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09
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:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0
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Merger r-process	
nucleosynthesis

Radioac0ve	decay	
=>	kilonova

<	1	sec<	10	ms ~>	days~<	100	ms

Mass	ejec0on

MT	&	Hotoke	13

2590 S. Rosswog, T. Piran and E. Nakar

Figure 3. 3D rendering of the temperature distribution during the grazing impact of two neutron stars (1.3 and 1.4 M⊙, β = 1; run A). It is only in the third
close encounter (panel 5) that finally a single object forms. In each close encounter a slew of Kelvin–Helmholtz vortices forms at the interface between the
stars. For display reasons only matter below the orbital plane is shown and the colour bar has been restricted to values below 20 MeV.

(run I) the ns starts transferring mass into the hole after 1.5 orbital
periods. Consistent with our earlier studies this does not lead to the
disruption of the ns on a dynamical time-scale. Instead, self-gravity
overcomes tidal forces again and the ns enters a long-lived phase of
episodic mass transfer during which it transfers mass periodically
towards the hole while shedding mass through its outer Lagrange
point.2 This phase continues for as many as 25 orbital revolutions
before the ns is finally completely disrupted. The remnant at the
end of the simulation (t = 138.7 ms) consists of a ‘disc inside a
disc’ with a mass of 0.16 M⊙ for the inner, high-density disc (ρ >

2 Phases of stable mass transfer are not restricted to the case of Newtonian
gravity. A stiff equation of state (Rosswog et al. 2004), small mass ratios
and large bh spin parameters make systems particularly prone to stable mass
transfer, see Shibata & Taniguchi (2011) for a further discussion.

1011 g cm−3, r < 120 km) and 0.22 M⊙ if also the outer disc
(ρ > 108 g cm−3, r < 700 km) is counted. The dynamics of the
1.4 M⊙ (ns)–10 M⊙ (bh) system proceeds in a similar manner, here
after 15 orbital revolutions the ns is finally disrupted and leaves a
0.20 M⊙ disc together with a rapidly expanding one armed spiral
structure. All the numerically determined mass transfer durations
must be considered as robust lower limits on the true values (Dan
et al. 2011).

For the nsbh collision cases we only explore the dependence on
the bh mass and keep the impact strength (β = 1) and ns mass
(mns = 1.3 M⊙) constant. During the first pericentre passage of the
mbh = 3 M⊙ case, run D, the ns survives as a tidally spun up (close
to breakup, P ≈ 0.95 ms) self-gravitating object, but sheds some of
its mass in a tidal tail. When the ns passes the bh after about 5 ms
for a second time another tidal tail is produced. Once more, the
core of the ns survives as a gravitationally bound object. It is only

Rosswog+	13

M	~	0.01	Msun	
v	~	0.1-0.2	c

dynamical disk/viscous



L	~	1040-1041	erg	s-1	
t	~	weeks	
NIR	>	Op0cal	
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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	detec0on	of	GWs	
from	a	NS	merger	



(C)	Michitaro	Koike	(NAOJ/HSC)			 HSC	survey	led	by	Y.	Utsumi	and	N.	Tominaga



Subaru/HSC	z	+IRSF/SIRIUS	H,	Ks	
	(Utsumi,	MT,	Tominaga	et	al.	2017,	PASJ)

Electromagne0c	counterpart	of	GW170817	@	40	Mpc	

J-GEM:	Japanese	collabora<on	for	Gravita<onal-wave	
Electro-Magne<c	follow-up
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Survey	with	Subaru/HSC	
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2017). The ejecta dominantly consist of r-process elements

(e.g., Lattimer & Schramm 1974; Eichler et al. 1989; Korobkin

et al. 2012; Wanajo et al. 2014), and thus the decay of radioac-

tive isotopes produced by the r-process nucleosynthesis heats

up and brightens the ejecta. The EM-bright object is called

“kilonova” or “macronova” (Li & Paczyński 1998; Kulkarni

2005; Metzger et al. 2010), and regarded as a promising EM

counterpart of a GW (Kasen et al. 2013; Barnes & Kasen

2013; Tanaka & Hotokezaka 2013; Metzger & Fernández 2014;

Tanaka et al. 2014; Kasen et al. 2015). Also, the central engine

of a short gamma-ray burst, which is believed to originate from

a binary neutron star coalescence, is a possible energy source

of EM counterparts through its jet and gamma/X-ray emission

(e.g., Kisaka et al. 2016).

On Aug 17, 2017, 12:41:04 GMT, Advanced LIGO and

Advanced Virgo detected a GW candidate from a binary NS

coalescence, being coincident with a gamma-ray detection with

Fermi/GBM (The LIGO Scientific Collaboration & the Virgo

Collaboration 2017a; The LIGO Scientific Collaboration & the

Virgo Collaboration 2017b). The sky localization with the

three detectors is as narrow as 28 deg2 for a 90% credible re-

gion centered at R.A.= 13h08m, decl.=−22◦30′ (J2000.0)

(Abbott et al. 2017c). And the localization is overlapped with

the error regions of gamma-ray detection with Fermi/GBM and

INTEGRAL (Connaughton et al. 2017; Savchenko et al. 2017a;

Savchenko et al. 2017b). The GW observation reveals the lu-

minosity distance to the GW source, named GW170817, as

40+8
−14 Mpc (90% probability) (Abbott et al. 2017c). Although

GW170817 appeared at the position close to the Sun, the first

significant alert of a binary NS coalescence and the narrow

sky localization area initiate many EM follow-up observations

(The LIGO Scientific Collaboration & the Virgo Collaboration

2017c).

Along with the EM follow-up observation campaign of

GW170817, the Japanese collaboration for Gravitational wave

ElectroMagnetic follow-up (J-GEM) performed a survey with

Hyper Suprime-Cam (HSC, Miyazaki et al. 2012), which is

a wide-field imager installed on the prime focus of the 8.2m

Subaru telescope. Its FoV of 1.77 deg2 is largest among the

currently existing 8-10 m telescopes, and thus it is the most

efficient instrument for the optical survey. In this paper, we

summarize the observation with Subaru/HSC and properties of

discovered candidates. Throughout the paper, we correct the

Galactic reddening (Schlafly & Finkbeiner 2011)1, and all the

magnitudes are given as AB magnitudes.

2 Observation and data analysis

We started HSC observation from Aug 18.23, 2017 (UT), cor-

responding to 0.7 days after the GW detection, and also per-

1 http://irsa.ipac.caltech.edu/applications/DUST/

Table 1. Subaru/HSC pointings.

Pointing R.A. decl.

(ID) (J2000) (J2000)

04 13h07m25s −26◦36′51′′

05 13h10m14s −27◦17′02′′

06 13h13m03s −27◦57′27′′

07 13h15m51s −28◦38′07′′

08 13h18m40s −29◦19′02′′

09 13h21m29s −30◦00′15′′

10 13h04m36s −24◦37′42′′

11 13h07m25s −25◦17′12′′

12 13h10m14s −25◦56′55′′

13 13h13m03s −26◦36′51′′

14 13h01m48s −22◦40′26′′

15 13h15m51s −27◦17′02′′

16 13h18m40s −27◦57′27′′

17 13h04m36s −23◦19′20′′

18 13h07m25s −23◦58′25′′

19 12h58m59s −20◦44′47′′

20 13h10m14s −24◦37′43′′

22 13h13m03s −25◦17′12′′

23 13h15m51s −25◦56′55′′

24 12h56m10s −18◦50′37′′

25 13h04m36s −22◦01′43′′

26 13h07m25s −22◦40′26′′

28 13h10m14s −23◦19′20′′

29 13h01m48s −20◦06′35′′

30o 30o

300o 300o

Fig. 1. Pointing map for GW170817 overlaid on the probability map

(LALInference v2.fits.gz; Abbott et al. 2017c). The white contour represents

the 90% credible region. Circles represent the field-of-view of HSC, chang-

ing their face color with an order of observation. Observations have been

carried out from darker color to lighter color. The dashed curves represent

the Galactic graticules.



GW170817:	light	curves

Model:	MT+17b	
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Ejecta	mass	(w/	lanthanides)	~0.03	Msun



GW170817:	Spectra

-	Smooth	spectra

Smoking	gun!!

Spectra	taken	w/	
VLT/X-shooter

Data:	Pian+2017	
Model:	MT+2017



• Kilonova	and	nucleosynthesis	

• R-process	nucleosynthesis	took	place		

• R-process	produced	a	wide	range	of	elements 
	-	Red	kilonova	=>	lanthanides 
	-	Blue	kilonova	=>	lighter	elements	

• Ejec<on	of	~	0.03	Msun	with	v	>~	0.1c	

• Other	signals	

• Host	galaxy	=>	“old”	environment	

• Redshiks	from	EM	=>	Hubble	constant	

• GRBs	and	X-ray/radio	akerglow	=>	rela<vis<c	jets

What	we	have	learned	from	GW170817



• Event	rate	and	produc0on	rate?	

• Enough	to	explain	the	total	amount	in	the	Universe?	

• Abundance	pagern?	Similar	to	solar	abundances?	

• Produc<on	of	3rd	peak??	(Au	and	Pt!)	

• Delay	0me?	

• r-process	elements	in	metal	poor	stars

(Many)	open	ques0ons

Need	more	observa0ons	with		
different	viewing	angles,	NS	masses,	and	environments
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Observa0ons	of	Gravita0onal	Wave	Sources		
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Fig. 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 the expected sensitivities given
by the data in Fig. 1 for future runs, and the achieved sensitivities in O1 and in O2. There is significant
uncertainty in the start and end times of planned the observing runs, especially for those further in the future,
and these could move forward or backwards relative to what is shown above. The plan is summarised in
Sect. 2.2

2016–2017 (O2) A nine-month run with H1L1, joined by V1 for the final month.
O2 began on 30 November 2016, with AdV joining 1 August 2017 and ended
on 25 August 2017. The expected aLIGO range was 80–120 Mpc, and the
achieved range was in the region of 60–100 Mpc; the expected AdV range was
20–65 Mpc, and the initial range was 25–30 Mpc.

2018–2019 (O3) A year-long run with H1L1 at 120–170 Mpc and with V1 at
65–85 Mpc beginning about a year after the end of O2.

2020+ Three-detector network with H1L1 at full sensitivity of 190 Mpc and V1
at 65–115 Mpc, later increasing to design sensitivity of 125 Mpc.

2024+ H1L1V1K1I1 network at full sensitivity (aLIGO at 190 Mpc, AdV at
125 Mpc and KAGRA at 140 Mpc). Including more detectors improves sky
localization (Klimenko et al. 2011; Veitch et al. 2012; Nissanke et al. 2013;
Rodriguez et al. 2014; Pankow et al. 2018) as well as the fraction of coincident
observational time. 2024 is the earliest time we imagine LIGO-India could be
operational.

This timeline is summarized in Fig. 2; we do not include observing runs with LIGO-
India yet, as these are still to be decided. Additionally, GEO 600 will continue
observing, with frequent commissioning breaks, during this period. The observational
implications of these scenarios are discussed in Sect. 4.
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Table 3 Summary of a plausible observing schedule, expected sensitivities, and source localization with
the Advanced LIGO, Advanced Virgo and KAGRA detectors, which will be strongly dependent on the
detectors’ commissioning progress

Epoch 2015 – 2016 2016 – 2017 2018 – 2019 2020+ 2024+

Planned run duration 4 months 9 months 12 months (per year) (per year)

Expected burst range/Mpc LIGO 40 – 60 60–75 75–90 105 105

Virgo – 20–40 40–50 40–70 80

KAGRA – – – – 100

Expected BNS range/Mpc LIGO 40–80 80–120 120–170 190 190

Virgo – 20–65 65–85 65–115 125

KAGRA – – – – 140

Achieved BNS range/Mpc LIGO 60–80 60–100 – – –

Virgo – 25–30 – – –

KAGRA – – – – –

Estimated BNS detections 0.05–1 0.2–4.5 1–50 4–80 11–180

Actual BNS detections 0 1 – – –

90% CR % within 5 deg2 < 1 1–5 1–4 3–7 23–30

20 deg2 < 1 7–14 12–21 14–22 65–73

Median/deg2 460–530 230–320 120–180 110–180 9–12

Searched area % within 5 deg2 4–6 15–21 20–26 23–29 62–67

20 deg2 14–17 33–41 42–50 44–52 87–90

Ranges reflect the uncertainty in the detector noise spectra shown in Fig. 1. The burst ranges assume standard-
candle emission of 10−2 M⊙c2 in gravitational waves at 150 Hz and scale as E1/2

GW, so it is greater for more
energetic sources (such as binary black holes). The binary neutron star (BNS) localization is characterized
by the size of the 90% credible region (CR) and the searched area. These are calculated by running the
BAYESTAR rapid sky-localization code (Singer and Price 2016) on a Monte Carlo sample of simulated
signals, assuming senisivity curves in the middle of the plausible ranges (the geometric means of the upper
and lower bounds). The variation in the localization reflects both the variation in duty cycle between 70%
and 75% as well as Monte Carlo statistical uncertainty. The estimated number of BNS detections uses
the actual ranges for 2015–2016 and 2017–2018, and the expected range otherwise; future runs assume a
70–75% duty cycle for each instrument. The BNS detection numbers also account for the uncertainty in the
BNS source rate density (Abbott et al. 2017i). Estimated BNS detection numbers and localization estimates
are computed assuming a signal-to-noise ratio greater than ∼ 12. Burst localizations are expected to be
broadly similar to those derived from timing triangulation, but vary depending on the signal bandwidth;
the median burst searched area (with a false alarm rate of ∼ 1 yr−1) may be a factor of ∼ 2–3 larger than
the values quoted for BNS signals (Essick et al. 2015). No burst detection numbers are given, since the
source rates are currently unknown. Localization numbers for 2016–2017 include Virgo, and do not take
into account that Virgo only joined the observations for the latter part the run. The 2024+ scenario includes
LIGO-India at design sensitivity

an individual duty cycle of 70–75%. The results are calculated using bayestar. The
median 90% credible region is 230–320 deg2, and 7–13% of events are expected to
have CRBNS

0.9 smaller than 20 deg2. The searched area is smaller than 20 deg2 for 33–
41% of events and smaller than 5 deg2 for 16–21%. The burst study (Essick et al. 2015)
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0.9 smaller than 20 deg2. The searched area is smaller than 20 deg2 for 33–
41% of events and smaller than 5 deg2 for 16–21%. The burst study (Essick et al. 2015)
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GW-EM	observa0ons	with	Tomo-e

ToO:	<	3	days	aker	the	merger	 
										**	Quicker	is	always	be2er	**	
Cadence:	~2-4	hr	<=	2-3	visits	/night	

No	filter	<=	faint,	colors	are	uncertain	(viewing	angle)	
Depth:	20-21	mag  
		15	min	(3	min	x	5)	on-source	exposure	
		2x2	dithering	=>	~	60	deg2	in	~1	hr!	
																																(~500	deg2	in	1	night!)	
		



2	x	2	dithering	=>	~60	deg2		
(e.g.,	15	min	x	4	=	1hr)

(C)	Tomoki	Morokuma

Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 3

2017). The ejecta dominantly consist of r-process elements

(e.g., Lattimer & Schramm 1974; Eichler et al. 1989; Korobkin

et al. 2012; Wanajo et al. 2014), and thus the decay of radioac-

tive isotopes produced by the r-process nucleosynthesis heats

up and brightens the ejecta. The EM-bright object is called

“kilonova” or “macronova” (Li & Paczyński 1998; Kulkarni

2005; Metzger et al. 2010), and regarded as a promising EM

counterpart of a GW (Kasen et al. 2013; Barnes & Kasen

2013; Tanaka & Hotokezaka 2013; Metzger & Fernández 2014;

Tanaka et al. 2014; Kasen et al. 2015). Also, the central engine

of a short gamma-ray burst, which is believed to originate from

a binary neutron star coalescence, is a possible energy source

of EM counterparts through its jet and gamma/X-ray emission

(e.g., Kisaka et al. 2016).

On Aug 17, 2017, 12:41:04 GMT, Advanced LIGO and

Advanced Virgo detected a GW candidate from a binary NS

coalescence, being coincident with a gamma-ray detection with

Fermi/GBM (The LIGO Scientific Collaboration & the Virgo

Collaboration 2017a; The LIGO Scientific Collaboration & the

Virgo Collaboration 2017b). The sky localization with the

three detectors is as narrow as 28 deg2 for a 90% credible re-

gion centered at R.A.= 13h08m, decl.=−22◦30′ (J2000.0)

(Abbott et al. 2017c). And the localization is overlapped with

the error regions of gamma-ray detection with Fermi/GBM and

INTEGRAL (Connaughton et al. 2017; Savchenko et al. 2017a;

Savchenko et al. 2017b). The GW observation reveals the lu-

minosity distance to the GW source, named GW170817, as

40+8
−14 Mpc (90% probability) (Abbott et al. 2017c). Although

GW170817 appeared at the position close to the Sun, the first

significant alert of a binary NS coalescence and the narrow

sky localization area initiate many EM follow-up observations

(The LIGO Scientific Collaboration & the Virgo Collaboration

2017c).

Along with the EM follow-up observation campaign of

GW170817, the Japanese collaboration for Gravitational wave

ElectroMagnetic follow-up (J-GEM) performed a survey with

Hyper Suprime-Cam (HSC, Miyazaki et al. 2012), which is

a wide-field imager installed on the prime focus of the 8.2m

Subaru telescope. Its FoV of 1.77 deg2 is largest among the

currently existing 8-10 m telescopes, and thus it is the most

efficient instrument for the optical survey. In this paper, we

summarize the observation with Subaru/HSC and properties of

discovered candidates. Throughout the paper, we correct the

Galactic reddening (Schlafly & Finkbeiner 2011)1, and all the

magnitudes are given as AB magnitudes.

2 Observation and data analysis

We started HSC observation from Aug 18.23, 2017 (UT), cor-

responding to 0.7 days after the GW detection, and also per-

1 http://irsa.ipac.caltech.edu/applications/DUST/

Table 1. Subaru/HSC pointings.

Pointing R.A. decl.

(ID) (J2000) (J2000)

04 13h07m25s −26◦36′51′′

05 13h10m14s −27◦17′02′′

06 13h13m03s −27◦57′27′′

07 13h15m51s −28◦38′07′′

08 13h18m40s −29◦19′02′′

09 13h21m29s −30◦00′15′′

10 13h04m36s −24◦37′42′′

11 13h07m25s −25◦17′12′′

12 13h10m14s −25◦56′55′′

13 13h13m03s −26◦36′51′′

14 13h01m48s −22◦40′26′′

15 13h15m51s −27◦17′02′′

16 13h18m40s −27◦57′27′′

17 13h04m36s −23◦19′20′′

18 13h07m25s −23◦58′25′′

19 12h58m59s −20◦44′47′′

20 13h10m14s −24◦37′43′′

22 13h13m03s −25◦17′12′′

23 13h15m51s −25◦56′55′′

24 12h56m10s −18◦50′37′′

25 13h04m36s −22◦01′43′′

26 13h07m25s −22◦40′26′′

28 13h10m14s −23◦19′20′′

29 13h01m48s −20◦06′35′′

30o 30o

300o 300o

Fig. 1. Pointing map for GW170817 overlaid on the probability map

(LALInference v2.fits.gz; Abbott et al. 2017c). The white contour represents

the 90% credible region. Circles represent the field-of-view of HSC, chang-

ing their face color with an order of observation. Observations have been

carried out from darker color to lighter color. The dashed curves represent

the Galactic graticules.

Skymap	of	
GW170817

Subaru	
HSC



Spectroscopy	is	a	key	
-	to	iden0fy	NS	mergers	
-	to	iden0fy	elements(*)

and the expected spectral peak at optical wavelengths for
material dominated by iron-peak opacities was regarded as a
“smoking gun” of r-process nucleosynthesis. The models of
Tanaka & Hotokezaka (2013) have some roughly similar
features, although their spectra are much broader and smoother
than in our data and show a much larger drop in flux from 1.0
to 1.6 μm than the data, which may reflect limitations of the
NIR line list used in that work.

We note that independent sets of kilonova models (Tanaka
et al. 2017; Wollaeger et al. 2017), based on new atomic
structure calculations, also reproduce the shift of the observed
flux to the NIR when there are high concentrations of
lanthanides. The agreement between various codes about this
general trend gives us confidence that this signature of the
opacities of r-process elements is robust. However, inspection
of the figures in those works reveals no clear matches to the
spectral sequence as close as the ones we present here. The
detailed results of those calculations depend on the assumptions
about the masses and compositions of different merger ejecta
components. It is unclear at this point whether these detailed
spectral differences from different codes represent alternative
assumptions about the parameters of the neutron star merger
ejecta, or differences in the treatment of opacities across the
lanthanide series.

3.2. Sensitivity to Parameters

We take the excellent agreement between model and data
shown in Figure 2 as a sign that the parameters and the models
are at least roughly correct, so now we examine the sensitivity
of the model output to the parameter values that we have
selected. In the three panels of Figure 3, we vary each of the
three main parameters in sequence, while holding the other two
fixed. Each of the model spectra also includes a small amount
of flux from the same assumed blue kilonova component (not

shown, but parameters are discussed below) that contributes a
small amount of flux below 1 μm.
In the top panel, we start by varying the ejecta mass. As we

lower the mass, the overall flux goes down, as expected.
However, the spectra are not simply related by a flux
normalization factor. The total mass in the ejecta also affects
the diffusion timescale, and hence the location of the photo-
sphere within the ejecta. This, in turn, results in variations in
the amount of line blending that shift the wavelengths of the
spectral peaks. Most notably, the 1.07 μm peak shifts redward
at lower ejecta mass.
The ejecta velocity also affects the degree of line blending

and smoothness of the spectra. In the middle panel of Figure 3,
it is clear that raising the ejecta velocity rounds the tops of the
spectral peaks; at v=0.2c, the features between 1.1 and
1.3 μm are unacceptably washed out relative to the data. We
note that some simulations of the tidal dynamical ejecta find
even higher ejecta velocities than this (e.g., Bauswein
et al. 2013). At the other extreme, lowering the ejection
velocity results in the major peaks breaking up into a forest of
smaller peaks. The v=0.03c spectrum presented in this panel
shows several of these features starting to develop. Although it
is not plotted, by 7.5 days these narrower peaks are predicted to
become even more dominant, in contradiction to the smooth
broad peaks that we see at that time (Figure 1). This is relevant
because models invoking strong accretion disk winds (e.g.,
Kasen et al. 2015; Siegel & Metzger 2017) predict a range of
ejection velocities from 0.03 to 0.1c. We do not see narrow
features expected from material moving as slowly as v=0.03c
at any epoch. If the red kilonova ejecta result from a disk wind,
they must be accelerated above this value by, for example,
stronger magnetic fields than those previously considered.
Finally, the most important question for the purposes of

r-process nucleosynthesis involves constraining the chemical
abundances of the dominant emission component. In the
bottom panel of Figure 3, we have adjusted the fractional

Figure 2. The fiducial red kilonova model provides an excellent fit by itself to the day +4.5 NIR spectrum, with no adjustments to the flux scale. The data are in black
and the model is in red, with the values of the three main parameters listed in the figure.

4

The Astrophysical Journal Letters, 848:L19 (7pp), 2017 October 20 Chornock et al.

Chornock+17

MT+17

Model

Obs

Obs

Model

(*)	Not	conclusive	yet,		
but	improvement	in	theory	is	ongoing

Follow-up	with		
3.8m	telescope	(Seimei)	
and	TAO

Ohta-san’s	talk	



• GW170817	(NS	merger)	

• Kilonova	was	observed	

• Signatures	of	a	wide	range	of	elements 
	(red	and	blue	kilonova)	

• Open	ques0ons	

• Event	rate	and	produc<on	rate?	

• Abundance	pa2ern?	Similar	to	solar	abundances?	

• Delay	<me?	

• Observa0ons	with	Tomo-e	

• ~100-300	deg2	/	20-21	mag	/	2hr	cadence	/	no	filter	

• Low-resolu<on	spectroscopy	with	Seimei	telescope

Summary

Observa0ons	of	NS	mergers	with		
different	viewing	angles,	NS	masses,	and	environments


