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• Physics of NS merger 

• Mass ejec)on mechanism 

• Central remnant <= EOS of high-density ma=er 

• Nucleosynthesis by NS mergers 

• Variety by NS mass, mass ra)o? 

• What about BH-NS merger? 

• …

Key quesKons
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Fig. 1.— Density profile of the ejecta employed in the radiative-
transfer simulation. The red and blue regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry with respect to the z-axis are assumed in
the simulation.

est high-resolution numerical-relativity simulation (Ho-
tokezaka et al. 2018). We adopt a power-law density
distribution of / r�3 and / r�6 for the post-merger and
dynamical ejecta, respectively, following the numerical-
relativity results. To take the morphology of the dynami-
cal ejecta into account, the density for ✓  ⇡/4 is set to be
⇡ 1000 times smaller than that for ✓ � ⇡/4, and the low-
and high-density regions are smoothly connected employ-
ing a logistic function, {1 + exp [�20 (✓ � ⇡/4)]}�1 (see
Figure 1.) The total masses of the post-merger and dy-
namical ejecta are set to be 0.02 M� and ⇡ 0.009 M�,
respectively. The latest numerical-relativity simulations
show that these are reasonable values (e.g., Hotokezaka
et al. 2013; Dietrich et al. 2017; Metzger & Fernández
2014; Fujibayashi et al. 2018). Following the numerical-
relativity results (Sekiguchi et al. 2016; Shibata et al.
2017; Fujibayashi et al. 2018), the element abundances
are determined by r-process nucleosynthesis calculations
by Wanajo et al. (2014) assuming flat Ye distributions
from 0.3–0.4 and 0.1–0.4 for the post-merger and dy-
namical ejecta, respectively. Note that the post-merger
ejecta often has a component of Ye & 0.4, which does not
contribute significantly to heating because the heavy ele-
ments are not synthesized from such component (Wanajo
et al. 2014; Kasen et al. 2015). Here, the mass of 0.02M�
required for the post-merger ejecta is for the component
with Ye . 0.4.

3. RESULTS

Figure 2 compares the observed ugrizJHK-band
lightcurves of SSS17a (Villar et al. 2017) and those of
our kilonova/macronova model. As a fiducial model
to interpret the lightcurves of SSS17a, we employ the
lightcurves observed from 20�  ✓  28� taking into ac-
count the results of the gravitational-wave data-analysis
of GW170817 (Abbott et al. 2017a). We find that
both optical and NIR lightcurves of SSS17a are approx-
imately reproduced by a setup motivated by numerical-
relativity simulations. In particular, the ugri and zJHK-
band lightcurves of the model agree with the data points
within 1 mag for t  2.5 days and t  9 days, respec-
tively.

In our model, the long-lasting NIR lightcurves are re-
produced by the dynamical ejecta of which mass is much
smaller than that estimated by the previous studies em-
ploying a simple composited model of ejecta compo-
nents (e.g., Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Villar et al. 2017). This can
be understood by the irradiation from the post-merger
ejecta to the dynamical ejecta. The mass of the post-
merger ejecta is also smaller than that estimated by pre-
vious studies. This is due to the di↵usion of photons
preferentially to the polar direction by which the lumi-
nosity is e↵ectively enhanced in the polar direction in
the presence of the optically thick dynamical ejecta in
the equatorial plane. Indeed, we find that the total lu-
minosity integrated over all the viewing angles is smaller
by a factor of 2–3 than the isotropic luminosity observed
from 20�  ✓  28� (see also Kasen et al. 2015).

The right panel of Figure 2 shows the lightcurves of the
model observed from the equatorial direction (86�  ✓ 
90�). The ugriz-band luminosity is much smaller than
that observed from 20�  ✓  28�, while similar mag-
nitudes of luminosity are found in the JHK-bands. This
reflects the fact that photons from the post-merger ejecta
are entirely absorbed by the dynamical ejecta concen-
trated in the equatorial plane. This suggests that bright
emissions in ugriz-band as found in SSS17a would not be
observed for a similar NS merger if it is observed from
the direction of the orbital plane.

Figure 3 shows the time evolution of optical and NIR
spectral energy distribution of the kilonova/macronova
model observed from 20�  ✓  28�. As shown in the
observation of SSS17a (e.g., Waxman et al. 2017), the
spectra of our model agree approximately with black-
body spectra for t ⇡1–7 days. Figure 4 shows the
(isotropic) bolometric luminosity, Lbol, e↵ective temper-
ature, Te↵ , photospheric radius, rph, and photospheric
velocity, vph, of the kilonova/macronova model. Te↵ and
rph are first obtained by the blackbody fit of the spec-
tra, and then, Lbol and vph are calculated by Lbol =
4⇡r2

ph�T 4
e↵ and vph = rph/t, respectively, where � is

the Stefan-Boltzmann constant. We find that all these
quantities calculated from the lightcurves observed from
20�  ✓  28� agree with the observation (Waxman et al.
2017). In particular, vph ⇡ 0.3 c is realized for t  2 days
due to photons reprocessed in the dynamical ejecta. We
here stress that the presence of the low-density dynami-
cal ejecta in the polar region is the key to interpret the
observed value of vph. Indeed, we find that the value of
vph cannot be as large as 0.25 c for & 1 day if the low-
density dynamical ejecta region in ✓  ⇡/4 is absent.

Figure 4 also shows the photospheric quantities calcu-
lated from the lightcurves observed from the equatorial
direction (86�  ✓  90�). The luminosity and tempera-
ture of the lightcurves are lower than those observed from
20�  ✓  28� by a factor of 3–4 and 2–3 at ⇠ 1 day,
respectively, and a larger radius and higher velocity are
realized for the photosphere. These di↵erences clearly re-
flect the density and velocity profiles of ejecta such that
optically thick dynamical ejecta in the equatorial plane
is present outside the post-merger ejecta.

NS mergers are also considered to be important syn-
thesis sites of r-process nuclei in the universe (Lattimer
& Schramm 1974; Eichler et al. 1989; Korobkin et al.
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Fig. 2.— Optical and NIR lightcurves of SSS17a compared with the kilonova model observed from 20�  ✓  28� (left panel) and
86�  ✓  90� (right panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance
of 40 Mpc. All the magnitudes are given in AB magnitudes. Note that the large deviation of the model lightcurves in H-band may be due
to the incompleteness of the line list for the opacity estimation.
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Fig. 3.— Time evolution of optical and NIR spectral energy dis-
tribution of the kilonova/macronova model. The spectra at t =1.4,
3.7, and 6.8 days are shown. All the spectra are observed from
20�  ✓  28� at a distance of 40 Mpc. The green solid curves
denote the best blackbody fits of the spectra.

2012; Wanajo et al. 2014). Figure 5 compares the el-
emental abundance in our model with the solar abun-
dance. Though some abundance peaks are smaller than
those of the solar abundance, broadly speaking, the mass-
averaged element abundance of our model reproduces the
trend of the solar abundance for a wide range of r-process
elements, in particular, including the first (Z = 34) abun-
dance peaks.

4. DISCUSSION & CONCLUSION

In this letter, we showed a result of an axisymmetric
radiative-transfer simulation for a kilonova/macronova
with a setup indicated by numerical-relativity simula-
tions. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are con-
sistently taken into account in the lightcurve prediction.

We found that the optical and NIR lightcurves of
SSS17a are reproduced naturally by the numerical-
relativity-simulation-motivated model observed from
20�  ✓  28�. In particular, we showed that the ob-
served NIR lightcurves can be interpreted by the emis-
sion from the dynamical ejecta of which mass is con-
sistent with the prediction of numerical relativity. The
observed lightcurves are reproduced by a smaller mass
of the post-merger ejecta than that estimated by pre-
vious studies (e.g., Kasliwal et al. 2017; Cowperthwaite
et al. 2017; Kasen et al. 2017; Perego et al. 2017; Vil-
lar et al. 2017) because the e↵ect of the photon di↵usion
preferentially to the polar direction is taken into account.
The observed blue optical lightcurves as well as the pho-
tospheric velocity of ⇡ 0.3 c can be interpreted by the
photon-reprocessing in the low-density dynamical ejecta,
which locates in the polar region above the post-merger
ejecta.

Our results indicate that there is no tension between
the prediction of numerical-relativity simulations and the
observation of SSS17a, and that the interplay of the mul-
tiple non-spherical ejecta components plays a key role for
predicting kilonova/macronova lightcurves. Note that
our model requires ⇠ 0.01M� as the mass of the dynam-
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Fig. 1.— Density profile of the ejecta employed in the radiative-
transfer simulation. The red and blue regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry with respect to the z-axis are assumed in
the simulation.

est high-resolution numerical-relativity simulation (Ho-
tokezaka et al. 2018). We adopt a power-law density
distribution of / r�3 and / r�6 for the post-merger and
dynamical ejecta, respectively, following the numerical-
relativity results. To take the morphology of the dynami-
cal ejecta into account, the density for ✓  ⇡/4 is set to be
⇡ 1000 times smaller than that for ✓ � ⇡/4, and the low-
and high-density regions are smoothly connected employ-
ing a logistic function, {1 + exp [�20 (✓ � ⇡/4)]}�1 (see
Figure 1.) The total masses of the post-merger and dy-
namical ejecta are set to be 0.02 M� and ⇡ 0.009 M�,
respectively. The latest numerical-relativity simulations
show that these are reasonable values (e.g., Hotokezaka
et al. 2013; Dietrich et al. 2017; Metzger & Fernández
2014; Fujibayashi et al. 2018). Following the numerical-
relativity results (Sekiguchi et al. 2016; Shibata et al.
2017; Fujibayashi et al. 2018), the element abundances
are determined by r-process nucleosynthesis calculations
by Wanajo et al. (2014) assuming flat Ye distributions
from 0.3–0.4 and 0.1–0.4 for the post-merger and dy-
namical ejecta, respectively. Note that the post-merger
ejecta often has a component of Ye & 0.4, which does not
contribute significantly to heating because the heavy ele-
ments are not synthesized from such component (Wanajo
et al. 2014; Kasen et al. 2015). Here, the mass of 0.02M�
required for the post-merger ejecta is for the component
with Ye . 0.4.

3. RESULTS

Figure 2 compares the observed ugrizJHK-band
lightcurves of SSS17a (Villar et al. 2017) and those of
our kilonova/macronova model. As a fiducial model
to interpret the lightcurves of SSS17a, we employ the
lightcurves observed from 20�  ✓  28� taking into ac-
count the results of the gravitational-wave data-analysis
of GW170817 (Abbott et al. 2017a). We find that
both optical and NIR lightcurves of SSS17a are approx-
imately reproduced by a setup motivated by numerical-
relativity simulations. In particular, the ugri and zJHK-
band lightcurves of the model agree with the data points
within 1 mag for t  2.5 days and t  9 days, respec-
tively.

In our model, the long-lasting NIR lightcurves are re-
produced by the dynamical ejecta of which mass is much
smaller than that estimated by the previous studies em-
ploying a simple composited model of ejecta compo-
nents (e.g., Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Villar et al. 2017). This can
be understood by the irradiation from the post-merger
ejecta to the dynamical ejecta. The mass of the post-
merger ejecta is also smaller than that estimated by pre-
vious studies. This is due to the di↵usion of photons
preferentially to the polar direction by which the lumi-
nosity is e↵ectively enhanced in the polar direction in
the presence of the optically thick dynamical ejecta in
the equatorial plane. Indeed, we find that the total lu-
minosity integrated over all the viewing angles is smaller
by a factor of 2–3 than the isotropic luminosity observed
from 20�  ✓  28� (see also Kasen et al. 2015).

The right panel of Figure 2 shows the lightcurves of the
model observed from the equatorial direction (86�  ✓ 
90�). The ugriz-band luminosity is much smaller than
that observed from 20�  ✓  28�, while similar mag-
nitudes of luminosity are found in the JHK-bands. This
reflects the fact that photons from the post-merger ejecta
are entirely absorbed by the dynamical ejecta concen-
trated in the equatorial plane. This suggests that bright
emissions in ugriz-band as found in SSS17a would not be
observed for a similar NS merger if it is observed from
the direction of the orbital plane.

Figure 3 shows the time evolution of optical and NIR
spectral energy distribution of the kilonova/macronova
model observed from 20�  ✓  28�. As shown in the
observation of SSS17a (e.g., Waxman et al. 2017), the
spectra of our model agree approximately with black-
body spectra for t ⇡1–7 days. Figure 4 shows the
(isotropic) bolometric luminosity, Lbol, e↵ective temper-
ature, Te↵ , photospheric radius, rph, and photospheric
velocity, vph, of the kilonova/macronova model. Te↵ and
rph are first obtained by the blackbody fit of the spec-
tra, and then, Lbol and vph are calculated by Lbol =
4⇡r2

ph�T 4
e↵ and vph = rph/t, respectively, where � is

the Stefan-Boltzmann constant. We find that all these
quantities calculated from the lightcurves observed from
20�  ✓  28� agree with the observation (Waxman et al.
2017). In particular, vph ⇡ 0.3 c is realized for t  2 days
due to photons reprocessed in the dynamical ejecta. We
here stress that the presence of the low-density dynami-
cal ejecta in the polar region is the key to interpret the
observed value of vph. Indeed, we find that the value of
vph cannot be as large as 0.25 c for & 1 day if the low-
density dynamical ejecta region in ✓  ⇡/4 is absent.

Figure 4 also shows the photospheric quantities calcu-
lated from the lightcurves observed from the equatorial
direction (86�  ✓  90�). The luminosity and tempera-
ture of the lightcurves are lower than those observed from
20�  ✓  28� by a factor of 3–4 and 2–3 at ⇠ 1 day,
respectively, and a larger radius and higher velocity are
realized for the photosphere. These di↵erences clearly re-
flect the density and velocity profiles of ejecta such that
optically thick dynamical ejecta in the equatorial plane
is present outside the post-merger ejecta.

NS mergers are also considered to be important syn-
thesis sites of r-process nuclei in the universe (Lattimer
& Schramm 1974; Eichler et al. 1989; Korobkin et al.
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Fig. 2.— Optical and NIR lightcurves of SSS17a compared with the kilonova model observed from 20�  ✓  28� (left panel) and
86�  ✓  90� (right panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance
of 40 Mpc. All the magnitudes are given in AB magnitudes. Note that the large deviation of the model lightcurves in H-band may be due
to the incompleteness of the line list for the opacity estimation.
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Fig. 3.— Time evolution of optical and NIR spectral energy dis-
tribution of the kilonova/macronova model. The spectra at t =1.4,
3.7, and 6.8 days are shown. All the spectra are observed from
20�  ✓  28� at a distance of 40 Mpc. The green solid curves
denote the best blackbody fits of the spectra.

2012; Wanajo et al. 2014). Figure 5 compares the el-
emental abundance in our model with the solar abun-
dance. Though some abundance peaks are smaller than
those of the solar abundance, broadly speaking, the mass-
averaged element abundance of our model reproduces the
trend of the solar abundance for a wide range of r-process
elements, in particular, including the first (Z = 34) abun-
dance peaks.

4. DISCUSSION & CONCLUSION

In this letter, we showed a result of an axisymmetric
radiative-transfer simulation for a kilonova/macronova
with a setup indicated by numerical-relativity simula-
tions. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are con-
sistently taken into account in the lightcurve prediction.

We found that the optical and NIR lightcurves of
SSS17a are reproduced naturally by the numerical-
relativity-simulation-motivated model observed from
20�  ✓  28�. In particular, we showed that the ob-
served NIR lightcurves can be interpreted by the emis-
sion from the dynamical ejecta of which mass is con-
sistent with the prediction of numerical relativity. The
observed lightcurves are reproduced by a smaller mass
of the post-merger ejecta than that estimated by pre-
vious studies (e.g., Kasliwal et al. 2017; Cowperthwaite
et al. 2017; Kasen et al. 2017; Perego et al. 2017; Vil-
lar et al. 2017) because the e↵ect of the photon di↵usion
preferentially to the polar direction is taken into account.
The observed blue optical lightcurves as well as the pho-
tospheric velocity of ⇡ 0.3 c can be interpreted by the
photon-reprocessing in the low-density dynamical ejecta,
which locates in the polar region above the post-merger
ejecta.

Our results indicate that there is no tension between
the prediction of numerical-relativity simulations and the
observation of SSS17a, and that the interplay of the mul-
tiple non-spherical ejecta components plays a key role for
predicting kilonova/macronova lightcurves. Note that
our model requires ⇠ 0.01M� as the mass of the dynam-
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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.

Not complete beyond >~50 Mpc
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of detection by a random injection and detection of artificial

point sources with various magnitude (dashed lines in Figure 4).

The magnitude of artificial point sources are fixed in time. The

large diversity in the depth of images taken on Aug 19 causes

the shallow dependence of completeness on the PSF magnitude

of artificial sources. The median of 5σ limiting magnitude is

roughly comparable to the 70% completeness magnitude.

As the detected sources include many bogus detection, can-

didate selection is performed as done in Utsumi et al. (2017a).

Criteria for the detection in a single difference image are (1)

|(S/N)PSF|> 5, (2) (b/a)/(b/a)PSF > 0.65 where a and b are

the lengths of the major and minor axes of a shape of a source,

respectively, (3) 0.7 < FWHM/(FWHM)
PSF

< 1.3, and (4)

PSF-subtracted residual < 3σ. These criteria confirm a high

confidence level of detection and a stellar-like shape of a source.

Further, we impose the sources to be detected in both of the dif-

ference images on Aug 18 and 19, and find 1551 sources. We

also evaluate the completeness of this candidate selection with

the artificial point sources (solid lines in Figure 4). The can-

didate selection makes the 50% completeness magnitudes shal-

lower by 0.7− 0.8 mag. The completeness of the two-epoch

detection is comparable to that on Aug 19 because the obser-

vation on Aug 19 is shallower than that on Aug 18. The 50%

completeness magnitude for two-epoch detection is 20.6 mag.

The two-epoch detection is only possible for the fields with

the archival PS1 images and the HSC images on both of Aug 18

and 19. The resultant area for the transient search is 23.6 deg2

corresponding to the 56.6% credible region of GW170817.

3 Transient search and characteristics

3.1 Source screening

Since the 1551 sources include sources unrelated to

GW170817, we need to screen them in order to pick up

candidates that may be related to GW170817. We adopt a

procedure shown in the flowchart (Figure 5).

First of all, the flux of optical counterpart of GW170817

needs not to be negative on Aug 18 and 19. We exclude sources

having significantly negative fluxes (< −3σ) on Aug 18 or 19.

We also rule out sources associated with stellar-like objects in

the PS1 catalog (Magnier et al. 2016b; Flewelling et al. 2016)3

with a separation of < 1.0 arcsec. Here we adopt the larger sep-

aration, similar to the typical seeing size, than the astrometric

error in order to remove bogus detection that frequently appears

around a bright star. According to the number density of stellar-

like objects in the PS1 catalog, this exclusion reduces only 0.2%

of the survey fields. After these screening, 384 sources remain.

While 322 sources are located at the center of extended objects

in the PS1 catalog, 62 sources have separations with > 1.0 arc-

sec to any objects in the PS1 catalog.

3 https://panstarrs.stsci.edu/

negative
461

positive
1090

non-extended
706

extended 
or no close object

384

58

center of 
extended object

322

off-center 
transient

62

Sources
1551

Positive detection
on Aug 18 and 19

Associated object
in PS1 catalog

Visual inspection

Transient location
in PS1 catalog

1

Location in 3D skymap
No

information
58

No
information

224

Inside
1

1

Outside
3

Outside
98

Fig. 5. Flowchart of the candidate screening process. The number in each

box represents the number of remaining sources after each screening.

Fig. 6. Example of sources excluded by the visual inspection: (Top) high

proper motion stars and (bottom) bogus detection at the center of the ex-

tended objects. The lengths of ticks are 2 arcsec and the figure size is

20× 20 arcsec2 .
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Fig. 8. Stacked and difference z-band images of an off-center candidate J-

GEM17bog. The archival PS1 i-band image is also shown. The lengths of

ticks are 2 arcsec and the figure size is 20× 20 arcsec2 .

second closest object NGC 4993 located 10.0 arcsec away from

J-GEM17btc, well within the separation criterion of 15.0 arc-

sec, is associated with J-GEM17btc. NGC 4993 is an S0 galaxy

at the distance of ∼ 40 Mpc (Freedman et al. 2001).

Among remaining 59 candidates, one candidate (J-

GEM17bog) at R.A.= 13h04m44.s11, decl.=−22◦37′07.′′2

(J2000.0) is registered as an off-center transient (Figure 8).

However, we marginally find a persistent object overlapping

with a galaxy in the archival PS1 i-band image, which is not reg-

istered in the PS1 catalog. The other 58 candidates are located

at the center of extended PS1 objects. Among them, two candi-

dates are associated with X-ray sources in the ROSAT catalog

(Boller et al. 2016) with separations of 15.6 and 16.2 arcsec,

and two other candidates are associated with radio sources in

the NRAO VLA Sky Survey (NVSS, 1.4 GHz) catalog (Condon

et al. 1998) with separations of 0.9 and 3.0 arcsec. These four

candidates could be AGN showing optical variability. We also

check the 3XMM-DR7 catalog (Rosen et al. 2016) but there are

no associated sources in the 3XMM-DR7 catalog. Although

some of them might have little possibility of the association

with GW170817, we cannot exclude them from candidates of

the optical counterpart of GW170817.

The apparent magnitude on Aug 18 and time variability be-

tween Aug 18 and 19 of the 60 candidates are shown in Figure 9.

It is remarkable that J-GEM17btc is much brighter than the

other candidates with ∼ 19− 22 mag. Although this diagram

illustrates the distinguished feature of J-GEM17btc, this fact

alone is not conclusive evidence that J-GEM17btc is the most

likely counterpart of GW170817.

For comparison, theoretical models of kilonovae at 1-5 days

after the merger are also plotted in Figure 9 (Tanaka et al.

2014; Tanaka et al. 2017). Although the observation takes place
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Fig. 9. Magnitude and time variability of the 60 candidates (points with er-

ror bars, red: J-GEM17btc, magenta: J-GEM17bog, blue: candidates with

ROSAT detection, cyan: candidates with NVSS detection, and green: the

others) and the theoretical kilonova models with an ejecta mass of 0.01M⊙

at 40 Mpc (points connected with lines, Tanaka et al. 2014; Tanaka et al.

2017). The models represent dynamical ejecta (diamond), and wind with

Ye = 0.25 (square) and 0.3 (pentagon). Filled marks correspond to 1 day

after the merger and open marks correspond to 2, 3, 4, and 5 days after the

merger.

at 1 day after the merger, we adopt a wide range of time after the

merger in order to take into account theoretical uncertainties.

Although the rapid time evolution is believed to be a clue for

identification of a kilonova, the time variability at early epochs

of the theoretical models can take any values between −1.0 and

+1.0 mag day−1, which is consistent with the properties of all

the candidates. On the other hand, there is a discrepancy in the

apparent magnitude. However, it can be explained by differ-

ent ejecta masses, which could result from uncertainties of the

equation of state and different efficiency of viscus heating (e.g.,

Shibata et al. 2017). Therefore, we cannot rule out the possibil-

ity of any candidates as an EM counterpart of GW170817 from

the time variability and the brightness at 1 day after GW170817.

Since the distance to the candidates are unknown except

for J-GEM17btc, we evaluate the probability P3D that the as-

sociated PS1 object is located inside of the 3D skymap of

GW170817, with a luminosity function of galaxies at a rest

wavelength λ, φ(λ,M), derived from rest-frameUBV RI lumi-

nosity functions (Ilbert et al. 2005) and the Planck cosmology

(Planck Collaboration et al. 2014) as follows:

P3D(λj ,mj)=

∫ Dmean+3σD

Dmean−3σD

φ(λ[λj ,D],M [mj ,D])A(D)dD
∫

∞

0
φ(λ[λj ,D],M [mj ,D])A(D)dD

,(1)

where Dmean and σD are the mean and standard deviation of the

distance to GW170817 at the position, respectively, M(mj ,D)

is the absolute magnitude of a galaxy with observer-frame j-

band apparent magnitude mj at a distance of D, λ(λj ,D) is

the rest wavelength redshifted from the observed wavelength λj

with a distance of D, and A(D) is the surface area of observed

region at a distance of D.

We evaluated P3D for the PS1 objects associated with the

Wide field survey 

Subaru/HSC 20.6 mag for 23.6 deg2

GW170817

MMS: Spectroscopy for ALL the candidates
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galaxies within our sample, we can subdivide our targets by%
or + to answer interesting questions such as, “How complete is
our understanding of% / + within the local volume”? For this
purpose, we use the 2MASS Ks-band as a proxy for% and the
GALEX NUV band for + and examine the completeness as a
function of these two parameters.

H1 & H2 took Ks-band magnitudes from 2MASS when
available; otherwise, a Ks-band mag was estimated from WISE
W1 when detected in that band (offset by a typical
Ks−W1=−0.64 mag), or (in the absence of both 2MASS
and WISE) a limit of Ks>15.6 mag was set. We employ the
same approach using their magnitude catalogs, except that for
the last group (three galaxies in catalog A1 and five in catalog
A2), we simply set Ks=15.6 mag.11

In A1, there are 77 SNe with NUV data, 5 with only SDSS ¢u
data and 9 with neither NUV nor ¢u data. In A2, the
corresponding numbers are 138, 17, and 24, respectively. We
took the sample of SNe with both NUV and ¢u data, applied the
Galactic extinction correction, and found the median of

NUV- ¢ »u 1 mag. We use the NUV data when available
and ¢u with the aforementioned offset applied otherwise. We
call this hybrid magnitude the “UV” mag. The 32 SNe with
neither NUV nor ¢u data are not included in the analysis.
For the discussion below, we note that the relevant Schechter

characteristic luminosity parameters are * = - oM 24.2 0.03Ks

(Cole et al. 2001) and * = - oM 18.23 0.11NUV (Wyder et al.
2005). Below, we examine the missing galaxies with
luminosity *>L L in both the Ks and “UV” bands. We then
isolate the sample to just Type Ia SNe to investigate missing
galaxies with *<L L .

6.1. Ks-band

The absolute Ks-band magnitude, MK ,hosts , and redshift, zhost,
of each SN Ia host galaxy in our sample is displayed in
Figure 2.12 We calculate the distance modulus to each host
using CosmoCalc (Wright 2006) and zhost, where we have
assumed W = =L

- -H0.714, 69.6 km s Mpc0
1 1, and Ωm=

0.286. The joint distribution for a host galaxy to have a
previously cataloged redshift given its redshift and M ,Ks

( )z MRCF , Ks , along with the one-dimensional probabilities,
RCF(z) and ( )MRCF Ks , are also shown in Figure 2. Details for

Figure 2. Absolute Ks-band magnitude, MK ,hosts , vs. redshift, zhost, for the host galaxies of SNe Ia in A1 and A2. Galaxies with redshift entries in NED are shown as
red pluses, while those lacking redshifts (!NEDz) are shown as teal circles. The horizontal dashed line shows *MKs

. The shaded background shows the probability of a
host galaxy having a cataloged redshift given its redshift and MKs ( ( )z MRCF , ;Ks see Appendix A for details). The top and right plots show the probability of a host
galaxy having a cataloged redshift given only its redshift, RCF(z), or ( )M M, RCFK Ks s , respectively. In these two plots, the solid lines show the median value of the
RCF, while the shaded area corresponds to the 90% bound on the RCF.

11 We note that catalog magnitudes may sometimes significantly underestimate
the total flux of extended sources due to the presence of significant flux outside
the automatically defined aperture (T. H. Jarrett et al. 2018, in preparation). We
neglect this effect in our pilot study but note that any detailed characterization
of the host population probed by nearby SNe would require careful attention to
this issue. 12 CC SNe are considered in Appendix B.
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~80 % at 100 Mpc
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DESI BGS 

(19.5)

MMS: Complete galaxy catalog up to 200 Mpc



• Spectroscopy of all the transient candidates  
in the GW localizaKon area 

• DESI?  PFS?  

• LAMOST? (fixed along the meridian) 

• Complete galaxy catalog up to 200 Mpc 

• DESI BGS 

• Targeted survey wins wide-field survey? 

• Anything else?

Role of MMS for GW astronomy
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