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• Roles of optical/infrared observations 

• Gravitational wave sources 

• High-energy neutrino sources
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Multi-messenger astrophysics: roles of optical/IR observations

Accurate position 
(high angular resolution, ~ arcsec) 

Accurate redshift 
(high spectral resolution, λ/Δλ > 1,000)

High-energy neutrino

(C) IceCube/NASA

Gravitational wave

(C) NSF/LIGO/ 
Sonoma State University/A Simonnet

Nucleosynthesis in 
neutron star mergers

Identification of  
high-E neutrino sources
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Subaru (8.2 m)

Kanata (1.5 m)

Seimei (3.8 m)

Kiso (1 m)

TAO (6 m)

EA VLBI

PETREL

Wide field (HSC) 
Spectroscopy (PFS)

Spectroscopy 
/monitoring

Wide field

A03: Op(cal/IR/Radio follow-up with mul(ple facili(es

Wide field (UV)

Poster by K. Taguchi =>

Talk by H. Zhang =>

<= Poster by  
K. Matsubayashi 

(new optical instrument, 
2026 Fall) 4

Poster by  
K. Kawabata =>
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• Roles of optical/infrared observations 

• Gravitational wave sources 

• High-energy neutrino sources



https://observing.docs.ligo.org/plan/
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Status of GW observations Yesterday 
O4 end 

extra 0.5 yr run 
in 2026-2027



Event rate of neutron star merger
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~4 events/yr

Number of event  
within 100 Mpc 

(all sky)

~0.4 events/yr 
(2-3 events in 10 yr)
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Several follow-up efforts
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Fig. 1. Sky localization map of the gravitational wave event S240422ed,
overlaid with the positions of galaxies targeted in our follow-up observa-
tions. The background shows the probability density map derived from the
3D localization of the gravitational wave. The 50% and 90% confidence re-
gions are indicated by labeled solid contours. The positions of the galaxies
observed in our follow-up are shown as blue scatter points. Alt text: Sky
map of a gravitational wave event showing probability contours and ob-
served galaxy positions. The horizontal and vertical axes represent right
ascension and declination in equatorial coordinates.

apparent sizes of these galaxies are much smaller than the field-
of-view of each of the two MOIRCS detectors (4⇥ 7 arcmin2).
Thus, we subtracted the background by performing a median sky
subtraction using the three frames before and after, and a two-
dimensional low-order fit to the image.

Flux calibration was done using multiple catalogs, depending
on the sky location and filter. The public catalogs from the VISTA
surveys (VISTA Hemisphere Survey, VHS, McMahon et al. 2013;
and VISTA Variables in the Vía Láctea eXtended Survey, VVVX,
Saito et al. 2024) and from the Two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006) were used for the Ks-band data
while the Pan-STARRS1 (PS1; Flewelling et al. 2020) and the
Dark Energy Camera Plane Survey 2 (DECaPS2; Waters et al.
2020) catalogs were used for the Y -band data.

2.2 Survey completeness
We evaluated the survey completeness of our follow-up observa-
tions. It is defined as the sum of the probabilities that each ob-
served galaxy is the host of the GW event. This definition ef-
fectively quantifies the coverage of host-galaxy candidates in our
follow-up observations. This contrasts with volume-based com-
pleteness estimates in wide-field surveys.

The GW alert gives a 3D localization map: a probability p is as-
signed at each 3D position of the sky r. We used the 3D localiza-
tion map provided by BAYESTAR (Ligo Scientific Collaboration
et al. 2024a) and Bilby (Ligo Scientific Collaboration et al. 2024c).
The compact binary merger rate may also depend on the stellar
mass or star formation rate of the galaxy. Thus, we weighted the
probability with the properties of the galaxy. A possible choice of
the weight includes (i) K-band luminosity of the galaxy, which is

a proxy of the stellar mass, (ii) B-band luminosity of the galaxy,
which is a proxy of star formation rate, or (iii) a combination of
these two. In our work, since the K-band luminosity is available
only for ⇠60% of the galaxies in the GLADE catalog, we weighted
the probability with B-band luminosity (LB , see also Sasada et al.
2021).

Namely, we define the weighted probability P i for galaxy i as
follows:

P i =
Li

Bp(r
i)

⌃jL
j
Bp(r

j)/C(rj)
. (1)

Here the denominator is a normalization factor, representing the
sum of the weighted probabilities over all galaxies in the 3D lo-
calization volume. As described in subsection 2.1, we selected our
targeted galaxies based on the GLADE catalog. The GLADE cat-
alog is not necessarily complete. In other words, even if we could
observe all the GLADE galaxies, the survey completeness would
still be less than 100% because of the incompleteness of the cata-
log. To take this effect into account, we applied a correction for the
catalog incompleteness by introducing the completeness function
C(r). This function represents the ratio between the sum of the
B-band luminosities of cataloged galaxies and the total expected
B-band luminosity within a radial shell at a distance r (see also
Sasada et al. 2021).

The weighted probability for each targeted galaxy is given in ap-
pendix 2. By summing the weighted probabilities of the observed
206 galaxies, the total completeness of our survey for S240422ed
was estimated to be 22%.

2.3 Candidate screening
To find EM counterpart candidates in the reduced MOIRCS data,
we conducted two types of analyses: (1) visual inspection done al-
most in real-time during the observing run and (2) catalog match-
ing done afterwards. Both processes require archival data taken
previously. The archival data used in these analyses include PS1
and DECaPS2 in the Y band, as well as VHS, VVVX, and 2MASS
in the Ks band.

For the real-time visual inspection, we used our dedicated image
server (Sasada et al. 2021), which visualizes the archival and our
new images. The image server also has a function of image sub-
traction with the HOTPANTS software (Becker 2015). However,
due to the lack of the deep reference Y�band and Ks-band im-
ages over our survey area, we used the image subtraction method
only for offline analyses if needed. Thus, our real-time transient
detection was based on the visual inspection. The image server
generated new (MOIRCS) and reference cutout images around the
targeted galaxies. By comparing these images, visual inspection
was performed to select candidate transients around about 1 ar-
cmin from the GLADE galaxies.

For the catalog match, we performed object matching and
brightness comparison between the previous archival and our
MOIRCS data. We searched for possible counterparts by selecting
two types of sources depending on the brightness in the MOIRCS
data and the depths of the archival data. The first type consists of
sources detected in both the MOIRCS and archival data. Although
these are not necessarily transients in the strict sense, as they are
present in both datasets, we consider them as candidate transients
if (a) they are detected with high significance in the archival im-
ages at the MOIRCS source position, and (b) the brightness dif-
ference between the MOIRCS and archival data exceeds 5�, sug-
gesting a statistically significant flux variation. The second type
consists of sources that are clearly detected in the MOIRCS data

IR follow-up with  

Subaru/MOIRCS 

(Takahashi+25, PASJ)

S240422ed 
(BH-NS merger  => terrestrial)

S250328ae 
(well localized BH-BH merger)
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and o�cially triggered Target-of-Opportunity (ToO) at
2025-03-28 15:38:00 UTC. The observing plan was cre-
ated by Main-Injector, which uses a set of predetermined
sky tilings and ranks them by skymap probability cov-
erage. The observing plan for S250328ae consists of 8
pointings in each of the DECam r, i, and z bands, cov-
ering more than 90% of the 90% confidence area (see
Figure 1). An exposure time of 90s was chosen to probe
the necessary depth of the probability volume, resulting
in a total exposure time of ⇠ 36 minutes per night.
We supported our decision to trigger a follow-up of

this event by estimating the chirp mass of the binary us-
ing machine learning techniques. We employ an Ordinal
Class Probability Density Function algorithm (M. M.
Rau et al. 2015) adapted for gravitational wave data.
Using BAYESTAR, we simulate 368,000 events with the
published LVK detector noise curves for O4. The sim-
ulated skymaps and chirp masses serve as training data
for a random forest classifier, provided by the sklearn

python package (F. Pedregosa et al. 2011). Using this
classifier to predict chirp masses from skymaps, we use

Figure 2. Simulated light curves for S250328ae in DECam
riz bands, following eq. 5 of M. J. Graham et al. (2020),
compared to a typical AGN Luminosity. The di↵erent light
curves correspond to flares produced by strong (1000 km/s),
intermediate (300 km/s), and weak (200 km/s) kick veloci-
ties imparted to the BBH merger remnant within an AGN
disc. The 10� (5�) limiting magnitudes of DECam (PFS)
from table 1 indicate that PFS could detect a BBH with
intermediate and weak kick velocities, while DECam could
observe all three BBH models, except the strong kick model
on the third and fourth epochs of observation.

the initial BAYESTAR skymap to estimate a chirp mass of
12+9

�6 M� for S250328ae.
We observed four epochs listed in Table 1 with iden-

tical observing plans. Epoch timing was scheduled to
maximize the probability of characterizing the EM coun-
terpart of a BBH merger for a range of remnant kick ve-
locities following M. J. Graham et al. (2020) and M. J.
Graham et al. (2023) (see Figure 2). Additionally, DE-
Cam was scheduled for engineering and maintenance for
ten nights in April, which added additional constraints
to epoch timing.

2.4. PFS Observations

We triggered a ToO spectroscopic observation with
PFS to search for the EM counterpart to S250328ae on
2025-04-02 UT. The observation was carried out from
05:11 to 10:20 UT on 2025-04-03. The PFS was set
to the low resolution mode for full wavelength coverage.
We observed seven pointings covering & 90% of the 50%
(and⇠ 50% of the 90%) confidence area of S250328ae, as
shown in Figure 3. The weather conditions were mostly

Figure 3. Same as Figure 1, but for Subaru/PFS observa-
tions. The grey contours correspond to the 50% and 90%
probability regions of S250328ae. The red, green, cyan, and
blue markers are DECam, Swift-XRT, GLADE+, and PS1
targets we observed, respectively. The black hexagons show
the seven PFS pointings. The exposure time is 900 seconds
for the bottom pointing and 1800 seconds for the other six
pointings. Another PFS pointing at the bottom left cor-
ner (not shown in this figure) was planned but lost due to
weather conditions.

First follow-up with 

Subaru/PFS 

(Zhang+25, submiJed to ApJ)

see H. Zhang’s talk

S251112cm 
(Sub-solar mass event?)

>100 galaxies with Seimei,  

Kanata, MiTSuME, and SaCRA 

(~90 Mpc, 370 deg2)

Taguchi+25, GCN 42725  
(yesterday)



NIR Features of KNe: The Importance of Gd 11
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Figure 8. Top: Synthetic spectra of kilonova at 1.5, 2.5, and 3.5 days after the merger from top to bottom, calculated with and
without Gd III lines. The green ticks show the blueshifted wavelengths of the strongest lines of Gd III. The pink and orange
ticks indicate the wavelengths of the feature-forming lines of La III and Ce III respectively. The close-up plots highlight the
e↵ect of Gd III � 14, 336 Å at 1.5 and 2.5 days. Bottom: Spectra of AT2017gfo taken with the Very Large Telescope (blue lines,
Pian et al. 2017; Smartt et al. 2017) and the Hubble Space Telescope (purple line, Tanvir et al. 2017). The feature caused by
La III and Gd III highlighted.

Heavy element nucleosynthesis: element identifications => abundance estimate

Rahmouni+2025, ApJ

Collaboration with C02 (Kenta Hotokezaka)

Early phase spectra

See S. Rahmouni’s talk  
and K. Chiba’s and Y. Matsubayashi’s posters

Rahmouni+ in prep

Late phase spectra
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Identifying transient neutrino sources with optical surveys
z ~ 0.5-1.0

Singlet

Multiplet
z ~ 0.15Yoshida+22

Supernova (SN)

Tidal disrup(on event 
 (TDE)

Subaru/Rubin 
(25 mag)

Seimei 
(22 mag)

ZTF/Kiso/Kanata 
(20 mag)

R(SNe) ~ 10-4 Mpc-3 yr-1 
R(TDE) ~ 10-7 Mpc-3 yr-1
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Multiplet 
(ZTF)

Singlet 
(Subaru)

Toshikage+25, ApJ Kimura+ in prep
See S. Toshikage’s poster See S. Kimura’s talk

Blind analysis  
(collaboration with A01 and C01)



15

?

Our null result disfavors SLSNe as the dominant source of
the cosmic neutrino background. This is consistent with the
theoretical expectation based on an energetics argument shown

below. CSM interaction features are observed not only SLSNe,
but also SNe IIn, which are roughly 100 times more frequent
but 10 times less luminous. This implies that SN IIn have 10

Figure 7. Constraints in tdecay − Lpk plane for TDE-L (top), TDE-F (middle), and SLSN (bottom) withΔt= tν,1 − tpk = 0 (left) and 30 days (right). Orange and cyan
regions are constrained by 90% and 68% con!dence levels. Yellow regions are typical parameter spaces for TDEs (Y. Yao et al. 2023) and SLSNe
(T. J. Moriya 2024).
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The Astrophysical Journal, 993:23 (13pp), 2025 November 1 Toshikage et al.

Multiplet 
(ZTF)

Singlet 
(Subaru)

Toshikage+25, ApJ Kimura+ in prep
See S. Toshikage’s poster See S. Kimura’s talk

=> Real-time follow-up with Kiso

excluded

=> Real-time survey data from Rubin



Summary
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• Optical and infrared observations  

• Wide-field survey + spectroscopy with the telescope network 

• Optical spectrograph for TAO + Rapid data analysis system for Subaru/PFS and Seimei 

• Gravitational wave  

• No promising neutron star merger event in O4 

• Several follow-up efforts (Subaru/MOIRCS and PFS)  (<=> A02) 

• Heavy element identification in kilonova spectra (<=> C02) 

• High-energy neutrino sources 

• Multiplet: ZTF data analysis => Kiso (<=> A01, C01)  

• Singlet: Subaru observations => Rubin (<=> A01, C01)


