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Mul7-messenger astrophysics: roles of op7cal/IR observa7ons
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Follow-up observa7ons for S240422ed
See the posters by Ichiro Takahashi and Mahito Sasada
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The magnitude overlap between the MOIRCS and 2MASS

is as small as ⇠ 1 mag and the the number of the objects

used for relative flux calibration is as small as ⇠ 10??. In

⇠?? observing fields with the VHS data available, we con-

firm the 2MASS calibration does not cause a large system-

atic error (< 0.1? mag) and our primary purpose can be

achieved.

DECaPS Y -band depth: 20.9 mag (single exposure)2.

2.2 Candidate screening

To find counterpart candidates in the reduced MOIRCS

data, we conduct 2 types of analyses; (1) object matching

and brightness comparison between the previous archival

and our MOIRCS data and (2) visual inspection of the

MOIRCS data by comparing with the previous wide-field

survey data. The archival data used in these analyses

include Pan-STARRS1 (PS1; Flewelling et al. 2020), the

VISTA Variables in the Vı́a Láctea eXtended (VVVX) sur-

vey (Saito et al. 2024) and the Dark Energy Camera Plane

Survey 2 (DECaPS2; Waters et al. 2020). The image server

processes the uploaded XXX MOIRCS images and gener-

ates cutout images. For this inspection, a total of YYY

cutout images were obtained for ZZZ galaxies, including

those with di↵erent filters and duplicates.

We search for possible counterparts by selecting two

types of sources depending on the brightness in the

MOIRCS data and the depths of the archival data. First

criteria the possible counterparts should satisfy are (1a)

sources are detected with high significance in the archival

images at the MOIRCS source position and (1b) the di↵er-

ence between the MOIRCS and archival data is more sig-

nificant than 5.555�. When there are no detected sources

at the MOIRCS object position, the second criteria the

possible counterparts should satisfy are (2a) the MOIRCS

source brightness is brighter than the archival data depths.

In this case, even if the source with the same brightness as

MOIRCS exists in the archival data, no sources would be

detected in the archival data.

3 Results
4 Discussion
5 Conclusions
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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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Element iden7fica7ons in neutron star mergers
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Figure 10. Left: synthetic spectra (smoothed) with the fiducial X(lan) and various X(Z ≥ 82) at t = 1.5 (top) and 2.5
(bottom) days. The dark-orange, blue, and green curves show the spectra for the ratio of actinides to lanthanides being 3, 1,
and 1/3 of the fiducial ratio, respectively, and the dark-yellow curve shows the spectrum without Th III lines. The gray curve
shows the observed spectrum of AT2017gfo at t = 1.5 and 2.5 days after the merger for comparison purposes (Pian et al. 2017;
Smartt et al. 2017). The dashed black line shows the Planck function (T = 5300 K, arbitrary normalized). Right: ratios of the
synthetic spectra (smoothed) to the Planck function shown in the left panel.

sults with the cases excluding Th III lines (dark-yellow464

curve).465

For the L model (the left panel), we find that a broad466

absorption feature appears around λ ∼ 18000 Å (light-467

blue arrow). The clear absorption features caused by468

Ca II, Sr II, La III, and Ce III (blue, red, pink, and or-469

ange arrows, respectively) are also seen in the spectrum,470

which are unaffected by the Th III lines. This is consis-471

tent with the results in Domoto et al. (2022), although472

the updated line list of Th III is adopted here.473

On the other hand, for the S model (the right panel),474

we find that the Th III lines decrease overall fluxes475

by ∼10% but do not produce any additional features.476

The spectrum is redder and dimmer than that in the L477

model. It should be noted that the wiggly features seen478

in the spectra are caused by the lines of heavy elements479

whose wavelengths are not experimentally calibrated.480

These differences between the S and L models reflects481

the larger mass fraction of lanthanides for the former,482

which results in a higher total opacity. We confirmed483

that higher opacity in the S model shifts the photo-484

sphere outward compared to that in the L model. As485

a result, the photospheric temperature in the S model486

is lower and Th III lines are weak (Figure 3). Thus, in487

our models, larger mass fraction of Th is not necessarily488

an advantage to produce the Th III features (see also489

Section 4).490

To see the time evolution of the spectra, we show the491

synthetic spectra for the L model at t = 1.5 and 2.5 days492

by blue lines in the left panels of Figure 10, focusing on493

the NIR region. The spectra without Th III lines are494

also shown by dark-yellow lines. To see the effects of Th495

III lines more clearly, the right panels of Figure 10 show496

the ratios of synthetic spectra to the Planck function. It497
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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
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La III and Gd III highlighted.

Both features are affected by the Earth’s atmosphere 
=> Spectroscopy with TAO and JWST!

CollaboraIon with C02 (Kenta Hotokezaka)
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Iden7fying transient neutrino sources with op7cal surveys

Supernova (SN)

Subaru/Rubin 
(25 mag)

Seimei 
22 mag

ZTF/Kiso/Kanata 
(20 mag)

z ~ 0.5-1.0

Singlet

Mul7plet
z ~ 0.15

=> Talks by  
N. Shimizu and S. Toshikage

Yoshida+22

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

Tidal disrup7on event 
 (TDE)



IceCube-230724A: observa7ons with Subaru/HSC Led by Shigeo Kimura (C01)

Ini7al alert

Updated alert

Ini7al alert

Updated alert

~1 deg

0.42 deg2

Gold alert (signalness = 0.526, E = 190 TeV) with a good localiza7on

Unfortunately, only 2-epoch follow-up due to the prime mirror issue of Subaru in 2023



Road to the TDE iden7fica7on

Step 1: Transient detec7on Step 2: Source classifica7on

By Shigeo Kimura (C01) and Seiji ToshikageBy MT, Tomoki Morokuma, Nozomu Tominaga

Development of the en7re analysis flow by using the “background” region 
(A) Number of background events: how many unrelated sources remain 
(B) True posi7ve rate (or passing rate): how high frac7on of true events remain

Before Aner

Ime

Brightness
TDE

SN
(C) ESO

(C) NASA



Reference image 0.01 deg!



New image 0.01 deg!



Difference image 0.01 deg!



Difference image

Transient/Variable
Residual of galaxy

Residual of bright star

0.01 deg!



Step 1: Transient detec7on

Detec7on Shape cut + 
detec7on twice

~10,000 / deg2 ~300 / deg2

(B) True posi7ve rate

TPR ~ 0.8
Shape cut: source size, elongaIon,  

match with PSF, posiIve-negaIve paYern, …

Measured by injecIng  
arIficial stars

(A) Number of background

SN

TDEVariable star

AGN

Preliminary



Step 2: Source classifica7on Preliminary
Developed By Shigeo Kimura (C01)

Transient type
# of detected 

transients 
 / deg2

# of transients 
passing the 

criteria / deg2

SNe 85 < 0.03

AGN 300 0.53

TDE 
(unrelated) 0.26 0.028

(A) Number of background

(B) True posi7ve rate (of TDE) 
TPR ~ 0.42

and i-band observations could enable us to determine the
temperature more precisely.

We perform follow-up spectroscopic observations by
Gemini/GMOS. Spectroscopy enables us to confirm
whether the target is a true d�stant TDE or not, ow-
ing to its broad emission lines (mainly Balmer series) of
> 104 km s�1 and/or highly ionized Fe lines emerging
around the H� line [16]. The neutrino-detected TDEs in-
dicate the broad-line feature even after the neutrino detec-
tion, i.e., more than several months after the peak of op-
tical lightcurves [17]. Besides, spectroscopic observations
will provide information of the host galaxy. Even if the
candidate TDE became fainter than 24 mag at the time
of spectroscopic observation, its host galaxy at z ⇠ 0.5
would be as bright as 23� 24 mag. Host galaxies of ZTF-
detected TDEs are mostly green valley galaxies emitting
emission lines [16]. Several-hour spectroscopic observa-
tions by Gemini/GMOS will detect H� and [OIII] emission
lines with S/N ⇠ 5, with which we can determine its red-
shift. If both the candidate TDE and its host galaxy are
fainter than 25 mag, we will make photometric follow-up
observations by Gemin/GMOS to obtain the lightcurve
and color evolution for a longer time period. This may
enable us to distinguish a TDE from other type of tran-
sients.

The local volumetric TDE rate is ⇠ 103 Gpc�3 yr�1

[16], and the TDE rate has a weaker cosmological evolu-
tion than the star formation rate. Then, the mean dis-
tance to a neutrino-emitting TDE should be z ⇠ 0.5 (cf.
[4]). Our HSC follow-up program will be able to find
a TDE for z < 1, and spectroscopic characterization is
possible for TDEs for z . 0.5. The probability of acci-
dentally finding an unrelated TDE of z < 0.5 within the
error region (⇠ 0.7 deg) during the follow-up time period
(2 months) is ⇠ 0.15. If we find a TDE multiple times
by our program, we can identify TDEs as the dominant
source of cosmic neutrinos.

Estimate of ToO Rate

IceCube is issuing two types of alerts, and we focus
on their GOLD alerts, which have a higher probability of
astrophysical origin.To reduce the contamination of unre-
lated transients, we will trigger ToO only when the an-
gular error of the neutrino event is < 0.7 deg. Then,
the neutrino alert rate with such a small angular error
is ⇠ 0.23 Month�1. Taking into account only a half of
neutrino events occur in the observable sky, the expected
number of ToO during the S23B period is ⇠ 0.68.

Implications

Our proposed observations will be able to identify TDEs
as the cosmic high-energy neutrino source, which will shed
light on the origin of cosmic rays, a decades-long problem
in astrophysics. Also, we can test astrophysical models
of TDE emission and particle acceleration theory, as the
neutrino emission demands the existence of cosmic rays
in a relatively dense environment. Thus, neutrino sig-
nals together with multi-wavelength data from TDEs will
provide unique information of the emission regions. For
example, we can discuss properties of outflows and sur-

Figure 2: Comparison of lightcurves (r-band; top) and
color evolution (bottom) of TDEs [16] and supernovae
[18]. The peak of lightcurves are T = �45 day for TDEs
and T = 0 for SNe. The thick-red curves are the most
luminous (hottest) and faintest (coolest) TDEs with data
for more than 200 days, scaled to z = 0.5. Other TDE
curves lie between the two red curve (pink region). The
vertical lines show the timing of the proposed HSC obser-
vations.

rounding medium using the optical, radio, and neutrino
signals. In addition, neutrino energy and timing of the
neutrino detection will unravel the cosmic-ray acceleration
region, which may lead to the understanding of mysteri-
ous extreme phenomena around black holes, such as the
production mechanism of relativistic jets and cosmic-ray
acceleration at the vicinity of black holes.
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Step 2: Source classifica7on Preliminary
and i-band observations could enable us to determine the
temperature more precisely.

We perform follow-up spectroscopic observations by
Gemini/GMOS. Spectroscopy enables us to confirm
whether the target is a true d�stant TDE or not, ow-
ing to its broad emission lines (mainly Balmer series) of
> 104 km s�1 and/or highly ionized Fe lines emerging
around the H� line [16]. The neutrino-detected TDEs in-
dicate the broad-line feature even after the neutrino detec-
tion, i.e., more than several months after the peak of op-
tical lightcurves [17]. Besides, spectroscopic observations
will provide information of the host galaxy. Even if the
candidate TDE became fainter than 24 mag at the time
of spectroscopic observation, its host galaxy at z ⇠ 0.5
would be as bright as 23� 24 mag. Host galaxies of ZTF-
detected TDEs are mostly green valley galaxies emitting
emission lines [16]. Several-hour spectroscopic observa-
tions by Gemini/GMOS will detect H� and [OIII] emission
lines with S/N ⇠ 5, with which we can determine its red-
shift. If both the candidate TDE and its host galaxy are
fainter than 25 mag, we will make photometric follow-up
observations by Gemin/GMOS to obtain the lightcurve
and color evolution for a longer time period. This may
enable us to distinguish a TDE from other type of tran-
sients.

The local volumetric TDE rate is ⇠ 103 Gpc�3 yr�1

[16], and the TDE rate has a weaker cosmological evolu-
tion than the star formation rate. Then, the mean dis-
tance to a neutrino-emitting TDE should be z ⇠ 0.5 (cf.
[4]). Our HSC follow-up program will be able to find
a TDE for z < 1, and spectroscopic characterization is
possible for TDEs for z . 0.5. The probability of acci-
dentally finding an unrelated TDE of z < 0.5 within the
error region (⇠ 0.7 deg) during the follow-up time period
(2 months) is ⇠ 0.15. If we find a TDE multiple times
by our program, we can identify TDEs as the dominant
source of cosmic neutrinos.

Estimate of ToO Rate

IceCube is issuing two types of alerts, and we focus
on their GOLD alerts, which have a higher probability of
astrophysical origin.To reduce the contamination of unre-
lated transients, we will trigger ToO only when the an-
gular error of the neutrino event is < 0.7 deg. Then,
the neutrino alert rate with such a small angular error
is ⇠ 0.23 Month�1. Taking into account only a half of
neutrino events occur in the observable sky, the expected
number of ToO during the S23B period is ⇠ 0.68.

Implications

Our proposed observations will be able to identify TDEs
as the cosmic high-energy neutrino source, which will shed
light on the origin of cosmic rays, a decades-long problem
in astrophysics. Also, we can test astrophysical models
of TDE emission and particle acceleration theory, as the
neutrino emission demands the existence of cosmic rays
in a relatively dense environment. Thus, neutrino sig-
nals together with multi-wavelength data from TDEs will
provide unique information of the emission regions. For
example, we can discuss properties of outflows and sur-
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color evolution (bottom) of TDEs [16] and supernovae
[18]. The peak of lightcurves are T = �45 day for TDEs
and T = 0 for SNe. The thick-red curves are the most
luminous (hottest) and faintest (coolest) TDEs with data
for more than 200 days, scaled to z = 0.5. Other TDE
curves lie between the two red curve (pink region). The
vertical lines show the timing of the proposed HSC obser-
vations.

rounding medium using the optical, radio, and neutrino
signals. In addition, neutrino energy and timing of the
neutrino detection will unravel the cosmic-ray acceleration
region, which may lead to the understanding of mysteri-
ous extreme phenomena around black holes, such as the
production mechanism of relativistic jets and cosmic-ray
acceleration at the vicinity of black holes.
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Summary
• Op7cal and infrared observa7ons  

• Wide-field survey + spectroscopy with the telescope network 

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

• Gravita7onal wave  

• No good neutron star merger event in O4 (<=> A02) 

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

• High-energy neutrino sources 

• Subaru observaIons for IC singlet event (<=> A01, C01) 

• Background analysis for transient detecIon and source classificaIon 

• OpIcal data analysis for mulIplet events (<=> A01, C01)



Appendix



Event rate of TDE? 
=> Survey with Subaru/HSC



Redshift distribution of TDEs

Extended the redshift of TDE samples beyond z=1!

By Seiji Toshikage



Light-curve of TDE candidates By Seiji Toshikage


