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Abstract

We here summarize science results obtained based on the GTC-Subaru Collaboration since 2019. Taking 
advantage of the unique features of both the telescopes, we have conducted (1) imaging surveys with Subaru/
Hyper Supreme-Cam (HSC) and (2) imaging and spectroscopic  
follow-up observations of HSC-discovered transient/variable  
phenomena with GTC. The science results we have obtained  
include (a) a search for electromagnetic counterpart of the  
binary black hole GW200224_222234 (Ohgami+2023),  
(b) a rapidly fading quasar by a factor of 20 over 20 years,  
and (c) rapid transients. In addition to the instrument suites  
and different operation styles (classical+queue vs queue), the  
most unique feature in this collaboration is the time difference  
(10 hours) between the two telescopes, which is powerful  
especially for studies on rapid transients including kilonovae as a counterpart of gravitational wave source with 
neutron stars in the merger system. We are discussing about continuing this powerful unique collaboration. 
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(3) Science Case 3: Rapid Transients (Tominaga+, in prep.)

Summary & Future
Collaborative observations with GTC and Subaru are powerful especially 
for transient object science, including follow-up observations for 
gravitational wave sources. We are now seriously discussing how to 
proceed more with the collaboration. 

(2) Science Case 2: A Fading Quasar (Morokuma+, in prep.)(1) Science Case 1: Follow-Up for Gravitational Wave Sources

GW200224_222234 (S200224ca)

Binary Black Hole merger

90% area: 50 deg2 (narrow!!!)

Distance: 1710 Mpc (z~0.30)

only a few BBHs w/ ~>90% coverage 
(e.g., Doctor+2019)


Subaru/HSC follow-up observations

started 12.3 hours (~0.5 days) after 
GW detection

3-times ToO observations

Observation area: 56.6 deg2 (91% 
cumulative probability)


GTC/OSIRIS follow-up: 3.12 hours (incl. 
overhead)


5 host galaxies of counterpart

HSC covers 91% probability

Results

2 candidates likely be outside the 3D 
skymap (Passoc < 0.01)


Other 3 candidates remain as the 
candidates of the GW counterpart. 
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Fig. 1. Optical 3-color (gri) SDSS and HSC images (hscMap) of J0218-0036 field in the left and right panels, respectively. The central objects are the
quasar J0218-0036 at z = 1.767. The depths are greatly different and the clear fading of the quasar can be seen. The image size is 40× 40 arcsec2.

and H) data.255

The obtained NIR light curves are shown in the third panel of256

Figure 3.257

2.1.3 MIR Imaging Data258

Mid-infrared imaging data are also available; the Spitzer Space259

Telescope and the Wide-field Infrared Survey Explorer (WISE;260

Wright et al. 2010).261

The J0218-0036 field was observed with the Infrared Array262

Camera (IRAC; Fazio et al. 2004) on the Spitzer Space Telescope263

in the Spitzer-IRAC Equatorial Survey (SpIES; Timlin et al. 2016)264

and the “IRAC Imaging of Massive ACT SZ Clusters in SDSS265

Stripe 82” (ACT-SZ; Menanteau et al. 2011) projects. For the266

SpIES, we use the coadded public catalog in the AOR-76 region267

and the recorded AB magnitudes are 20.07± 0.11 mag (AB) in268

the IRAC-CH1 (3.6µm) and 20.18± 0.11 mag (AB) in the IRAC-269

CH2 (4.5µm). The data were taken during a very short term, less270

than 1 day, on the MJD of 56969 days. For the ACT-SZ project,271

the data were taken on MJD of 56200 days, no public catalogs are272

available. We conduct aperture photometry to measure the target273

brightness with SExtractor (x.x arcsec radius aperture, where the274

PSF sizes of the images are ∼ 1.7 arcsec; Fazio et al. 2004) in the275

publicly available images so that photometry for nearby objects is276

consistent with the SpIES coadded catalog.277

Since the beginning of the WISE mission, J0218-0036 field278

was observed in the ALLWISE and NEOWISE-R (Mainzer et al.279

2011) projects. In the preliminary version (Eisenhardt et al. 2020)280

of the CATWISE2020 coadded catalog (Marocco et al. 2021),281

where all the WISE data are coadded, there is a measurement282

record at the position (RA, Dec)=(34.50778, −0.61598) [deg]283

with errors of 0.26 arcsec of W1=17.68 ± 0.10 mag (3.4µm)284

W2=16.74± 0.13 mag (4.6µm) at a mean observation MJD of285

56670.965492 days. The observing baseline is as long as ∼286

10 years, so it is useful to examine its time variability with more287

time-divided data. However, the single-epoch data easily available 288

on the IRSA archive are too shallow and the detection is not as sig- 289

nificant as <3σ even in the most significant cases. Then, we utilize 290

the WISE/NEOWISE Coadder interface to create multi-epoch W1 291

and W2 images of 18×18 arcmin2 with 2-year observing baseline 292

from 2010-01-01 to 2022-12-31, resulting in 6 epochs. We con- 293

duct aperture photometry of all the detected objects in the images 294

with SExtractor. Flux calibration is done using the magnitudes in 295

the ALLWISE catalog as a reference. The angular resolutions of 296

the W1 and W2 bands are 6.1 arcsec and 6.4 arcsec, respectively. 297

The nearby west galaxy is inevitably included in the aperture for 298

the target, but the contamination from the nearby galaxy is ignored. 299

Note that the detected position is more consistent with the target 300

coordinate rather than the nearby galaxy coordinate. 301

No significant sources are recorded in the MIPS of the Spitzer 302

Space Telescope or in the W3 or W4 band of the WISE. 303

The obtained MIR light curves are shown in the fourth panel 304

of Figure 3. The bandpass differences between Spitzer/IRAC and 305

WISE are ignored, which is found to be reasonable (Jarrett et al. 306

2011). 307

In summary, the series of the imaging data indicate that the 308

quasar is declining its brightness from the SDSS imaging epochs 309

to the present. 310

2.2 Optical Spectroscopic Data 311

For the quasar, an optical spectrum was taken in the SDSS project 312

as described in §2.2.1. In addition, we took two optical spectra of 313

this quasar in 2022 as described in §2.2.2. 314

2.2.1 SDSS Spectrum 315

COPIED LATER. 316

The first-epoch spectrum of the quasar was taken in the 317

Extended Baryon Oscillation Spectroscopic Survey (eBOSS; 318

 (Ohgami+2023, ApJ, 947, 9)

Observation pointings with the 
Subaru/HSC (filled red circles) 
overlaid on the refined skymap 
using the IMRPhenomXPHM 
model (GWTC-3 catalog; The 
LIGO Scientific Collaboration et 
al. 2021). The white contour lines 
indicate the 90% credible regions. 

(Left) 2D location of the five candidates observed with the GTC/OSIRIS and 
the localization skymap (IMRPhenomXPHM model) released in the GWTC-3 
catalog. The dots are the locations of the candidates. The gray contour line 
indicates the 90% credible region. (Right) Distance to each candidate and 
probability distribution at their location as a function of distance. The dots are 
the distances of the candidates. The horizontal solid and dashed lines indicate 
the mean and standard deviation of the probability distribution, respectively. 

a spectroscopically identified quasar at z~1.8 showing large 
brightness decline (by a factor of ~20), found by comparing 
the SDSS and HSC magnitudes of ~30,000 quasars.

OSIRIS (optical) & EMIR (NIR) imaging follow-up observations 
were done immediately after we found the dramatic SDSS-HSC 
decline. ==> further follow-up observations w/ Subaru, Keck, etc. 

The reason of the large decline is likely to be a large decline in 
mass accretion rate rather than obscuration of moving clouds. 

Scientific motivations for studying rapid transients include “How 
high is the fraction of massive stars having the confined dense 
CSM?”, “How widely is the dense CSM extended?”, “How high 
is the mass loss rate realized just before the core collapse?”, 
leading physical questions about "What is the mechanism of the 
enhanced mass loss?”, “How does it change the metal 
enrichment and cosmic reionization by the massive stars?”

For these purposes, immediate spectroscopic follow-ups right 
after the discovery of transients would be essential. 

A rapid transient MUSSES2020A at z=0.0535 discovered in our 
HSC high-cadence transient survey (PI: N. Tominaga)


Intranight flux increase: >1.5 mag over 4 "hours"

Successfully obtained GTC/OSIRIS spectra 1.5 days & 2.5 
days after the first detection => variable H-alpha detected

Found to be Type II-P supernova w/ dense CSM


2 more objects triggered for follow-ups w/ GTC/OSIRIS

SDSS (gri) HSC (gri)

mailto:tmorokuma@perc.it-chiba.ac.jp

