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Most of optical/NIR sources are quiescent. 

<==> high energy sources

image subtraction: an effective way to 
search for transient/variable sources in 
optical/NIR


different PSFs

different depths


rare phenomena

~1 supernova / galaxy / 100 yrs


# density of galaxies

~103 deg-2 (R<20, 1m-class)

~105 deg-2 (R<25, 8m-class)


# density of variable sources

~1 deg-2 (R<20, 1m-class)

~102 deg-2 (R<25, 8m-class)


wide-field survey

How to find supernovae effectively

can include not only objects showing transient phenomena such
as flare-ups of faint dwarf stars, but alsoKuiper belt objects mov-
ing less slowly than ! ! 100 hr"1 (a typical value of seeing size
per exposure time for each stacked image), corresponding to a
semimajor axis of >100 AU. These estimates of numbers of var-
iable objects provide the expected number of variable objects con-
taminating interested samples using nonsimultaneous observational
data. For example, Iye et al. (2006) and Ota et al. (2007) inves-
tigated the possibility of variable object contaminations of their
LAE sample at z ! 7:0 in the SubaruDeepField (SDF;Kashikawa
et al. 2004), which were obtained by comparing broadband im-
aging data taken before 2004 with narrowband NB973 imaging
data in 2005. From the bottom row of Figure 13, a few or<1 object
in the SDF (!0.3 deg2) can be just transient objects and misclassi-
fied as narrowband excess objects in their sample. Their plausible
candidateswith narrowband excess are 2.One of thesewas spectro-
scopically identified and turned out to be a real LAE at z ¼ 6:94.
Spectroscopic identification of another candidate should also be
done. Whether this candidate is a real LAE or not, the number of
narrowband excess objects they found is consistentwith the number
expected from statistics of number densities of transient objects.

The fraction of variable objects of the overall objects in the
SXDF are shown in Figure 14.Magnitudes used in this figure are
the total magnitudes of host objects. About 5% of the objects at

i0 ! 21 mag show optical variability, and the fraction rapidly de-
creases toward fainter magnitudes. These declines are caused by
the detection limit for variability. Large variability relative to the
host object is necessary for faint objects to be detected. Almost all
of objects in the SXDF are galaxies, not stars (the fraction of stars
is !4%). Then, the fraction of variable AGNs is !3% around
i0 ! 21 mag, where the detection completeness is!1. Sarajedini
et al. (2006) found that 2.6% of galaxies have variable nuclei
down toVnuc < 27:0magwithout completeness corrections using
two-epoch observations separated by 7 years. Their fraction is
consistent with ours. Cohen et al. (2006) also used four-epochACS
imaging data on time baselines of 3months down toVtotal< 28mag
and detected variability of !1% of galaxies. This small percen-
tage in Cohen et al. (2006) is consistent with ours if we consider
their short time baselines, since most AGNs vary in brightness
on longer timescales of years, as shown in Figure 12.

7. VARIABLE STARS

The sample of variable stars used in this section includes
153 objects which were classified as reliable stars, probable stars,
and possible stars in x 4.1. The top panels of Figure 15 show
color-magnitude diagrams of i0 versus R" i0 (left) and V versus
B" V (right) for variable stars (black circles) and nonvariable
stars in the SXDF (gray dots).

Fig. 13.—Number densities of variable objects as a function of variable component magnitude i0vari, plotted for (rows, top to bottom) all the variable objects (top row),
variable stars, SNe, AGNs, and possible transient objects (bottom), and for (columns, left to right) all the observational data (left), and timescales !t < 10 days,
10 < ! t < 50 days, 50 < !t < 200 days, and ! t > 200 days (right).

SUBARU/XMM-NEWTON DEEP SURVEY. V. 179No. 1, 2008

TM+2008
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before after
!!! Let’s find a new supernova !!!
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before

before after
!!! Let’s find a new supernova !!!
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Example: image subtraction



optical/NIR for GW/Neutrino The extreme Universe viewed in very-high-energy gamma-rays 2017, 2017/12/18-19 12

before

©Takahiro Kato, Masaomi Tanaka
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for cross-validating the meta-parameters. Thus we gave up the
exhaustive search ober the number of neural units in hidden lay-
ers and the step size of SGD. Instead, we hand-tuned the best
meta-parameters. The numbers of units in the lower, the mid-
dle, and the higher layers are (50,50,50). The step size γ is
chosen to be 0.01.
Reulting FPR scores at 90% TPR is 21.9%.

• 本物の数が少ないという欠点を補うため、人工天体を埋

め込んでそれを本物とすることにした。

• 人工天体を使用するメリットは以下の通りである。

We made a fabricated HSC imaeg in which artificial transient
objects were embeded as “real” objects. This mothod has
the following good points. (1) It is possible to increase the
sample of “real” objects. So machines can be well trained.
For example, performance of Deep Neural Net was improved
well. (2) Human works to make the training data are not
necessary. Then, ambiguity caused by human works were re-
moved. (3) The training data made by the human works tend
to contain brighter objects. On the other hand, by using arti-
ficial objects, we can increase sample for less bright objects,
which are scientifically more valuable. (4) Discrimination
performance of machines can be evaluated more accurately.

• 人工天体の作成方法を述べる。（田中さん）

• magnitudeの分布は、実際の bogusの分布とほぼ同じにな
るようにした (Figure 3)。８月の観測で使用した特徴量を
Table 2に示す。

• 各々の machineで学習データに対する性能評価の結果を
載せる。(森井、NTTさん)

• AUC boostingの場合の ROC curveは、Figure 4のように
なった。暗い天体に対しては性能がよくないことがわか

る。(同様の図を作成できますでしょうか？NTTさん）
• 観測の前にマシンを pipelineに組み込んだことを言う。早
く判別することが可能になった。

• 各解析 stepでの 天体数は、以下のようになった (田中さ
んの資料を元に表にする予定。森井)。
1. Source extractor : ##
2. machine learning : ##
3. double detection : ##
4. exclude objects near the bright star : ##

• 各 Machineでのスコアの分布は、Figure 5の様になった
（田中さん）。

• Machine 相互のスコア分布の比較を Figure 6に示す。あ
る特定のマシンで高いスコアになっても他のマシンでは

高スコアになるわけではない。ある特定のマシンが万能

というわけではないため、複数のマシンの結果のANDを
採用することが望ましいことがわかる。

(Machine Learningの判定の後、どのようなことが行われ
たかを書く。) Machine leaningによる判別の結果は、観測
が行われた当日に得られた。判別で得られた ∗∗個の天体を

visual inspectionして、最も supernovaらしい天体を 10天体

Fig. 3. Distribution of magnitude of bogus objects and artificial “real” objects

Fig. 4. ROC curve for auc Boosting for every magnitude slice.

Fig. 5. Distribution of scores of AUC boosting, Random forest, Deep Neural
Net, and Maltilayer perceptron.

Fig. 6. Comparision among scores of AUC boosting, Random forest, Deep
Neural Net, and Maltilayer perceptron.

false positive rate
(fraction to judge bogus as real)

better

miss 10% of real 

Mikio Morii, JST/CREST collaboration, et al. 2016, PASJ

(Kavli IPMU, Institute for Statistical Mathematics, NTT Communication 
Science, and Tsukuba Univ.)

©Masaomi Tanaka
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SN candidates -Jul 2014-

Tominaga+2015, ATel, 7565

July 2014 (reference)
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SN candidates -May 2015-

Tominaga+2015, ATel, 7565

May 2015 (search)
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SN candidates -subtracted-

Tominaga+2015, ATel, 7565

[May 2015] - [July 2014] (subtraction)
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TYPICAL optical/NIR telescopes/instruments

CTA

8.7 deg diameter ==> 60 deg2

Hubble Space Telescope

~10 arcmin
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WIDE-FIELD optical/NIR telescopes/instruments

CTA
Palomar 

Zwicky Transient Facility (ZTF) 
(1.2)

Kiso Schmidt  
Tomo-e Gozen


(1.05)

CTIO  
DECam


(4)

Subaru

HSC

(8.2)

>1 deg

ASAS-SN  
(0.14) 
x ~10
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survey power = mirror area x field-of-view (optical NIR)

Subaru/HSC

[LSST]

Kiso/KWFC

Kiso/Tomo-e

ASAS-SN

HST/ACS

[WFIRST] VISTA

[]: future projects
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Subaru Telescope (8.2m)

Large Synoptic Survey Telescope (LSST; 8.4m), 2022-

https://www.lsst.org

http://subarutelescope.org

https://www.lsst.org
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blind surveys w/ wide-field telescopes

targeted observations w/ “normal” telescopes


GW: if the source is close to us ==> nearby galaxies

IceCube: if the source is a specific type (e.g., blazar)

how to identify optical/NIR counterparts
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LIGO x 2 (Hanford, Livingston)
https://www.ligo.caltech.edu/page/ligo-detectors

Virgo
http://public.virgo-gw.eu/index.php?gmedia=5vp4v&t=g https://www.nao.ac.jp/contents/news/topics/2015/20151116-kagra-fig3-origin.jpg

KAGRA
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GW Localization LIGOx2: O(100) deg2

LIGOx2 + Virgo: O(10) deg2
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Galaxy List for the Advanced Detector Era (GLADE)
assembled for GW EM counterpart search


LIGO sensitivity (NS-NS mergers): ~80 Mpc@O2 ==> ~200 Mpc

2MASS XSC + 2 MPZ + HyperLEDA

B mag + redshift + IR magnitudes aquarius.elte.hu/glade

Density of galaxies

Gergely Dálya (ELTE) dalyag@caesar.elte.hu September 01, 2015 6 / 11

Right ascention [deg]

D
ec

lin
at

io
n 

[d
eg

]

 

 

50 100 150 200 250 300 350

−70

−50

−30

−10

10

30

50

70

90

0

50

100

150

200

250

300

350

ρ [1/deg2]

Summary and comparison with other catalogs

[1] White, D. J., Daw, E. J. & Dhillon, V. S., 2011, Class. Quantum Grav., 28 085016

[2] Gehrels, N., Cannizzo, J. K., Kanner, J. et al., 2015, submitted to ApJ
http://arxiv.org/abs/1508.03608

Gergely Dálya (ELTE) dalyag@caesar.elte.hu September 01, 2015 10 / 11

Other advantages:

! Value-added with B mag and z data

! We are working on associating stellar masses to each galaxy

! We have a working pipeline to associate any other parameters
relevant for the Collaboration

GWGC [1] CLU [2] GLADE

No. of galaxies 53,255 ? 2,068,841
Completeness % at 60 Mpc 60 100 104 ± 7

Completeness % at 120 Mpc 80 71 ± 5
Completeness % at 180 Mpc 40 65 ± 5

~50 galaxies / deg2

http://aquarius.elte.hu/glade
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J-GEM = 

radio　wide-field

4 deg2 
==> 20 deg2

2 deg2

1.8 deg2

Japanese collaboration for Gravitational wave 
ElectroMagnetic follow-up
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EM observations (GW150914 = 1st GW, BH-BH)

~900 deg2

>~50% of initial skymap

~60 extragalactic transients 
(Kasliwal+2016, Smartt+2016)

LIGO and Virgo detectors and several EM astronomy facilities
in 2009 and 2010 (Abadie et al. 2012a, 2012b; Evans et al.
2012; Aasi et al. 2014). In preparing for Advanced detector
operations, the LIGO and Virgo collaborations worked with the
broader astronomy community to set up an evolved and greatly
expanded EM follow-up program.381 Seventy-four groups with
access to ground- and space-based facilities joined, of which 63
were operational during Advanced LIGOʼs first observing run
(O1). Details of the 2009 to 2010 EM follow campaign and
changes for O1 are given in Section 1 of the Supplement
(Abbott et al. 2016b).

After years of construction and commissioning, the Advanced
LIGO detectors at Livingston, Louisiana, and Hanford,
Washington, began observing in 2015 September with about
3.5 times the distance reach (<40 times the sensitive volume) of
the earlier detectors. A strong GW event was identified shortly
after the pre-run calibration process was completed. Deep
analysis of this event, initially called G184098 and later given
the name GW150914, is presented in Abbott et al. (2016e) and
companion papers referenced therein. In this paper we describe
the initial low-latency analysis and event candidate selection
(Section 2), the rapid determination of likely sky localization
(Section 3), and the follow-up EM observations carried out by
partner facilities (Sections 4 and 5). For analyses of those
observations, we refer the reader to the now-public Gamma-ray
Coordinates Network (GCN) circulars382 and to a number of
recent papers. We end with a brief discussion of EM counterpart
detection prospects for future events.

2. DATA ANALYSIS AND DISCOVERY

As configured for O1, four low-latency pipelines continually
search for transient signals that are coincident in the two
detectors within the 10 ms light travel time separating them.
Coherent WaveBurst (cWB; Klimenko et al. 2016) and
Omicron+LALInference Burst (oLIB; Lynch et al. 2015) both
search for unmodeled GW bursts (Abbott et al. 2016f).
GSTLAL (Cannon et al. 2012; Messick et al. 2016) and

Multi-Band Template Analysis (MBTA; Adams et al. 2015)
search specifically for NS binary mergers using matched
filtering. Because CBC waveforms can be precisely computed
from general relativity, GSTLAL and MBTA are more
sensitive to CBC signals than the burst search pipelines are.
All four detection pipelines report candidates within a few
minutes of data acquisition.
LIGO conducted a series of engineering runs throughout

Advanced LIGOʼs construction and commissioning to prepare
to collect and analyze data in a stable configuration. The eighth
engineering run (ER8) began on 2015 August 17 at 15:00 and
critical software was frozen by August 30.383 The rest of ER8
was to be used to calibrate the detectors, to carry out diagnostic
studies, to practice maintaining a high coincident duty cycle,
and to train and tune the data analysis pipelines. Calibration
was complete by September 12 and O1 was scheduled to begin
on September 18. On 2015 September 14, cWB reported a
burst candidate to have occurred at 09:50:45 with a network
signal-to-noise ratio (S/N) of 23.45 and an estimated false
alarm rate (FAR) < 0.371 yr−1 based on the available (limited
at that time) data statistics. Also, oLIB reported a candidate
with consistent timing and S/N. No candidates were reported at
this time by the low-latency GSTLAL and MBTA pipelines,
ruling out a BNS or NSBH merger.
Although the candidate occurred before O1 officially

began, the LIGO and Virgo collaborations decided to send
an alert to partner facilites because the preliminary FAR
estimate satisfied our planned alert threshold of 1 month−1.
Although we had not planned to disseminate real-time GCN
notices before the formal start of O1, most of the computing
infrastructure was in place. Basic data quality checks were
done within hours of GW150914; both interferometers were
stable and the data stream was free of artifacts (Abbott et al.
2016c). A cWB sky map was available 17 minutes after the
data were recorded and a LALInference Burst (LIB) sky map
was available after 14 hr. After extra data integrity checks and
an update to the GCN server software, these two sky maps
were communicated to observing partners in a GCN circular
nearly two days after the event occurred (GCN 18330). Mass
estimates were not released in this initial circular,

Figure 1. Timeline of observations of GW150914, separated by band and relative to the time of the GW trigger. The top row shows GW information releases. The
bottom four rows show high-energy, optical, near-infrared, and radio observations, respectively. Optical spectroscopy and narrow-field radio observations are
indicated with darker tick marks and boldface text. Table 1 reports more detailed information on the times of observations made with each instrument.

381 See program description and participation information at http://www.ligo.
org/scientists/GWEMalerts.php.
382 All circulars related to GW150914 are collected at http://gcn.gsfc.nasa.
gov/other/GW150914.gcn3. 383 All dates and times are in UT.
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The Astrophysical Journal Letters, 826:L13 (8pp), 2016 July 20 Abbott et al.

Abbott et al. 2016, ApJL, 826, L13

search. LALInference performs full forward modeling of the
data using a parameterized CBC waveform which allows for
BH spins and detector calibration uncertainties (Veitch
et al. 2015). It is the most accurate method for CBC signals
but takes the most time due to the high dimensionality. We
present the same LALInference map as Abbott et al. (2016g),
with a spline interpolation procedure to include the potential
effects of calibration uncertainties. The BAYESTAR and
LALInference maps were shared with observers on 2016
January 13 (GCN 18858), at the conclusion of the O1 run.
Since GW150914 is a CBC event, we consider the LALInfer-
ence map to be the most accurate, authoritative, and final
localization for this event. This map has a 90% credible region
with area 630 deg2.

All of the sky maps agree qualitatively, favoring a broad,
long section of arc in the southern hemisphere and to a lesser
extent a shorter section of nearly the same arc near the equator.
While the majority of LIBʼs probability is concentrated in the

Southern hemisphere, a non-trivial fraction of the 90%
confidence region extends into the northern hemisphere. The
LALInference sky map shows much less support in the
northern hemisphere which is likely associated with the
stronger constraints available with full CBC waveforms. The
cWB localization also supports an isolated hot spot near α ∼
9h, δ ∼ 5°, where the detector responses make it possible to
independently measure two polarization components. In this
region, cWB considers signals not constrained to have the
elliptical polarization expected from a compact binary merger.
Quantitative comparisons of the four sky maps can be found

in Section 2 of the Supplement (Abbott et al. 2016b). The main
feature in all of the maps is an annulus with polar angle θHL
determined by the arrival time differenceΔtHL between the two
detectors. However, refinements are possible due to phase as
well as amplitude consistency and the mildly directional
antenna patterns of the LIGO detectors (Kasliwal & Nissanke
2014; Singer et al. 2014). In particular, the detectors’ antenna

Figure 3. Footprints of observations in comparison with the 50% and 90% credible levels of the initially distributed GW localization maps. Radio fields are shaded in
red, optical/infrared fields are in green, and the XRT fields are indicated by the blue circles. The all-sky Fermi GBM, LAT, INTEGRAL SPI-ACS, and MAXI
observations are not shown. Where fields overlap, the shading is darker. The initial cWB localization is shown as thin black contour lines and the LIB localization as
thick black lines. The inset highlights the Swift observations consisting of a hexagonal grid and a selection of the a posteriori most highly ranked galaxies. The
Schlegel et al. (1998) reddening map is shown in the background to represent the Galactic plane. The projection is the same as in Figure 2.
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http://ligo.org/detections/GW170817.php

Abbott+2017

LIGO

LIGO+Virgo

GW170817: 1st NS-NS merger

∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
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 [57–61].
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.

II. 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 the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 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 they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener 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 sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] 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,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-2

~30 deg2

http://ligo.org/detections/GW170817.php
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Abbott et al. 2017, ApJL, 848, L12

EM observations

(GW170817)

Coulter+2017, GCN, 21529

discovery w/ 1m Swope telescope


targeted galaxy survey

11 hours after GW detection


host galaxy: NGC 4993@~40 Mpc

GW: dL=40+8-14 Mpc

LIGO sensitivity: ~80 Mpc

1 10

EM counterpart: SSS17a
Figure 2 Sky region covering the 90th-percentile confidence region for the location of
GW170817. The 50th, 70th, and 90th-percentile contours are shown, with contours extracted
from the same probability map as Fig. 1. Grey circles represent the locations of galaxies in our
galaxy catalog and observed by the Swope telescope on 2017 August 17-18 to search for the
EM counterpart to GW170817. The size of the circle indicates the probability of a particular
galaxy being the host galaxy for GW170817. The square regions represent individual Swope
pointings with the solid squares specifically chosen to contain multiple galaxies (and labeled
in the order that they were observed) and the dotted squares being pointings which contained
individual galaxies. The blue square labeled ’9’ contains NGC 4993, whose location is marked
by the blue circle, and SSS17a.

10
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Wide-Field Surveys for GW170817

Tominaga, Tanaka, TM+2017For Review Only

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, changing 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.
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Fig. 2. Map of FWHM of PSF in the stacked images on Aug 18 and 19, 2017.

2 Observation and data analysis

We started HSC observation from Aug 18.23, 2017 (UT), corresponding to 0.7 days after the GW

detection, and also performed HSC observation on Aug 19, 25, and 27. All the observations were

carried out in the z-band. The poor visibility of GW170817 from Maunakea compels us to conduct

the survey during the astronomical twilight. The observations on Aug 25 and 27 concentrate on one

field because the target fields set immediately after the sunset. The survey pointings are selected from

 194 196 198 200
Right Ascension [deg]

-30

-28

-26

-24

-22

-20

-18

D
ec

lin
at

io
n 

[d
eg

]

2017-08-18

 194 196 198 200
 18

 18.5

 19

 19.5

 20

 20.5

 21

 21.5

 22

 22.5

5 
σ 

lim
iti

ng
 m

ag
ni

tu
de

 [m
ag

]

2017-08-19

Fig. 3. Map of 5σ limiting magnitude in the difference images on Aug 18 and 19, 2017.
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Soares-Santos+2017

CTIO (4m) / DECam

i-band (0.8 um) & z-band (0.9 um)

burstofgamma-raysdetectedbyFermi-GBM(LIGOScientific
Collaboration&VirgoCollaboration2017b,2017d).Four
hourslateraskylocalizationmapobtainedfromthethree-
detectorALVnetworkwasprovided(LIGOScientific
Collaboration&VirgoCollaboration2017c).

TheentireGWlocalizationregionwasvisiblefromChileatthe
beginningofthenight,settingwithinthefirst∼1.5hr.Our
DECamobservationscommencedat23:13UT(10.53hrpost-
merger)with30sexposuresintheiandzbands.Theresultings5
limitingmagnitudesare»i22.0and»z21.3forpointsources.
Thepredeterminedsequenceofobservationsconsistedof18
pointings(hexes),eachwitha3deg2coverage,withasecond
offsetsequencetomitigatelossofarea(e.g.,duetogapsbetween
detectorsinthefocalplane).Theresultingarealcoveragewas70.4
deg2,correspondingtoanintegratedprobabilityof93.4%ofthe
initialGWskymap.Additionaldetailsofthepointingand
sequencingdeterminationalgorithmareavailableinHerneretal.
(2017).Whileoursequenceofobservationswasongoing,anew
localizationmapwasreleasedat23:54UT(LIGOScientific
Collaboration&VirgoCollaboration2017e).Whiletheoverall
shapeofthetwomapsaresimilar,theprobabilitypeakwasshifted
significantly.Intherevisedmap,theintegratedprobabilityofour
observationsis80.7%.

2.1.DiscoveryandObservations

Weperformedavisualinspectionofraw,unprocessed
DECamimagestofindnewpointsourcesnearrelativelybright
galaxiesincomparisontoarchivalPan-STARRS13πsurvey
images(Chambersetal.2016).Thisprocessresultedinthe
discoveryofanewsourcenearthegalaxyNGC4993(see
Figure1).Thegalaxyislocatedatz=0.0098,whichis,fora
valueofH0of70kms−1Mpc−1,consistentwiththe40±8
MpcreportedbytheLVCintheirGCNforGW170817.The
transientislocatedatcoordinatesR.A.,decl.=197.450374,
-23.381495(13h09m4809−23d22m5338)betweenthe50%
and90%contoursinboththeinitialandshiftedmaps(see
Figure2).

Atthetimewhenthegalaxywasimaged(11.40hrpost-
merger)theopticaltransienthadmagnitudesof=o i17.300.01
and=o z17.430.01.Wecontinuedtoobservetheoptical
counterpartwithDECamnightlyintheugrizYfiltersuntilit
becameundetectable(atlimitingmagnitude∼22.5mag)ineach
bandandthesourcelocationbecameinaccessibletothetelescope.
Ourlastdeepimageofthesourceison2017August31,14.5
dayspost-merger.Thesefollow-upobservationsarediscussedin
detailinCowperthwaiteetal.(2017).

WeprocessallimageswiththeDESsingle-epochprocessing
(Drlica-Wagneretal.2017;E.Morgansonetal.2017,in
preparation,andreferencestherein)anddifferenceimaging
(diffimg)pipelines(Kessleretal.2015).Thediffimgsoftware
worksbycomparingsearchimagesandoneormorereference
images(templates)obtainedbeforeorafterthesearchimages.We
useourownimagingpluspubliclyavailableDECamdatafromthe
NOAOScienceArchive(portal-nvo.noao.edu)astemplates,
requiringexposuresofatleast30s.Atthepositionofthe
counterpart,pre-existingtemplateswereavailableingr ,bands.
ForuizY ,,,imagesweusedexposurestakenafterthesourcehad
faded(u:2017August25;izY ,,:2017August31).

ThephotometricresultsfromdiffimgareshowninFigure3
andTable1.Thediffimgpipelineusesthewell-testedDES
calibrationmoduleexpCalib.TheugrizYphotometry
presentedinTable1hascalibrationerrorsrelativetoDES
photometryof⪅2%.Weimplementedagalaxymorphological
fitandsubtractionmethod,makinguseofafastmulti-
componentfittingsoftware(Imfit;Erwin2015)followedby
point-spreadfunction(PSF)photometryandaPan-STARRS
PS1calibrationtodoublecheckthereduction.Resultsagree
withinuncertaintiesandcalibrationdifferences.Thephoto-
metryusedinthenextpaperinthisseries(Cowperthwaiteetal.
2017),measuredusingadifferenceimagereductionusingPan-
STARRSPS1templates,alsoagreeswithinuncertainties.

3.WideAreaSearch

OurprimaryprogramistoobtainimagesovertheLIGO
probabilitymaptosearchforcounterparts.Within12hrofthe
eventwehadobtainedDECamiz ,imagesacross>80%ofthe
revisedLIGOprobabilitymap.Wehaveanalyzedthisregionto
determinehowmanypotentialcounterpartsarepresent.

3.1.ImageProcessing

WeemploytheDESsingle-epochprocessinganddiffimg
pipelinestoproducealistoftransientcandidates.Thesearch
imagesare72exposurestakenonthenightofthetrigger
(correspondingtotwotilingsof18hexesintheiandzbands).
Becausemostoftheexposures(∼60%)didnothavepre-

Figure2.LocationoftheopticalcounterpartofGW170817ontheprobability
mapsprovidedbytheLVC(whitesolid:initial;cyandashed:revised;innerand
outercontoursshow50%and90%probability,respectively)andrelativetoour
searcharea(red:DECamskyfootprint).
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TheAstrophysicalJournalLetters,848:L16(7pp),2017October20Soares-Santosetal.

Subaru (8.2m) / Hyper Suprime-Cam  
z-band (~0.9 um)

no good candidates except for SSS17a
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blind surveys w/ wide-field telescopes

targeted observations w/ “normal” telescopes

Search for optical/NIR IceCube counterparts

Subaru/HSC

Kiso/KWFC

IceCube

Kanata/HONIR

IceCuube-170922A
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IceCube-170922A 増光天体探索②

2017/12/14 森裕樹（広島大学） 光赤外天文学大学間連携ワークショップ 8

かなた
9/23

かなた
9/23
ー

2MASS
差分

2MASS
カタログ

かなた
9/23
ー

かなた
9/24
差分

いた。

IceCubeが稼働して以来、初めてpossible source（の候補）を発見！！
（Fermiでも E>800MeV で受かっている。）

広島大学は世界でも最初期の観測に成功！！

possible counterpart: TXS 0506+056

subtraction: [Sep. 23] - [Sep. 24]

[Sep. 23] image

NIR variability detected w/ Kanata/HONIR

discovery of recent gamma-ray flare (Fermi; Tanaka+2017)

other observations


spectroscopy for redshift determination

imaging w/ Subaru/HSC, Kanata, Kiso, etc.

Kanata/HONIR

©Mori

Fermi
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optical/NIR identification

all-sky imaging map available


r<22 (northern 3pi w/ PS1, available)

r<26 (southern 3pi w/ LSST, 2022-)


1/3 of Fermi sources: unidentified in other wavelengths

also not easy for CTA sources?


follow-up flaring CTA sources

~1 arcmin uncertainty: good for optical/NIR follow-up

# of optical/NIR objects


O(1) for 1m-class telescopes (R<20)

O(100) for 8m-class telescopes (R<25)


“monitoring” all ~1000 CTA sources

all-sky monitoring surveys (w/o extra efforts)


1m wide-field telescopes (ZTF, Kiso/Tomo-e Gozen)

Pan-STARRS1 (1.8m), LSST (8.4m)

Prospects for optical/NIR follow-up for CTA sources
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all-sky monitoring surveys

Pan-STARRS1

Large Synoptic Survey Telescope

1.8m, r<22

Hawaii

northern 3pi

2010-

8.4m, r<26

Chile


southern 3pi

2022-

• Telescope    Kiso 105‐cm wide‐field Schmidt

• Field of view 20 deg2 in φ9 deg

• Image sensors    84 chips of CMOS

• Data acquisition rate 2 fps (max)

• Data production rate 30 TB/night (max)

• Commissioning Jan. 2019

• Operation 10 years

the first astronomical wide‐field Movie camera

the Tomo‐e Gozen

84 chips of high‐sensitive CMOS sensors

Sako et al. 2016, SPIE

Sako, Shigeyuki*a, b, Ohsawa, R.a, Takahashi, H.a, Kikuchi, Y.a, Doi, M.a,c, Kobayashi, N.a, Aoki,
T.d, Arimatsu, K.e, Ichiki, M.a, Ikeda, S.f, Ita, Y.g, Kasuga, T.h, Kawakita, H.i, Kokubo, M.a,
Maehara, H.j, Matsunaga, N.k, Mito, H.d, Mitsuda, K.a, Miyata, T.a, Mori, K.a, Mori, Y.d, Morii,
M.f, Morokuma, T.a, Motohara, K.a, Nakada, Y.a, Osawa, K.a, Okumura, S.l, Onozato, H.g,
Sarugaku, Y.d, Sato, M.m, Shigeyama, T.c, Soyano, T.d, Tanaka, M.e, Taniguchi, Y.a, Tanikawa,
A.n, Tarusawa, K.d, Tominaga, N.o, Totani, T.k, Urakawa, S.l, Usui, F.p, Watanabe, J.e,
Yamaguchi, J.a, and Yoshikawa, M.q

front‐side CMOS 
w micro‐lenses

Tomo-e Gozen

1.05m, <18

Kiso

northern 3pi

2018-

ZTF

1.2m, <20

Palomar

northern 3pi

2018-
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Many optical/NIR transient surveys have been done for 
these 20 years. 

Telescopes/Instruments w/ deep wide-field imaging 
capability are available.

Small (~1m) telescopes are also powerful in terms of 


wider field-of-view

flexibility (telescope time)


We are conducting follow-up observations for GW/
IceCube/MAXI sources w/ Subaru, Kanata, Kiso etc.

CTA positional accuracy is good for optical/NIR follow-
up observations


to identify the counterpart for flaring CTA sources

all-sky surveyors available (from 1m to 8m)


Kiso/Tomo-e Gozen, ZTF, Pan-STARRS, LSST

Summary


