
かなた望遠鏡による突発天体の 
即時フォローアップ観測

笹田　真人（広島大学）

2020年度せいめいユーザーズミーティング＋大学望遠鏡ユーザーズミーティング　2020年8月17−19日



自動観測やリモート観測を行うために必要なこと
東広島天文台かなた望遠鏡では2017年8月より、大学構内からリモート観測を実施している 

•遠隔での操作  
リレー回路によって各装置のスイッチをPCから遠隔にて制御可能にする  
（空調、照明、各装置の再起動、フラット用照明） 

•観測可能性のチェック  
天文台現地の気象の監視や空の状態のチェックを行う 

•安全性の確保  
自動観測を行う場合において、人がドーム内にいるときに望遠鏡が動かないようにするため
に、適切な規約を設定するとともにハード的にも制限を設ける 

•緊急時の望遠鏡・装置の保全  
停電や降雨時にドームスリットが自動で閉まるシステムを設ける
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•東広島天文台の気象を監視する装置 
•雨滴センサー(VAISALA社 CVS-DRD-11A) 

•全天モニター(Davis社 Vandage Pro 2/2plus) 

•気象センサー(カメラ Nikon D3400) 

•雨滴センサーが雨を検知すると望遠鏡制
御装置からドームスリットが閉じられる 

•気象センサーおよび全天モニターのデー
タは、ブラウザを通してチェックするこ
とができる
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雨滴センサーおよび気象モニター
•市販の気象モニターを用いて常時湿度、風速、風向、
気温、気圧、日降水量、放射強度を計測 

•モニターはドーム内部および屋上に設置 
•計測されたドーム内湿度や降水量、雨滴センサーの反
応が注意を要するものであれば、ウェブ上で色付きで
目立つよう表示 

•ドームに取り付けられた湿度計の値に応じて観測室に
アラームを発する



全天モニター

昼
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•カメラと魚眼レンズ(SIGMA社 4.5mm F2.8 EX DC Circular 

Fisheye HSM)を用いて撮影 

•ドライバ：gphoto2 
•日中・夜間で露出時間、絞り、コントラストなどを調節 
•日の入り・日の出の前後で段階的に調節することで、サチらせ
ずに全天画像を取得 

•直前の画像との差分も表示
取得画像 差分画像



リモート観測と安全性

広島大学かなた望遠鏡のリモート観測システム
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• ドーム機械警備ステータスの監視、及び
監視アプリの自動・常時起動 àヒューマ
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• デスクトップ共有により、東広島天文台
側の観測装置制御PCのデスクトップをリ
モートで操作 à リモート・ローカルでの
制御状態の共有
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ドーム開錠中

ドーム施錠中

•ドーム機械警備ステータスの監視、および監視アプリ
の自動・常時起動  
→ ヒューマンエラーの防止 

•ネットワークカメラによるドーム内映像・音声の監視 

•屋外監視カメラ・全天モニターによる外部環境の監視 

•音声による観測ステータス・突発現象アラートの監視
システム



ガンマ線バースト残光の可視光観測
The Astrophysical Journal Letters, 752:L6 (5pp), 2012 June 10 Uehara et al.

Figure 1. Sample image obtained by HOWPol in one-shot polarimetry mode
for GRB 091208B. Each object produces four images by linearly polarized rays
at the 0◦, 90◦, 45◦, and 135◦ position angles, respectively, on the projected sky.
C1–C3 are comparison stars for magnitude reference. The vertical gap around
the center (∼ 40′′ width) is due to the mechanical gap between the two CCDs.
(A color version of this figure is available in the online journal.)

Kawabata et al. 2008) attached to the Nasmyth focus on the
1.5 m Kanata telescope at Higashi-Hiroshima Observatory,
Japan. Since HOWPol uses a wedged double Wollaston prism
(Oliva 1997) at the pupil image position after the collimator
lens, four images by linearly polarized rays at 0◦, 90◦, 45◦, and
135◦ position angles (P.A.s), respectively, are recorded on two
2k4k HPK CCDs simultaneously. This enables us to obtain all
three Stokes parameters for linear polarization, i.e., I, Q, U ,
from only a single exposure. Our observation started at 2009
December 8.41142 UT, t = 149 s, which was automatically
processed after receiving the Swift/BAT Notice via GCN. This
is one of the earliest polarimetry to date, as far as we know. We
took ten 30 s exposures and then nine 60 s exposures through
a 15′φ aperture mask and an R-band filter. The observation
finished at December 8.42458, t = 1286 s. Figure 1 shows a
sample image of GRB 091208B obtained with HOWPol.

The raw data were reduced in a standard way for CCD
aperture photometry. For the photometric calibration, we used
R2 magnitudes of three nearby stars (C1–C3: USNO B 1068-
0020023, 1068-0020019, and 1069-0020340). The optical light
curve can be described with a single power-law form (decay
index αO = − 0.75 ± 0.02), as shown in Figure 2. For
polarimetry, we could not use the sixth exposure (centered at
t= 376 s) and all exposures after the 13th (t= 791 s) because
one out of four polarization images of the GRB falls into the
gap of the two CCDs due to slight telescope guiding error. It
reduces the number of available frames for polarimetry to 11. As
for polarimetric calibration, we corrected for the instrumental
polarization of Pinstr ≃ 3.9%, predominantly caused by the 45◦

incidence reflection on the tertiary mirror of the telescope. The
instrumental polarization has been modeled with an accuracy
of ∆Pinstr ! 0.5% as a function of the hour angle and the
declination (and also of the position taken in the field of
view) of the object by systematic observations of unpolarized
standard stars, and then checked by observations of strongly
polarized standard stars. In the case of GRB 091208B, it changed
gradually with time from Qinstr = − 3.65% to − 3.70% and

Figure 2. Optical and X-ray light curves of GRB 091208B. Our optical and
Swift/XRT data are indicated by the filled squares and crosses, respectively.
Open squares are the optical data reported in GCN. The solid lines are the
best-fitted power-law models for the optical light curve (with the decay index
of αO = − 0.75 ± 0.02). The thick horizontal bar at the left bottom part shows
the period of our polarimetry. The derived polarization degree is also indicated.
(A color version of this figure is available in the online journal.)
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Figure 3. QU diagram of the GRB afterglow and nearby stars. For the bright
comparison star C3, we demonstrate the frame-to-frame variation of Q and U,
which suggests that the residual systematic is negligible (!1%). For other stars
we show time-averaged polarization at t= 149–706 s.
(A color version of this figure is available in the online journal.)

Uinstr = − 1.05% to − 0.88% over the 11 exposures. The detailed
procedure and reliability of this “one-shot polarimetry” will
appear in a forthcoming paper (K. S. Kawabata et al. 2012, in
preparation).

Since the signal-to-noise (S/N) ratio of each single exposure
is not sufficient for polarimetry (∆P " 5 %), we combined all
11 Q and U parameters to enhance the reliability. We performed
a traditional, statistic correction for the polarization bias in
cases of low S/N as Preal =

√
P 2 − (σP )2 (Serkowski 1958;

see also Patat & Romaniello 2006). The derived polarization
is Q = − 10.3% ± 2.5% and U = − 0.7% ± 2.2% (i.e.,
P = 10.4% ± 2.5% and P.A. = 92◦ ± 6◦). The Galactic
interstellar extinction indicates that the interstellar polarization
toward this GRB is negligibly small (PISP # 9EB− V = 0.5%;
Serkowski et al. 1975; Schlegel et al. 1998). To check the
consistency, we obtained the polarization of nearby stars (#4′)
brighter or comparably fainter than the GRB afterglow taken
in the same frames and plot them in QU diagram (Figure 3).
Assuming that they are mostly Galactic normal stars having

2

Uehara et al. 2012

ガンマ線バーストの発生後、シンクロトロン放射である残光が観測される 
残光を早期から偏光観測することで、生成されたジェットの磁場や構造について理解



ガンマ線バースト(GRB)の自動観測システム

GCN

インターネット

全世界へ送信

観測

•衛星がGRBからのガンマ線を検出する 
•自動で地上へ天体情報（明るさ、時刻、天体位置
など）が送られる 

• Gamma-ray Coordination Network; GCN を通
じて世界へ情報が送信される 

•東広島天文台のサーバーがGCNのアラートをソ
ケット通信で受信 

• GRBの観測可能性（時刻、地方恒星時や高度、天
気）を自動で検討し、可能である場合にHOWPol
を用いて偏光観測を開始する。

©NASA



重力波源の電磁波対応天体観測

©NASA

中性子星連星の合体時に重力波を放出し、
電磁波を放射する

• r-process によりランタノイド原子の生成 
•電磁波対応天体観測から、重元素生成のメ
カニズムに迫る

•広大な重力波確率領域から突発天体を発見する 
•視野が広くない望遠鏡は候補母銀河を観測

28-4 Publications of the Astronomical Society of Japan (2018), Vol. 70, No. 2

Fig. 1. Pointing map for GW170817 overlaid on the probability map3

(Abbott et al. 2017d). The white contour represents the 90% credible
region. Circles represent the field-of-view of HSC; their colors changing
with an order of observation. Observations have been carried out from
darker to lighter colors. The dashed curves represent the Galactic gratic-
ules. (Color online)

observed area is 28.9 deg2 corresponding to the 66.0% cred-
ible region of GW170817 (figure 1). Exposures used in the
following analysis are listed in table 2.

The data are analyzed with HSCPIPE v4.0.5, which is a
standard reduction pipeline of HSC (Bosch et al. 2018). It
provides full packages for data analyses of images obtained
with HSC, including bias subtraction, flat-fielding, astrom-
etry, flux calibration, mosaicing, warping, stacking, image
subtraction, source detection, and source measurement. The
astrometric and photometric calibration is made relative
to the PS1 catalog with a 4.′′0 (24 pixel) aperture diam-
eter. Further, in order to select variable sources, we per-
form image subtraction between the HSC and archival PS1
z-band images using a package in HSCPIPE based on an
algorithm proposed by Alard and Lupton (1998). The PS1
images are adopted as the reference images and convolved
to fit the point spread function (PSF) shape of the HSC
images.

We measure the FWHM sizes of PSF in the stacked
images with HSCPIPE. These scatter over a wide range from
0.′′7 to 1.′′8 depending on the pointings, especially on the
elevation, and the median is ∼1.′′2 (figure 2). The PSF size
statistics are summarized in table 3. The median FWHM
size is slightly worse than that of the image quality of the
PS1 3π survey (Magnier et al. 2016a), and the PSF con-
volution of the PS1 image for the image subtraction works
well.

After the image subtraction, the 5σ limiting magnitudes
in the difference images are estimated by measuring stan-
dard deviations of fluxes in randomly distributed apertures

3 Publication LALInference localization ⟨https://dcc.ligo.org/public/0146/G1701985/
001/LALInference_v2.fits.gz⟩.

with a diameter of twice the FWHM of PSF, and scatter
from 18.3 mag to 22.5 mag with a median of 21.3 mag
(figure 3 and table 4). The 5σ limiting magnitudes are
mainly determined by the depths of HSC images, which
are typically shallower than those of the PS1 image. In
particular, the depths in the pointings observed early on
August 19 are quite shallow. We also evaluate completeness
of detection by a random injection and detection of artifi-
cial 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
August 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 detections,
candidate selection is performed as in Utsumi et al. (2018).
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 the stellar-like shape
of a source. Further, we impose the sources to be detected in
both of the difference images on August 18 and 19, and find
1551 sources. We also evaluate the completeness of this can-
didate selection with the artificial point sources (solid lines
in figure 4). The candidate selection makes the 50% com-
pleteness magnitudes shallower by 0.7–0.8 mag. The com-
pleteness of the two-epoch detection is comparable to that
seen on August 19 because the observation from August 19
is shallower than that from August 18. The 50% complete-
ness 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 August 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

As 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 here in a flowchart (figure 5).

First of all, the flux of optical counterpart of GW170817
needs to not be negative on August 18 and 19. We exclude
sources having significantly negative fluxes (< − 3σ ) on
August 18 or 19. We also rule out sources associated with
stellar-like objects in the PS1 catalog (Magnier et al. 2016b;
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our wide FOV (Lipunov et al. 2010), in real time (1–2 minutes
after a charge-coupled device (CCD) readout), and can work in
alert, inspect, and survey mode, independently of human
intervention. This is a unique feature that gives us the ability to
detect new objects in large fields in real time and to study
outbursts in the early stages of explosion (Lipunov et al. 2016;
Troja et al. 2017).

It is impossible to produce photometry of this object using
standard aperture or point-spread function (PSF) photometry
methods on the original image due to the galaxy background. For
accurate photometry we undertake the following procedure. For
the subtraction procedure, we choose the most suitable reference
image (by the average star FWHMs and the frame detection limit)
from our archive. After a very accurate (sub-pixel) centering of the
source and reference images, we obtain a difference image
following the technique described in Alard (2000). Using the
original image, we determine the transformation of the instru-
mental flux into standard stellar magnitudes, and then we measure

the object’s instrumental flux from the difference image. We
correct the obtained stellar magnitudes for the Galactic extinction,
based on E B V-( )= 0.1 mag (Schlafly & Finkbeiner 2011).
The MASTER Global Robotic Net archive contains 126

images of the galaxy NGC 4993, obtained from 2015 January 17
00:45:46 to 2017 May 02 22:17:04, none of which show any
optical activity for SSS17a (see Table 3).
In Figure 4 we present the MASTER-composed discovery

image with kilonova position.

6. Discussion

The detection of EM radiation accompanying the coalescence
of NSs was by no means a surprise. The merger of NSs as a
formation mechanism of GRBs was first considered by Blinnikov
et al. (1984), and the occurrence rate of such events was computed
in 1987 using the population synthesis method (“Scenario
Machine”) by Lipunov et al. (1987) and later refined by taking

Table 2
Possible Kilonova Brightness

Name Z DL Mpc DM Obs. Band mvis Max[AB] MabsFlat spec AB Flux iso erg s−1 Link

Kilonova NGC 4993 0.0098 42.5 33.14 MASTER W 17.3 −16.03 1042 This paper
GRB 130603 0.3560 1911.9 41.41 HST H 25.73 −15.35 5.50 × 1041 Tanvir et al. (2013)
GRB 080503 0.561* 3290.5 42.59 Gemini/Keck r 25.48 −16.62 1.78 × 1042 Perley et al. (2009)

Figure 4. MASTER-composed discovery image started 2017 August 17 at 23:59:54 UT. We used color B, R, I, W filters, MASTER-OAFA, and MASTER-SAAO
images. The kilonova position is marked by white lines on the left part of composed image. The right (large) image is the MASTER main telescope’s usual FOV.
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GW170817の重力波確率と領域内にある可視光天体

2019年4月から重力波観測ランO3が実施



重力波源天体の半自動観測システム
J-GEM 

Web System 
planner

•銀河リスト生成 
•観測情報の収集・提示

Image 
Server

OAOWFC
Okayama Astrophysical Observatory Wide Field Camera

2015/12/07 観測装置技術WS 7

•観測画像の保存と提示 
•限界等級の計算 
•画像の差し引き

①

②

③

④

•観測 
•解析



Planner と Image Server
取得画像 参照画像 差分画像 ブリンク

•ターゲット銀河の情報と観測の状況を収集・表示する •取得画像をウェブサーバーにアップロードすることで、取得
画像を共有する 
•共有した画像を加工し突発天体を探す



かなた望遠鏡の半自動観測と即時解析システム
• plannerを常時監視 
•イベント発生時に生成された重力波天体の候補母銀
河リストを取得 

•観測天体の選定  
トランジェントの有無、重力波発生確率、観測可能方向、
J-GEMでの観測の有無 

•天体を観測 
•データ処理 
‣ダークまたはバイアス差引およびフラット処理 
‣複数フレームからスカイフレームを作成し差し引き 
‣astrometry.net を用いてWCSを決定 

‣WCSを元に複数画像を合成 

•合成画像を Image Serverへ送信

planner

Image Server

http://astrometry.net
http://astrometry.net


J-GEMによるO3の活動
全てのイベントの取得された限界等級と爆発モデル• O3では明らかな重力波源からの電磁波放射を

検出することができなかった 

• J-GEMでは1日以内からの重力波フォローアッ
プ観測を実施した 

•中性子星連星合体によって発生する電磁波放射 

•キロノバ (r-process) 

•コクーン (ジェットと周辺物質の相互作用) 

•重力波源の電磁波放射を検出できれば、  
J-GEMによる電磁波フォローアップによって両
者を切り分けることが可能



かなた望遠鏡では2017年からリモート観測を実施 
スイッチ等を遠隔操作可能にする 
環境監視システムにより現地を監視する 
ドーム内での安全確保 

観測当初からGRBの自動観測を実施 

重力波電磁波フォローアップのための半自動観測システムの構築と重力波フォローアップの
実施

まとめ


