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時間変動天体を研究するには...
「注目する天体の変動タイムスケールに合った」
「時間間隔(と積分時間)で」
「複数回」
「同じ望遠鏡+装置で」
「根気強く」　　　　　　　　　　　　　観測することが必要
「(普通の天文学者よりも)晴れ男/女」
「(普通の天文学者よりも)観測が好き」　　であることも必要(?)
「(ToOや非常に中途半端なデータサンプリングになった
ときは)皆様のご協力・ご理解」　　　　　　　　　　　が必要



Flux Variability Detection

シンプルなphotometryでは広がった天体
中のpoint sourceの時間変動をとらえるの
が難しい。<-- seeing/PSFが時間変動する
(地上望遠鏡の宿命)
Image subtraction method
      (Alard & Lupton 1998, Alard 2000)

reference search subtraction

+ PSF photometry: 変光星@bulge, globular clusterなど...混んだ領域が多い。
+ image subtraction: 変光星(Alard&Lupton 1998), 超新星/AGN (TM+2008)
+ profile fitting: nearby AGN (e.g., Bentz+2006, Sakata+2010...)Miras towards the Galactic Centre 1711

Figure 1. An H-band image (or an RGB-composite image in the online journal) of the observed field. North in the equatorial system is up and east is to the
left. Solid (or red) lines indicate l = 0◦ and b = 0◦, while a grid with a spacing of 0.1◦ is shown with dashed lines (or blue ones). The covered area is about
20× 30 arcmin2.

image. The final step was to combine the 10 dithered images for
a target field into a scientific image. Bright stars were selected in
the sky-subtracted images, and the offsets among the images were
calculated. The average of the images was taken after undithering
them. The scientific image thus obtained is then free of spurious
noise caused by bad pixels and cosmic ray events.

2.3 Photometry

Point-spread-function (PSF) fitting photometry was performed on
the scientific images with the DAOPHOT package in IRAF.2 For each
field, one image taken under the best conditions (of weather and
seeing) was selected from among the N obs images for each fil-
ter as a reference frame. In order to standardize the magnitudes,

2 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

we compared the photometric result of the reference frame with
the photometric catalogue by Nishiyama et al. (2006a). Their data
were taken with the same instrument as ours. We used our own
implementation of the Optimal Pattern Matching (OPM) algorithm
(Tabur 2007) to match stellar positions in our images and celestial
coordinates given by Nishiyama et al. (2006a). The magnitudes we
obtained are on the IRSF/SIRIUS natural system, whose zero-point
calibration was based on a standard star in Persson et al. (1998).

We also performed PSF-fitting photometry using DAOPHOT for
the remaining (N obs − 1) images, and the results were compared
with those from the reference frame. The comparisons were again
made using the OPM algorithm. The positions are consistent among
the images to within ±0.1 arcsec. We present examples of the
magnitude comparisons in Fig. 2. The zero-points of the magnitude
scale for the (N obs − 1) images were calibrated to fit with that
of the reference based on 3σ clipped medians. The differences
between magnitudes in the frames are distributed around zero for
vast majority of stars, whilst the differences for variable stars follow
their variations.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 399, 1709–1729

Matsunaga+2009



時間変動天体を研究するには...

~ several tens

Future projects
objects

shallow

widenarrow

deep

- 中小口径望遠鏡を専有して
(MACHO, OGLE, QUEST, SDSS, 
MAGNUM, LOSS, PTF, ...)
- 大口径望遠鏡のdeep surveyデー

タ(HDF, UDS, SDF, SXDS, ...)を使っ

て変光を調べる研究
- HST Treasury Survey
  Cepheid distance of nearby 
galaxies

our studies
w/ Suprime-Cam

HSC



すばる観測所プロジェクト
SDF/SXDSデータを用いた
時間変動天体の研究



すばる観測所プロジェクト
SDF/SXDS

Subaru Deep Field
(SDF)

Subaru/XMM-Newton Deep Survey
(SXDS)



すばる観測所プロジェクト
SDF/SXDS

project SDF SXDS
FoV 0.25 deg2 (1 FoV) 1.2 deg2 (5 FoVs)

PI

Suprime-Cam観測 2002/04 ~ 2002/09 ~

多波長データ
(may be incomplete)
プロジェクトベースでないデータも含む

GALEX, KPNO/MOSAIC, 
HST/NICMOS&WFC3, 

KPNO/NEWFIRM, UKIRT/
WFCAM, Spitzer/

IRAC&MIPS, ASTE/AzTEC, 

XMM, GALEX, CFHT/
MegaCam, CTIO, HST/
WFC3, UKIRT/WFCAM, 
Spitzer/IRAC&MIPS, 

Herschel, JCMT/SCUBA, 
ASTE/AzTEC, VLA

特徴 とにかく深く X線、ある程度広く深く



Supernova Surveys
@ SDF & SXDS
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Subaru Telescope schedule
List of accepted proposals by semester: S00 S01A S01B S02A S02B
S03A S03B S04A S04B S05A S05B S06A S06B S07A S07B S08A S08B
S09A S09B S10A S10B

Display Nov 2002  or Current  Oct 2002  Dec 2002

Schedule for November 2002

Sun Mon Tue Wed Thu Fri Sat
     Nov 01 Nov 02

     
Obs

SXDS
SCam

Nov 03 Nov 04 Nov 05 Nov 06 Nov 07 Nov 08 Nov 09

S02B-105
SCam

S02B-I04
Doi

FOCAS

S02B-163
Kodaira
SCam

UH-32A
Chambers

SCam

Obs
SXDS
SCam

Nov 10 Nov 11 Nov 12 Nov 13 Nov 14 Nov 15 Nov 16 

Obs
SXDS
SCam

S02B-I04
Doi

FOCAS

S02B-004
Imanishi
FOCAS

S02B-I04
Doi

CISCO

Nov 17 Nov 18 Nov 19 Nov 20 Nov 21 Nov 22 Nov 23

S02B-I04
Doi

CISCO

Obs
Project
CIAO

S02B-042
Hayashi
CIAO

Nov 24 Nov 25 Nov 26 Nov 27 Nov 28 Nov 29 Nov 30

S02B-042
Hayashi
CIAO

S02B-193
Takami
IRCS

S02B-030
Pyo

IRCS/AO

Obs
SXDS
SCam

Tel
Eng

Obs
SXDS
SCam

Copyright © 2000-2009 Subaru Telescope, NAOJ. All rights reserved.
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S03A S03B S04A S04B S05A S05B S06A S06B S07A S07B S08A S08B
S09A S09B S10A S10B

Display Sep 2002  or Current  Aug 2002  Oct 2002

Schedule for September 2002

Sun Mon Tue Wed Thu Fri Sat
Sep 01 Sep 02 Sep 03 Sep 04 Sep 05 Sep 06 Sep 07

S02A-109
Nakamura

SCam

S02A-146
Wolfe
SCam

UH-39A
Chambers

SCam

S02A-127
Kodama
SCam

S02A-122
Hayashino

SCam

Sep 08 Sep 09 Sep 10 Sep 11 Sep 12 Sep 13 Sep 14 

S02A-122
Hayashino

SCam

UH-45A
Hu

SCam

Telescope
Eng

S02A-030
Greiner
FOCAS

S02A-148
Zheng
FOCAS

Eng
FOCAS

Obs
FOCAS

Sep 15 Sep 16 Sep 17 Sep 18 Sep 19 Sep 20 Sep 21 
Eng

FOCAS
Telescope

Eng
Telescope

Eng
Telescope

Eng S02A-015
Murayama

IRCS

GTO
IRCS/AOObs

FOCAS

S02A-046
Sugitani
IRCS

S02A-046
Sugitani
IRCS

S02A-046
Sugitani
IRCS

Sep 22 Sep 23 Sep 24 Sep 25 Sep 26 Sep 27 Sep 28

GTO
IRCS/AO

Telescope
Eng

Telescope
Eng Telescope

Eng

S02A-080
Yamada
SCamObs

HDS
Obs
HDS

Sep 29 Sep 30      

Obs
SXDS
SCam
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S09A S09B S10A S10B

Display Oct 2002  or Current  Sep 2002  Nov 2002

Schedule for October 2002

Sun Mon Tue Wed Thu Fri Sat
  Oct 01 Oct 02 Oct 03 Oct 04 Oct 05

  
Obs

SXDS
SCam

UH-40A
Meech
SCam

UH-40A
Meech
SCam

S02B-046
Fuse
SCam

S02B-046
Fuse
SCam

UH-46A
Wang
SCam

UH-46A
Wang
SCam

S02B-121
Kinoshita

SCam

S02B-121
Kinoshita

SCam

Oct 06 Oct 07 Oct 08 Oct 09 Oct 10 Oct 11 Oct 12 

S02B-121
Kinoshita

SCam

Obs
SXDS
SCam

S02B-086
Iwata
SCam

Eng
CIAO

Obs
CIAO

Tel
Eng

Oct 13 Oct 14 Oct 15 Oct 16 Oct 17 Oct 18 Oct 19 
Obs

CIAO
Obs

CIAO S02B-089
Sugitani
CIAO

S02B-110
Fukugita
CISCO

Obs
IRCSTel

Eng
Tel
Eng

Oct 20 Oct 21 Oct 22 Oct 23 Oct 24 Oct 25 Oct 26
S02A-085

Itoh
IRCS GTO

AO/IRCS

S02A-002
Imanishi
IRCS

S02B-016
Suto
HDS

S02B-177
Aoki
HDS

S02B-016
Suto
HDSEng

IRCS

Oct 27 Oct 28 Oct 29 Oct 30 Oct 31   

S02B-177
Aoki
HDS

Obs
SXDS
SCam

S02B-163
Kodaira
SCam
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S03A S03B S04A S04B S05A S05B S06A S06B S07A S07B S08A S08B
S09A S09B S10A S10B

Display Dec 2002  or Current  Nov 2002  Jan 2003

Schedule for December 2002

Sun Mon Tue Wed Thu Fri Sat
Dec 01 Dec 02 Dec 03 Dec 04 Dec 05 Dec 06 Dec 07

Obs
SXDS
SCam

UH-31A
Kaiser
SCam

S02B-121
Kinoshita

SCam

UH-32A
Chambers

SCam

Obs
SXDS
SCam

Dec 08 Dec 09 Dec 10 Dec 11 Dec 12 Dec 13 Dec 14 
UH-49A

Chun
IRCS/AO GTO

AO
IRCS/AO

UH-49A
Chun

IRCS/AO UH-21A
Rayner
IRCS

Eng
AO

IRCS/AO

Tel
Eng

Eng
COMICS

UH-21A
Rayner
IRCS

UH-21A
Rayner
IRCS

Eng
COMICS

GTO
COMICS

Dec 15 Dec 16 Dec 17 Dec 18 Dec 19 Dec 20 Dec 21 

GTO
COMICS

S02B-063
Saito

COMICS

S02B-001
Sadakane

HDS

S02B-077
Uchida
HDS

TBD
UH-33B
Hodapp
IRCS

Dec 22 Dec 23 Dec 24 Dec 25 Dec 26 Dec 27 Dec 28

GTO
AO

IRCS/AO

S02B-147
Yamashita

IRCS

Tel
Eng

Dec 29 Dec 30 Dec 31     

Tel
Eng

UH-16A
Sanders
CISCO Obs

CIAO/AO     
UH-37B
Aussel
CISCO

Copyright © 2000-2009 Subaru Telescope, NAOJ. All rights reserved.

SXDS Supernova Survey @ 2002 9-12月

- 土居(東京大学)、安田(国立天文台)、Perlmutter(LBNL), Hook (Oxford), 
Lidman (ESO), Pain (LPNHE), ... (Supernova Cosmology Project)
- Suprime-Cam + HST/ACS&WFPC2&NICMOS + 8m&HST/ACS分光
- 2002年秋: 土居さんintensive観測+SXDSプロジェクト観測



Variability Surveys
@ SDF & SXDS

● Supernova Rate (Poznanski+2007)
● Variable Object Survey (TM+2008a)
● Variability-Selected AGN (TM+2008b)
● Delay Time Distribution of SNe Ia in early-type galaxies (Totani, TM+2008)
◯ z~7 LAE: IOK-1 (Iye+2008)
● High Proper Motion Stars 1 (Richmond, TM+2009)
● High Proper Motion Stars 2 (Richmond, TM+2010)
● Supernova Spectra w/ FOCAS (TM+2010)
● Delay Time Distribution of SNe Ia (Okumura, Totani+2010, in prep.)
● Supernova Rate (Ihara 2010 PhD thesis, Ihara+2010, in prep.)
● SN Ia Cosmology (Suzuki+2010, in prep.)
◯ z~7 LBGs (Ouchi+2010)

観測所プロジェクトとしてのデータ取得終了後もnormal proposalで追加観測



Variability Survey @ SXDS
● Variable Object Survey (TM+2008a)
● Variability-Selected AGN (TM+2008b)
● Delay Time Distribution of SNe Ia in early-type galaxies (Totani, TM+2008)
● Supernova Spectra w/ FOCAS (TM+2010)
● Delay Time Distribution of SNe Ia (Okumura, Totani, TM+2010, in prep.)
● Supernova Rate (Ihara 2010 PhD thesis, Ihara+2010, in prep.)
● SN Ia Cosmology (Suzuki+2010, in prep.)

- 2-4 yrs baseline
- 8-10 epochs
- 1040 variable objects over 
0.918 deg2
- i<25.5mag
- ~100 variable stars, ~400 
supernovae, ~500 AGN



Supernova rates (SXDS)
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Ihara 2010 (PhD thesis), Ihara+2010 in prep. 
50 SNe Ia by photometric typing from TM+2008’s sample

10 1.50.5



Delay Time Distribution of Type Ia Supernova 
in early-type galaxies (0.2<z<1.4)

65 SNe Ia from TM+2008a’s sample (Totani, TM+2008)

- consistent with generic DTD features of DD models

- in SD case, observed DTD strongly constrain the parameter space of 
SD models

2010年8月4日水曜日

SN Ia progenitor: white dwarf(s) in binary system
single-degenerate (SD) vs double-degenerate (DD)

SN Ia rateはt^-1に比例 (e.g., t^-0.5@Pritchet+2008, t^-1@Maoz+2010)



Type Ia Supernova rate dependence on 
host galaxy properties
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2010年8月4日水曜日

SN Ia rate = (stellar massに比例する成分) + (SFRに比例する成分)

delay time distributionはt^-1の方がよさそう。

50 SNe Ia from Ihara+2010’s sample (Okumura+2010, in prep.)



Optical Variability of AGN
- すべての(1型)AGNは可視域で(他の波長帯でも)変光 (Hawkins 1993, 

Hook+1994, Giveon+1999, many SDSS studies …).
- 暗いAGNほど大きなamplitudeで変光

- Subaru (Suprime-Cam): Totani+2005, TM+2008a,b
- HST (WFPC2, ACS): Sarajedini+2000,2003,2006, Cohen+2006

• (low-luminosity) type-1 AGN (up to z~5)
• ~580 AGN / deg2

• significant fractions (~50%) of AGN w/o X-ray detections

Optical variability can be a good tracer for low-luminosity AGN. 
Rest-frame time lag [days] Absolute magnitude [mag]

0.2

0.1

0.020.02

0.2

0.1

Variability am
plitude [m

ag]

Vanden Berk+2004



AGN samples

X-ray optical
variability

obscured
(type-2)

unobscured?
(type-1?)

unobscured
(type-1)

122 (9)
<z>=1.32

89 (35)
<z>=1.82

238 (36)
<z>=1.48 



properties of variability-selected AGN
X-ray/opt-vari differential flux 

between max and min

low differential flux
 ~ low AGN flux

total flux (incl. host)

X-ray/opt-vari

- X-ray undetected 
optical-variability-
selected AGN
- not optical color 
selection

3 years

- faint AGN in bright elliptical galaxies at zphoto~0.5 (e.g.Totani
+2005) 
- flare-up? radiatively inefficient accretion flow (RIAF)?
- radio-mode feedback? nearby LINER analogous?
- ~10^8Mo SMBHs. ending phase of mass accretion?
- 5-10% of bright galaxies show variability
 several tens percent in total?
(unknown detection efficiency...)



アーカイブデータを用いた
時間変動天体の研究



Supernova Shock Breakout

衝撃波が星を伝わり、
星表面に到達すると

たまっていたエネルギーが放出。

時間

明
る
さ

重力崩壊

スペクトルはほぼ黒体輻射
温度は大体
T ~ R-3/4E1/4

Massive Star (>10M)
e--capture SNe (8-10M)

重力崩壊
重力エネルギー解放
衝撃波形成



Supernova Shock Breakout

最も明るいIIn型超新星の一つ
SN2006gy

SN1998bw

SN1987A

30M, Z=Z, E51=1

Peculiar SNe (普通ではない)

普通のII型超新星なのに
Peculiar SNe より明るい！！

SN 2006gy (z=0.02: Smith+08; Kawabata+09)
‒ MR~-22 (M(56Ni)~15Msun or CSM相互作用)



Supernova Shock Breakout

SED+時間進化の理論モデル: Tominaga+2009

(Schawinski et al. 08; Gezari et al. 08)
Schawinski et al. 08
Gezari et al. 08

GALEX

可視光観測

UV観測

Shock 
breakout Plateau

20M, Z=Z, E51=1.2

E(B-V)host=0.14mag

II型超新星(SNLS-04D2dc)



Supernova Shock Breakout Survey w/ 
Suprime-Cam Archival Data (and HSC)

必要なデータ
- Suprime-Cam
- ある程度深く行ける青いバンド@可視: B, g, V, r, Rc, ...
- 2日連続で観測
- 1晩の中で適当に散らばっている or 3,4時間連続で観測
- 今のところこういうデータはない。
- が、近いデータはなくはない。

観測数の期待値 [/day]  

1

10

100

103
104 g’

HSC 
(Miyazaki+06)

LSST  
(Ivezic+08)

Pan-STARRS PS4 
(Kaiser+02;04)

1hr obs.  
(5!)

観測される超新星の赤方偏移 
 1% 
10% 
50% 
90%

g’ 
r’ 

偏
移

mg’,lim=28mag (すばる望遠鏡1時間積分S/N=3) 
! ~6 SNe/deg2/day: z>0.6 (90%) z>1.5 (50%) 

SDF, SSA22, ...
アーカイブ+α

世界初の可視検出

~1 per day per FoV



Faint Quasar Surveys at z~4

LBGと区別するために時間変動
(1型AGNには普遍の性質)を利用しよう
(TM+2010, in prep.)

- SDSS, 2dF等で大規模quasarサンプル構築 (Richards+2009, ...)
- 普通はcolor selectionで選ぶ (暗いquasarと明るいLBGが区別できない)
- ただし、high-z (>3)だと明るいものばかり
- SMBH進化を語るにはfaint-endが重要
--> 4-10m級+広視野カメラの出番

＜クェーサー光度関数 @z~4＞

過去の研究結果よりも、 
低光度のクェーサーの個数密度は低い

Ikeda+2010, in prep.
- 8 quasars @ z~4
- COSMOS field
- Suprime-Cam gri selection



High-Redshift Low-Luminosity Quasars

variable stars
galaxies at z<3.6

暗いquasarを探そうとすると、“Dropout”法は明るいLBGも選んでしまう
--> 時間変動でquasarだけを選ぼう
- 8-10 times over 3 years
- B-dropout & optical variablity＠SXDS (~1deg2): 5 candidates
- i=22-25mag
- X-ray detection: 2 objects
- 4 objects spectroscopically identified. all are z~4.
- M1450 ~ -23mag

SDF, GOODS-N, COSMOS, CDF-S, 
Lockman-Hole, SSA22, ...

アーカイブ+α



Real LAE? Just A Variable Object?
◯z~7 LAE: IOK-1 (Iye+2006, Nature)
選択基準: z-NB973>1.0
z: 2002-2004年, NB973: 2005年

Nvari: [時間変動天体数の期待値], Ntarget: [目的の天体数]
(Nvari > Ntarget) or (Nvari ~ Ntarget)   だと......

見つけた天体が、”real”かどうかは確信は持てない。
全部、時間変動によるartifactかもしれない。

In order to be more confident...
- 分光観測による確認
- 同じ時期にとったデータを使ってカラー/excessを評価する
- むかしのデータを見て、過去の時間変動を見る

A galaxy at a redshift z 5 6.96
Masanori Iye1,2,3, Kazuaki Ota2, Nobunari Kashikawa1, Hisanori Furusawa4, Tetsuya Hashimoto2,
Takashi Hattori4, Yuichi Matsuda5, Tomoki Morokuma6, Masami Ouchi7 & Kazuhiro Shimasaku2

When galaxy formation started in the history of the Universe
remains unclear. Studies of the cosmic microwave background
indicate that the Universe, after initial cooling (following the Big
Bang), was reheated and reionized by hot stars in newborn
galaxies at a redshift in the range 6 < z < 14 (ref. 1). Though
several candidate galaxies at redshift z > 7 have been identified
photometrically2,3, galaxies with spectroscopically confirmed red-
shifts have been confined to z < 6.6 (refs 4–8). Here we report a
spectroscopic redshift of z 5 6.96 (corresponding to just 750Myr
after the Big Bang) for a galaxy whose spectrum clearly shows
Lyman-a emission at 9,682 Å, indicating active star formation at
a rate of ,10M( yr21, where M( is the mass of the Sun. This
demonstrates that galaxy formation was under way when the
Universe was only ,6 per cent of its present age. The number
density of galaxies at z < 7 seems to be only 18–36 per cent of the
density at z 5 6.6.
Narrowband filter surveys searching for redshifted Lyman-a

emitting galaxies (LAEs) through dark atmospheric windows in
which the foreground telluric OH band emission is not prohibitively
bright have been successful in isolating galaxies at high redshift4,5.
Some of the discovered LAEs are gravitationally lensed objects
behind clusters of galaxies. To obtain unbiased information about
the population of LAEs, systematic surveys at various redshifts have
been performed, for example, in the Subaru Deep Field (SDF)6–8.
Such studies have been limited to a redshift range of z , 6.6. New
attempts are in progress9–12 to search for galaxy populations at
7 , z , 10, using deep narrowband imaging observations with
near-infrared cameras, aiming for high sensitivity despite the limited
survey volume. We have taken another approach to survey z ¼ 7
LAEs, specifically using the last OH window accessible with a wide-
field charge-coupled device (CCD) camera.
We developed a narrowband filter NB973 for the Subaru Suprime-

Cam13,14, with a transmission bandwidth of 200 Å centred at 9,755 Å.
To investigate the population of z ¼ 7.0 LAEs, we conducted an
NB973 imaging survey with 15 h exposure (NB973 , 24.9mag in
5j) on the photometric nights of 16 and 17 March 2005. An effective
area of 876 arcmin2 and co-moving depth of 58Mpc, corresponding
to z ¼ 6.94–7.11, led to a total probed volume of 3.2 £ 105Mpc3.
(Throughout, we adopt a cosmology with QM ¼ 0.3, QL ¼ 0.7, and
H0 ¼ 70 km s21Mpc21 and refer to magnitudes in the AB system
measured with a 2 00 aperture unless otherwise specified.) We
measured the NB973 fluxes of all detected objects and also measured
their broadband fluxes using images previously obtained by the SDF
project8. The colours of objects were derived from these measure-
ments and compared to the expected colours of a z ¼ 7.0 LAE,
computed using a stellar population synthesis model15 and an
intergalactic absorption model16. Of the 41,533 objects detected in
NB973, we found only two objects with significant NB973 flux that
were not detected in any of the broadband images blueward of

NB973. We considered these to be z ¼ 7 LAE candidates (hereafter
referred to as IOK-1, the brighter of the two in NB973, and IOK-2).
Their images and photometric properties, as well as the candidate
selection criteria, are shown in Fig. 1 and Table 1.
To confirm whether these candidates are real LAEs, we carried out

follow-up spectroscopy on 14 and 15 May, 1 June 2005, and 24 April
2006, using the Faint Object Camera and Spectrograph (FOCAS)17.
Total exposures were 8.5 h and 3.0 h for IOK-1 and IOK-2, respect-
ively. Figure 2 shows the spectrum of IOK-1 with OH skylines
subtracted. We identified this object as a LAE at z ¼ 6.96, which
makes it, to our knowledge, the most distant galaxy ever spectro-
scopically confirmed. Our discovery of this galaxy provides direct
evidence that at least one galaxy already existed only ,750million
years after the Big Bang.
Three-hour integration on IOK-2 did not reveal significant spec-

tral features, and our photometric detection could have been due to
noise. There are 106 independent 2 00 apertures in the 876 arcmin2

field, and the probability of noise exceeding 5j for a gaussian
distribution is 3 £ 1027, so that the expected number of 5j noise

LETTERS

Figure 1 | Multi-waveband 20 00 3 20 00 images of the z 5 6.96 Lyman a
emitter IOK-1 and the unidentified candidate IOK-2. Deep broadband
images (Kron–Cousin B, V, R bands, and SDSS i 0 and z 0 bands, with limiting
magnitudes 28.45, 27.74, 27.80, 27.43 and 26.62 in 3j, respectively) were
taken during 2002–2004 (ref. 8). Dithered NB973 exposures (15–30min
each; 15 h total) were combined to remove fringing produced by foreground
sky OH emission lines and yielded a 2 00 aperture limiting magnitude of
NB973 ¼ 24.9 (5j). All the images were convolved to a common seeing size
of 0.98 00 . Of the 41,533 objects detected down to NB973 ¼ 24.9 (total
magnitude in this case), we selected those satisfying the following criteria:
(1) B, V, R, i 0 , z 0 , 3j, for z ¼ 7.0 LAE candidates IOK-1 and IOK-2, and (2)
B, V, R ,3j, i 0–z 0 .1.3, z 0 -NB973 .1.0, for z ¼ 6.4–7.0 LAE candidate
IOK-3. These criteria were determined by model calculations15,16. The i 0–z 0

colour eliminates interlopers such as lower-z [O II], [O III] line-emitting
galaxies while the colour z 0 -NB973 picks up objects with NB973 flux excess
with respect to the z 0 continuumflux. In addition, null (,3j) detection in B,
Vand R (or B, V, R, i 0 and z 0 ) total magnitudes are required since continuum
fluxes blueward of the Lyman-a line should be mostly (or completely)
absorbed by the neutral IGM. The criterion-(2) object, IOK-3, was identified
as a z ¼ 6.6 LAE by an independent spectroscopic survey22 and the
possibility of a z ¼ 7.0 LAE was excluded.
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events is 0.3. Another possible origin for IOK-2 is a transient object
such as a supernova or active galactic nucleus that happened to
brighten inMarch 2005, but was inconspicuous in broadband images
taken 1–2 years earlier. Counts of variable objects in i 0 band images
from the SDF taken over 1–2 years indicate that the expected number
of variable objects having brightness amplifications large enough to
exceed our detection limit (NB973 ¼ 24.9) is at most about three.

Those transient objects, if any existed, would not show conspicuous
emission line features in the NB973 waveband.
We note, however, that even for the brighter IOK-1, it was necessary

to combine the eleven 30-min exposures with the highest signal-to-
noise ratio under the best sky conditions selected from the 17 spectra
taken to detect the z ¼ 6.96 Lyman-a emission shown in Fig. 2 clearly.
Because our spectral detection limit for 3 h did not reach the depth
required to deny the presence of weak Lyman a emission, we retain
IOK-2 as another possible but unconfirmed LAE. Therefore, we
conclude that the detected number of LAEs at z ¼ 7.0 in our survey
volume is at least one, and possibly could be two at most.
The observed LAE number density is expected to decline beyond

the redshift at which the reionization had completed, because the
increasing fraction of intergalactic neutral hydrogen absorbs the
Lyman-a photons from young galaxies. However, no significant
decline of LAE number densities has been yet observed for
3 , z , 6.6 (ref. 26). Figure 3 shows the volume densities of the
LAE numbers, Lyman-a line luminosity, and star formation rate at
three redshifts6,7,18 down to our detection limit. These physical
parameters are useful for tracing the properties of LAEs in an
environment with an increasing fraction of neutral hydrogen in the
intergalactic medium (IGM). Errors shown in the figure include (1)

Figure 2 |Combined spectrumof z 5 6.96 galaxy, IOK-1. The bottompanel
shows the removed OH sky emission lines. An echelle grism (175 lines per
millimetre, resolution < 1,600) with z 0 filter and 0.8 00 slit was used to obtain
11 spectra of 30-min exposure each, dithered along the slit by ^1 00 . The
Lyman-a emission peak is located at 9,682 Å. This feature was confirmed to
follow the dithered shifts along the slit. The Lyman-a emission has a total
flux of 2.0 £ 10217erg s21 cm22, consistent with the estimate from the
NB973 image (2.7 £ 10217erg s21 cm22), and a full width at half-
maximum of 13 Å. The Lyman-a luminosity is LLya ¼ 1.1 £ 1043 erg s21,
corresponding to SFRLya ¼ 10M( yr21. The emission feature is significant
at the 5.5j level. The asymmetric emission line profile matches the
composite template line profile (dashed line) produced from 12 Lyman-a
emitters at z ¼ 6.6 (ref. 22) normalized and shifted to z ¼ 6.96. This
emission cannot be unresolved z ¼ 1.6 [O II] doublet lines with 7.0 Å
separation (3,726 Å, 3,729 Å at rest frame), as finer sky lines (about
5.1–6.2 Å) are clearly resolved. Similarly, the line is not Hb, [O III] 4,959 Å,
[O III] 5,007 Å, Ha, [S II] 6,717 Å or [S II] 6,731 Å, because our spectrum
shows none of the other lines that should accompany any of these lines in the
observed wavelength range. The possibility that OH lines mask other lines
was carefully examined for each case and ruled out. There appears to be an
extremely weak emission at around z ¼ 7.02 in the 3 h integration spectrum
of IOK-2, but this needs further integration for confirmation.

Figure 3 | Decline of the number density of LAEs between 6.6 < z < 7.0.
The number density n (a), luminosity density rLLya and star-formation-rate
density SFRD (b) derived from Lyman-a line fluxes detected in several
Suprime-Cam LAE surveys are plotted for the three epochs of z ¼ 5.7
(square6 and triangle18: other survey fields), 6.6 (open circle7: also SDF),
and 7.0 (filled circles: our result) down to our detection limit
LLya ¼ 9.9 £ 1042 erg s21 calculated from NB973 ¼ 24.9 (5j). The
volumes probed by these surveys are of a similar order of magnitude
(,2–3 £ 105Mpc3). The large filled circle at z ¼ 7.0 represents the values
derived for the single LAE discovered in the present study, and the small
filled circle those for two LAEs, including the unconfirmed candidate
IOK-2. All the vertical error bars in both panels include the errors from
both poissonian statistics for small numbers and cosmic variance. The
horizontal error bars indicate the surveyed redshift ranges. Note that
large and small filled circles are shifted slightly horizontally from z ¼ 7.0
to make them easier to see.

Table 1 | Properties of z < 7 Lyman-a emitter candidates

ID Position (J2000) i 0 (mag) z 0 (mag) NB973 (2 00 ) NB973 (total) LLya (1043 erg s21) SFRLya (M( yr21)

IOK-1 a ¼ 13 h 23min 59.8 s,
d ¼ þ27824 0 55.8 00

.27.84 .27.04 24.60 24.40 1.1 ^ 0.2 10 ^ 2

IOK-2 a ¼ 13 h 25min 32.9 s,
d ¼ þ27831 0 44.7 00

.27.84 .27.04 25.51 24.74 ,1.1 ^ 0.2 ,10 ^ 2

Magnitudes (SDSS i 0 , z 0 filters and NB973) are in the AB system, measured with a 2 00 aperture. The NB973 total magnitudes integrated over the entire image are also given. The Lyman-a
luminosity LLya of IOK-1 was derived from spectroscopy, while the upper limit of LLya for IOK-2 was evaluated using NB973 total magnitude by assuming that 68% of the NB973 flux is in the
Lyman-a line, on the basis of simulations. Luminosities were then converted into corresponding Lyman-a star-formation rate SFRLya using the relation derived from Kennicutt’s equation27 with
case B recombination theory. 1j errors are also given for L Lya and SFRLya IOK-1 was spectroscopically identified as a z ¼ 6.96 Lyman-a emitter. For IOK-2, the photometric estimation of
Lyman-a luminosity should be regarded as an upper limit because we were unable to make a spectroscopic confirmation.
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今後は......
Hyper Suprime-Cam (HSC): 戦略枠観測 = “legacy survey”

3 layers: wide/deep/ultradeep
- supernova (Ia, IIn, shock breakout)
- AGN
- GRB (orphan) afterglow
- solar system
- high proper motion stars
- variable stars
- ......

collaboration meeting, WG(HSC-transient)で議論
2011年 first light --> 2012年 戦略枠観測スタート?



今後は......
- Subaru/Hyper Suprime-Cam (HSC)
  - supernova Ia
  - supernova shock breakout
  - low-luminosity AGN
- WISH: NIR wide-field imager
  - dust-free supernova Ia
- Kiso/Kiso Wide Field Camera (KWFC)
  - supernova Ia/CC
  - supernova shock breakout
wide-field imagerは見つけるのは得意
follow-upも同じくらい重要

(使いやすい)pre-imageがあると非常にうれしい



Summary

- Subaru/Suprime-Camによるすばる観測所プロジェクト
SDF, SXDSのデータを時間分割
- 主に、supernova、AGNに関する時間変動天体研究
- アーカイブデータを使ってsupernova shock breakout, 

high-z quasarを見つけようという試み
- 今後は(follow-upも含めた)もっとwell-organizedな観測
を。Subaru/HSC, WISH, Kiso/KWFCでのサーベイ。pre-

image=アーカイブの利用も重要。


