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Optical Transient Surveys

Survey Diameter
(m)

FOV
(deg2)

Depth
(R mag)

Area/
day(deg2)

ROTSE-III 0.45 3.42 18.5 450

KISS 1.05 4 21 100

PTF 1.26 7.8 21 1000

Pan-STARRS 1.8 7 21.5 6000

SDSS-II 2.5 1.5 22.6 150

GOODS 2.5 (HST) 0.003 26 0.04

SNLS 3.6 1 24.3 2

(partly taken from Rau et al. 2009, PASP, 121, 1334)

Subaru/HSC 8.2 1.75 26.5 3.5

LSST 8.4 9.5 25 - -
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The sources of interest to these facilities are connected to spectacular explosions. How-
ever, the horizon (radius of detectability), either for reasons of optical depth (GZK cuto↵;
�� ! e±) or sensitivity, is limited to the Local Universe (say, distance . 100Mpc). Un-
fortunately, these facilities provide relatively poor localization. The study of explosions in
the Local Universe is thus critical for two reasons: (1) sifting through the torrent of false
positives (because the expected rates of sources of interest is a tiny fraction of the known
transients) and (2) improving the localization via low energy observations (which usually
means optical). In Figure 2 we display the phase space informed by theoretical considera-
tions and speculations. Based on the history of our subject we should not be surprised to
find, say a decade from now, that we were not su�ciently imaginative.

Figure 2. Theoretical and physically plausible candidates are marked in the
explosive transient phase space. The original figure is from Rau et al. (2009).
The updated figure (to show the unexplored sub-day phase space) is from the
LSST Science Book (v2.0). Shock breakout is the one assured phenomenon on the
sub-day timescales. Exotica include dirty fireballs, newly minted mini-blazars and
orphan afterglows. With ZTF we aim to probe the sub-day phase space (see §5).

The clarity a↵orded by our singular focus – namely the exploration of the transient
optical sky – allowed us to optimize PTF for transient studies. Specifically, we undertake
the search for transients in a single band (R-band during most of the month and g band
during the darkest period). As a result our target throughput is five times more relative
to multi-color surveys (e.g. PS-1, SkyMapper).

Given the ease with which transients (of all sorts) can be detected, in most instances, the
transient without any additional information for classification does not represent a useful,
let alone a meaningful, advance. It is useful here to make the clear detection between
detection7 and discovery.8 Thus the burden for discovery is considerable since for most

7 By which I mean that a transient has been identified with a reliable degree of certainty.
8By which I mean that the astronomer has a useful idea of the nature of the transient. At the very

minimum we should know if the source is Galactic or extra-galactic. At the next level, it would be useful

Figure from LSST Science Book 
(after PTF collaboration, Rau+09, Kasliwal+,Kulkarni+)
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Figure A2. Expected number of SN detection per dz = 0.5 bin
as a function of redshift with LSST surveys. For the adopted
survey parameters, see Table A1. For comparison, we show the
simulations with the HSC survey strategy (Deep and UltraDeep
layers). In this figure, a constant limiting magnitude in optical
wavelengths is assume for simplicity. See Paper I for more detailed
simulations with HSC. All the simulations have been performed
for Case B SFR density and Model 08es.
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APPENDIX A: APPLICATION TO UPCOMING

OPTICAL SURVEYS

We also apply our simulations to upcoming optical sur-
veys. Paper I performed detailed simulations with realistic,
planned observational strategy for Subaru Hyper Suprime-
Cam (HSC, Miyazaki et al. 2006) survey. On the other hand,
as shown in Section 5, it is useful to study a wide range of
parameters to find the optimized survey strategy. In this
section, we present simpler simulations for optical surveys,
but with a wider parameter space.

With optical surveys, detection of SLSNe up to z ∼ 5 is

c© — RAS, MNRAS 000, 1 - ??

see e.g., Cooke+09, Quimby+11, Gal-Yam+12

“Superluminous” supernovae at z ~ 6

MT, Moriya, Yoshida
 (arXiv:1306.3743)

Opt/NIR spectroscopy with TMT
Direct measurement of 
massive star population (= IMF)

R ~ 500-1000
Opt (i,z): ~26 AB mag 
NIR: ~25 AB mag

3 deg2
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20000 deg2



The moment of supernova explosion
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Figure 2. Comparison between the NUV (top) and FUV (bottom) observations
(points, SNLS-04D2dc; Schawinski et al. 2008) and the SN IIP model without
the host galaxy extinction (dot-dashed line) and reddened for the host galaxy
extinction with EB−V,host = 0.06 mag (dashed line), 0.14 mag (solid line), and
0.22 mag (dotted line).

the values are slightly different from Schawinski et al. (2008),
the total extinction integrated over each band depends on the
intrinsic spectrum and varies with time as the spectrum changes.
The variations of extinction in the UV bands are relatively large;
for example, ∼0.3 mag in the FUV band and ∼0.1 mag in the
NUV band from t = 0 to 20 days for the SN IIP model with
MZAMS = 20 M# and E = 1.2 × 1051 erg.

Because of the large uncertainty, we assume several values
for the color excess of the host galaxy as follows: EB−V,host =
0 mag referring to the case of no extinction in the host
galaxy, EB−V,host = 0.06 mag giving half of the standard
extinction in the NUV band, EB−V,host = 0.14 mag being the
standard extinction, and EB−V,host = 0.22 mag giving double
of the standard extinction in the NUV band, which lead to
(ANUV, AFUV) = (0.18 mag, 0.15 mag), (0.75 mag, 1.10 mag),
(1.51 mag, 2.38 mag), and (2.27 mag, 3.65 mag), respectively.
Here, we assume the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model with
MZAMS = 20 M# and E = 1.2 × 1051 erg. The model LCs are
consistent with the observations within the uncertainty, while
they are slightly fainter than the observations for EB−V,host =
0.14 mag. The explosion energy of SNLS-04D2dc is consistent
with the canonical value of the explosion energies of core-
collapse SNe (e.g., SN 1987A: E = (1.1 ± 0.3) × 1051 erg;
Blinnikov et al. 2000). Although the 56Ni–56Co radioactive
decay does not contribute to the shock breakout, we expediently
assume a canonical 56Ni ejection without mixing to the envelope
(the ejected 56Ni mass M(56Ni) = 0.07 M#; e.g., SN 1987A:
Blinnikov et al. 2000), and thus Mej = 16.9 M# to yield
0.07 M# of 56Ni.

The second peak in the NUV LC at t ∼ 3 days is reproduced
by the model and explained by the shift of the peak wavelength
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Figure 3. Bolometric LC (top), color temperature evolution (middle), and
photospheric velocity evolution (bottom) of the SN IIP model (lines). The insets
in the top and middle panels enlarge the phase of shock breakout.

as Schawinski et al. (2008) and Gezari et al. (2008) suggested.
The bolometric LC and the evolution of color temperature are
shown in Figure 3. Figure 3 also shows the velocity evolution
of photosphere defined as a position where the radiation and
gas are decoupled. Although the bolometric luminosity declines
monotonically after the shock breakout, the radiation energy in
the NUV band increases with time because the peak wavelength
shifts long (Figure 1). After the NUV second peak, the color tem-
perature decreases further and the peak wavelength shifts to the
optical bands. The shift is caused by not only the decreasing tem-
perature of the SN ejecta, but also an enhancement of the metal
absorption lines due to the low temperature. As a result, the UV
luminosity declines monotonically after the NUV second peak.
The model also predicts a second peak in the FUV band but the
brightening is obscured because of the low signal-to-noise ratio.

3.2. Optical Light Curves at Plateau Stage

Thanks to the multigroup radiation hydrodynamics calcula-
tions, subsequent evolutions of multicolor lights are obtained
and compared with the SNLS optical observations. Figure 4
shows comparisons of the g-, r-, i-, and z-band LCs. Here, we
adopt EB−V,host = 0.14 mag and the SMC reddening law for
the host galaxy. The total extinction at the effective wavelengths
of the g-, r-, i-, and z-band filters of the MegaPrime/MegaCam
on CFHT are as large as Ag = 0.64 mag, Ar = 0.47 mag,
Ai = 0.36 mag, and Az = 0.28 mag, respectively.

As SED peaks in the g-band at t ∼ 20 days (Figure 1),
the g-band LC peaks at t ∼ 20 days. After this epoch, the
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for example, ∼0.3 mag in the FUV band and ∼0.1 mag in the
NUV band from t = 0 to 20 days for the SN IIP model with
MZAMS = 20 M# and E = 1.2 × 1051 erg.

Because of the large uncertainty, we assume several values
for the color excess of the host galaxy as follows: EB−V,host =
0 mag referring to the case of no extinction in the host
galaxy, EB−V,host = 0.06 mag giving half of the standard
extinction in the NUV band, EB−V,host = 0.14 mag being the
standard extinction, and EB−V,host = 0.22 mag giving double
of the standard extinction in the NUV band, which lead to
(ANUV, AFUV) = (0.18 mag, 0.15 mag), (0.75 mag, 1.10 mag),
(1.51 mag, 2.38 mag), and (2.27 mag, 3.65 mag), respectively.
Here, we assume the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model with
MZAMS = 20 M# and E = 1.2 × 1051 erg. The model LCs are
consistent with the observations within the uncertainty, while
they are slightly fainter than the observations for EB−V,host =
0.14 mag. The explosion energy of SNLS-04D2dc is consistent
with the canonical value of the explosion energies of core-
collapse SNe (e.g., SN 1987A: E = (1.1 ± 0.3) × 1051 erg;
Blinnikov et al. 2000). Although the 56Ni–56Co radioactive
decay does not contribute to the shock breakout, we expediently
assume a canonical 56Ni ejection without mixing to the envelope
(the ejected 56Ni mass M(56Ni) = 0.07 M#; e.g., SN 1987A:
Blinnikov et al. 2000), and thus Mej = 16.9 M# to yield
0.07 M# of 56Ni.
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by the model and explained by the shift of the peak wavelength

2

4

6

8

10

0 20 40 60 80 100

P
ho

to
sp

he
ric

 v
el

oc
ity

 [1
03  k

m
]

Days since the peak (rest frame) [Days]

104

105

C
ol

or
 te

m
pe

ra
tu

re
 [K

]

105

0 0.2 0.4 0.6

1042

1043

1044

1045

B
ol

om
et

ric
 lu

m
in

os
ity

 [e
rg

 s
-1

]

1043

1044

1045

0 0.2 0.4 0.6

Figure 3. Bolometric LC (top), color temperature evolution (middle), and
photospheric velocity evolution (bottom) of the SN IIP model (lines). The insets
in the top and middle panels enlarge the phase of shock breakout.

as Schawinski et al. (2008) and Gezari et al. (2008) suggested.
The bolometric LC and the evolution of color temperature are
shown in Figure 3. Figure 3 also shows the velocity evolution
of photosphere defined as a position where the radiation and
gas are decoupled. Although the bolometric luminosity declines
monotonically after the shock breakout, the radiation energy in
the NUV band increases with time because the peak wavelength
shifts long (Figure 1). After the NUV second peak, the color tem-
perature decreases further and the peak wavelength shifts to the
optical bands. The shift is caused by not only the decreasing tem-
perature of the SN ejecta, but also an enhancement of the metal
absorption lines due to the low temperature. As a result, the UV
luminosity declines monotonically after the NUV second peak.
The model also predicts a second peak in the FUV band but the
brightening is obscured because of the low signal-to-noise ratio.

3.2. Optical Light Curves at Plateau Stage

Thanks to the multigroup radiation hydrodynamics calcula-
tions, subsequent evolutions of multicolor lights are obtained
and compared with the SNLS optical observations. Figure 4
shows comparisons of the g-, r-, i-, and z-band LCs. Here, we
adopt EB−V,host = 0.14 mag and the SMC reddening law for
the host galaxy. The total extinction at the effective wavelengths
of the g-, r-, i-, and z-band filters of the MegaPrime/MegaCam
on CFHT are as large as Ag = 0.64 mag, Ar = 0.47 mag,
Ai = 0.36 mag, and Az = 0.28 mag, respectively.

As SED peaks in the g-band at t ∼ 20 days (Figure 1),
the g-band LC peaks at t ∼ 20 days. After this epoch, the
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Because of the large uncertainty, we assume several values
for the color excess of the host galaxy as follows: EB−V,host =
0 mag referring to the case of no extinction in the host
galaxy, EB−V,host = 0.06 mag giving half of the standard
extinction in the NUV band, EB−V,host = 0.14 mag being the
standard extinction, and EB−V,host = 0.22 mag giving double
of the standard extinction in the NUV band, which lead to
(ANUV, AFUV) = (0.18 mag, 0.15 mag), (0.75 mag, 1.10 mag),
(1.51 mag, 2.38 mag), and (2.27 mag, 3.65 mag), respectively.
Here, we assume the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model with
MZAMS = 20 M# and E = 1.2 × 1051 erg. The model LCs are
consistent with the observations within the uncertainty, while
they are slightly fainter than the observations for EB−V,host =
0.14 mag. The explosion energy of SNLS-04D2dc is consistent
with the canonical value of the explosion energies of core-
collapse SNe (e.g., SN 1987A: E = (1.1 ± 0.3) × 1051 erg;
Blinnikov et al. 2000). Although the 56Ni–56Co radioactive
decay does not contribute to the shock breakout, we expediently
assume a canonical 56Ni ejection without mixing to the envelope
(the ejected 56Ni mass M(56Ni) = 0.07 M#; e.g., SN 1987A:
Blinnikov et al. 2000), and thus Mej = 16.9 M# to yield
0.07 M# of 56Ni.
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Figure 3. Bolometric LC (top), color temperature evolution (middle), and
photospheric velocity evolution (bottom) of the SN IIP model (lines). The insets
in the top and middle panels enlarge the phase of shock breakout.

as Schawinski et al. (2008) and Gezari et al. (2008) suggested.
The bolometric LC and the evolution of color temperature are
shown in Figure 3. Figure 3 also shows the velocity evolution
of photosphere defined as a position where the radiation and
gas are decoupled. Although the bolometric luminosity declines
monotonically after the shock breakout, the radiation energy in
the NUV band increases with time because the peak wavelength
shifts long (Figure 1). After the NUV second peak, the color tem-
perature decreases further and the peak wavelength shifts to the
optical bands. The shift is caused by not only the decreasing tem-
perature of the SN ejecta, but also an enhancement of the metal
absorption lines due to the low temperature. As a result, the UV
luminosity declines monotonically after the NUV second peak.
The model also predicts a second peak in the FUV band but the
brightening is obscured because of the low signal-to-noise ratio.

3.2. Optical Light Curves at Plateau Stage

Thanks to the multigroup radiation hydrodynamics calcula-
tions, subsequent evolutions of multicolor lights are obtained
and compared with the SNLS optical observations. Figure 4
shows comparisons of the g-, r-, i-, and z-band LCs. Here, we
adopt EB−V,host = 0.14 mag and the SMC reddening law for
the host galaxy. The total extinction at the effective wavelengths
of the g-, r-, i-, and z-band filters of the MegaPrime/MegaCam
on CFHT are as large as Ag = 0.64 mag, Ar = 0.47 mag,
Ai = 0.36 mag, and Az = 0.28 mag, respectively.

As SED peaks in the g-band at t ∼ 20 days (Figure 1),
the g-band LC peaks at t ∼ 20 days. After this epoch, the
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7.5 Shock Breakout
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Figure 7.6: (Left): Comparison between the GALEX and SNLS observations (points, SNLS-04D2dc,
Schawinski et al. 2008) and a SN IIP model with Mms = 20M! and E = 1.2 × 1051 erg reddened for the host
galaxy extinction with a color excess E(B − V ) = 0.14 mag (lines, Tominaga et al. 2009) (black and red: near UV,
green: g-band, blue: r-band, magenta: i-band). The inset enlarges the phase when the SN emitted UV light. (Right):
Apparent g′-band light curve of a shock breakout in AB magnitude system for a SN IIP model with Mms = 40M!

and E = 1051 erg. Limiting magnitudes for a 4σ detection in 3.3 min, 5 min, 10 min, and 20 min integrations are
also shown (dashed line), assuming 0.7” seeing, 1.6 arcsec aperture, and 3 days from New Moon.

identify the shock breakout with the blue g′ − r′ color as described below. Aims of this survey
are (1) detecting numerous high-z shock breakouts and obtaining their multicolor light curves, (2)
observationally establishing the physics of shock breakouts and confirming that the shock breakouts
take place universally, (3) deriving a cosmic star formation history (CSFH) up to z ∼ 1.5 with the
shock breakouts, and ultimately (4) developing the totally-new high-z study with shock breakouts.

Introduction

Core-collapse supernovae (CCSNe) have been so far observed only at z ! 0.9 (Dahlen et al. 2004;
Poznanski et al. 2007), except for extraordinary events like Type IIn SNe (SNe IIn) (Cooke et al.
2009) and gamma-ray bursts (GRBs; Salvaterra et al. 2009). The record will be broken by a shock
breakout. The shock breakout is the bolometrically-brightest phenomenon in SNe (> 1044 ergs s−1)
lasting several seconds to several hours and emits dominantly in X-ray or ultraviolet (UV) with a
quasi-blackbody spectrum (T > 105 K, Blinnikov et al. 2000). Although the shock breakouts are
proposed to be a probe of the distant universe, its short duration and X-ray/UV-peaked spectra
make it difficult to be observed. The first and currently last complete light curve of shock breakout
of normal CCSN was obtained for SN IIP SNLS-04D2dc (redshift z = 0.19, e.g. Schawinski et al.
2008) by the GALEX satellite but the detection significance in near UV and far UV bands is only
! 4σ and ! 2σ, respectively.

We adopted a multi-group radiation hydrodynamics code STELLA (Blinnikov et al. 2000) and
presented X-ray-to-infrared light curves (LCs), including the shock breakout, plateau, and tail, of
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10 deg2 survey 
with 27 mag (g)

Prompt Optical spectroscopy with TMT
New window to study supernovae
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Fig. 1. Afterglow spectrum of GRB 050904 taken 3.4 days after the burst. The spectrum is binned by 3 pixels, and 1σ errors are also shown with an
offset of −1.0. The CCD image of the spectrum in the corresponding wavelength range is shown at the top of the figure. The Lyα resonance and identified
absorption lines are indicated with the redshift zmetal = 6.295, except for the intervening C IV system at z = 4.840. The thick horizontal lines in the upper
right region show the wavelength ranges used in the spectral fitting, where identified absorption features are removed. The solid curve shows the model
absorption by a DLA with logNH I = 21.62 and zDLA = 6.295 (the DLA-dominated model). The dotted curve shows the original unabsorbed spectrum
of the afterglow, with the spectral index of β0 = −1.25. The dashed curve shows the model absorption by an IGM with zIGM,u = 6.295 and xH I = 10−3,
which is almost a vertical line at the Lyα resonance. The Galactic extinction of E(B −V ) = 0.060mag is taken into account in all the model curves.

2. The Afterglow Spectrum of GRB 050904

Figure 1 presents the spectrum of GRB 050904 at wave-
lengths longer than the Lyman break, taken by the Faint Object
Camera and Spectrograph (FOCAS) (Kashikawa et al. 2002)
mounted on the Subaru Telescope (Iye et al. 2004). Figure 2
presents the close-ups of the Lyα and Lyβ resonance regions.
See Paper I for the spectrum in the full wavelength range, the
details of the observation, and basic results including the list
of line detections. The pixel scale is 2.67 Å pix−1 and the
wavelength resolution of the spectrum is 8.5 Å (FWHM) at
λobs ∼ 9000Å. The total exposure time was 4.0 hr and the mid-
time of the exposure was September 7, 12:05 UT (3.4 days after
the burst).

A clear damping wing is seen only redward of λobs ∼8900Å,
corresponding to the Lyα wavelength λα = c/να = 1215.67 Å
at the redshift of the identified metal absorption lines, zmetal =
6.295. All of the metal lines were identified at the same redshift
within an error of ±0.002, except for an intervening absorption
line system at z = 4.840. We searched for the time variability
of the damping wing shape and the absorption line strength,
separating the spectrum into the first 1.5 hr, the middle 1 hr,
and the last 1.5 hr, but no statistically significant variability was
found.

At wavelengths redward of the Lyα, the spectral energy
distribution (SED) has almost no feature, except for the
damping wing and the metal absorption lines, as expected

from the power-law SED of GRB afterglows. There are some
apparent emission-like features at λobs ∼ 8820–8920Å, which
may be Lyα emission. However, the data of this wavelength
range are relatively noisy and we cannot confirm these signals
to be real. (See the error and the CCD image of the spectrum
shown in figure 2.) We thus set only a conservative upper limit
on the possible Lyα emission (subsection 7.2).

In wavelengths blueward of the Lyα, the spectrum remark-
ably resembles that of quasars at similar redshifts. A deep,
black Lyα trough can be seen in λobs ∼ 8500–8900 Å, where
the flux is at a consistently zero level. On the other hand, trans-
mission of the afterglow light can be seen in ∼ 7500–8500 Å
(Paper I), implying that the universe became more trans-
parent against the Lyα absorption at z ! 6. The transmission,
however, again disappears at λobs ! 7500 Å, corresponding to
the expected trough by the Lyβ absorption.

3. Spectral Modeling

The clear red damping wing tells us about the existence of a
large amount of neutral hydrogen along the line of sight to the
GRB. There are two possibilities for the location of the neutral
hydrogen. One is a damped Lyα system (DLA) associated with
the host galaxy, as often seen in the optical spectra of high-
redshift GRB afterglows (Jensen et al. 2001; Fynbo et al. 2002;
Møller et al. 2002; Hjorth et al. 2003b; Vreeswijk et al. 2004,
2006; Chen et al. 2005; Starling et al. 2005; Watson et al. 2005;

hydrogen, with a redshift of z < 8.2. The spectrum and broadband
photometric observations, plotted over model data, are shown in
Fig. 2. To obtain a more quantitative estimate of the redshift, we fit
the spectra in redshift versus log[NH I (cm22)] space, assuming a flat
prior likelihood value for log[NH I (cm22)] of between 19 and 23,
which is broadly consistent with the distribution observed for
lower-redshift GRB hosts7–9. We take the neutral fraction of the
IGM to be 10%, although our conclusions depend only weakly on
this assumption. We find the redshift from ISAAC spectroscopy to be
z 5 8:19z0:03

{0:06. An additional spectrum, recorded ,40 h after the
burst using the VLT’s Spectrograph for INtegral Field Observations
in the Near Infrared confirms this analysis, yielding z 5 8:33z0:06

{0:11
(Supplementary Information). Fitting simultaneously to both spec-
tra and the photometric data points gives our best estimate of the
redshift, z 5 8:23z0:06

{0:07. The low signal-to-noise ratio means we that
are unable to detect metal absorption features in either spectrum—
which would provide a more precise value of the redshift—and pre-
vents a meaningful attempt to measure the IGM H I column density
in this instance. Our three independent redshift measures are con-
sistent with that reported from a low-resolution spectrum obtained
with the Telescopio Nazionale Galileo, La Palma10.

The X-ray and NIR light curves of GRB 090423 (Fig. 3) show a
broken power-law decay, with evidence of flares in both the X-ray
and the infrared bands. The spectral energy distribution is consistent
with the presence of the cooling break between the X-ray and optical
bands. Apart from the unusually shallow spectral slope of the con-
tinuum at wavelengths greater than 1.2mm, its afterglow properties in
general appear to be consistent with the bulk GRB population (see
Supplementary Information for further discussion).

With the standard cosmological parameters (Hubble parameter,
H0 5 71 km s21 Mpc21; total matter density, VM 5 0.27; dark-
energy density, VL 5 0.73) a redshift of z 5 8.2 corresponds to a time
of only 630 Myr after the Big Bang, when the Universe was just 4.6%
of its current age. GRB 090423’s inferred isotropic equivalent energy,
Eiso 5 1 3 1053 erg (8–1,000 keV)11, indicates that it was a bright, but
not extreme, GRB. Thus, we find no evidence of exceptional beha-
viour that might indicate an origin in a population III progenitor.
First-generation stars are thought more likely to collapse into par-
ticularly massive black holes, which in turn may produce unusually
long-lived GRBs12; this seems not to be the case for GRB 090423.

Indeed, we note that the c-ray duration of GRB 090423,
t90 5 10.3 s, corresponds in the rest frame to only 1.1 s, and the peak
energy measured by BAT, 49 keV, is moderately hard in the rest
frame. Two other GRBs with z . 5 (GRB 060927 and GRB 080913)
had similarly short rest-frame durations, leading to some debate13 as
to whether their progenitors were similar to those of the ‘short-hard’
class of GRBs, which are not thought to be directly related to core
collapse. However, in the case of GRB 090423, a more careful extra-
polation of the observed c-ray and X-ray light curves to lower red-
shifts shows that its duration would have appeared significantly
longer than suggested by naive time-dilation considerations14. In
any event, short GRBs probably have their origins in compact objects
that are themselves the end products of massive stars, so the above
conclusions will hold irrespective of the population from which
GRB 090423 derives.

It has long been recognized that GRBs have the potential to be power-
ful probes of the early Universe15. Their association with individual stars
means that they serve as a signpost of star formation, even if their host
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Figure 2 | The composite infrared spectrum of the GRB 090423 afterglow.
SZ-band (0.98–1.1mm) and J-band (1.1–1.4mm) one- and two-dimensional
spectra obtained with the VLT using the Infrared Spectrometer And Array
Camera (ISAAC). Also plotted are the sky-subtracted photometric data
points obtained using Gemini North’s NIRI (red) and the VLT’s High Acuity
Wide field K-band Imager and Gemini South’s Gemini Multi-Object
Spectrograph (blue) (scaled to 16 h after the burst and expressed in
microjanskys; 1 Jy 5 10226 W m22 Hz21). The vertical error bars show the
2s (95%) confidence level, and the horizontal lines indicate the widths of the
filters. The shorter-wavelength measurements are non-detections, and
emphasize the tight constraints on any transmitted flux below the break. The
break itself, at an observed wavelength of about 1.13mm, is seen to occur
close to the short-wavelength limit of the J-band spectrum, below which,

although noisy, the spectrum shows no evidence of any detected continuum.
Details of the data-reduction steps and adaptive binning used to construct
these spectra are given in Supplementary Information. A model spectrum
showing the H I damping wing for a host galaxy with a hydrogen column
density of NH I 5 1021 cm22 at a redshift of z 5 8.23 is also plotted (solid
black line), and provides a good fit to the data. Inset, allowing for a wider
range in possible host NH I values gives the 1s (68%) and 2s confidence
contours shown. The fact that no deviation is seen from a power-law
spectrum at wavelengths greater than 1.2mm, together with its shallow
spectral slope, suggests that there is little or no dust along the line of sight
through the GRB host galaxy (unless it is ‘grey’), consistent with the galaxy
being relatively unevolved, and having a low abundance of metals.
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GRB 050904 @ z = 6.3
3.4 days

Subaru/FOCAS (R ~ 1000)

GRB 090423 @ z = 8.2
18 hours

VLT/ISAAC

Totani+06
Tanvir+09

Reionization history at z ~ 6 - 10
Prompt NIR spectroscopy with TMT

(Masami Ouchi’s talk)



More opportunities with TMT

• Supernovae

• Multi-D geometry by spectropolarimetry

• Gamma-ray bursts

• GRB-SN connection at z > 1 (NIR spectroscopy)

• Chemical abundances (high spectral resolution)

• “Time-resolved” science

• Variability with ~ msec (high time resolution)

1st gen. instruments
>2nd gen. instruments

(see Warren Skidmore’s poster)



New astronomy with gravitational waves

NS-NS merger 
with 200 Mpc

2017 - 
- Advanced LIGO (US)
- Advanced VIRGO (Europe)
- KAGRA (Japan)

Hotokezaka+13KAGRA



Radiative Transfer Simulations for NS Meger Ejecta 9
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min exposure). For optical wavelengths (ugriz bands), “1 m”, “4 m”, and “8 m” limits
are taken or deduced from those of PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For
NIR wavelengths (JHK bands), “4 m” and “space” limits are taken or deduced from those of Vista/VIRCAM and the planned limits of
WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.

Emission powered by radioactive 
r-process elements

MT & Hotokezaka (arXiv:1306.3742)

GW detection
~ 100 deg2 
localization

Search with
Subaru/LSST

Spectroscopy
with TMT

Identification of 
GW sources

Toward the dawn of GW astronomy

Li & Paczynski 98, Kulkarni 05, Metzger+10, Kaesn+13, Barnes & Kasen 13



Summary: Time Domain Science with TMT

• Science cases for transients
1. Massive star population (IMF) at z ~ 6 

2. The moment of supernova explosion 

3. Resolved image of extragalactic supernovae

4. Reionization history with GRBs at z ~ 6 -10

5. Identification of gravitational-wave sources

• Hope for TMT

• Sensitivity, spatial resolution, and 
rapid ToO (<10 min)

• Polarization, high spectral resolution, and 
high time resolution (>2nd gen. instruments)


