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Outline

• Introduction 
• What is the parameter space to go with single dish (SD) 

telescopes? 
• How a SD telescope complements current facilities (ALMA) 

• Large Submillimeter Telescope (LST): Imaging-spectroscopic 
surveyor 
• Possible science cases 

• Submm transients 
• How will a submm SD telescope complement  

multi-messenger followups of (B-)DECIGO GW sources?  
• Just show the expected sensitivity 

• Summary
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A fundamental quest of modern astronomy is to locate the earliest 
galaxies and study how they influenced the intergalactic medium a 
few hundred million years after the Big Bang1–3. The abundance of 
star-forming galaxies is known to decline4,5 from redshifts of about 
6 to 10, but a key question is the extent of star formation at even 
earlier times, corresponding to the period when the first galaxies 
might have emerged. Here we report spectroscopic observations 
of MACS1149-JD16, a gravitationally lensed galaxy observed 
when the Universe was less than four per cent of its present age. 
We detect an emission line of doubly ionized oxygen at a redshift 
of 9.1096 ± 0.0006, with an uncertainty of one standard deviation. 
This precisely determined redshift indicates that the red rest-frame 
optical colour arises from a dominant stellar component that 
formed about 250 million years after the Big Bang, corresponding 
to a redshift of about 15. Our results indicate that it may be possible 
to detect such early episodes of star formation in similar galaxies 
with future telescopes.

In March 2016 and April 2017 we performed observations of 
MACS1149-JD1 at the Atacama Large Millimeter/submillimeter Array 
(ALMA), targeting the far-infrared oxygen line, [O iii] at a wavelength 
of 88 µm, and dust continuum emission over a broad wavelength range 
consistent with its photometric redshift range (9.0–9.8)4,7–9. The [O iii] 
line is clearly detected at a redshift of z = 9.1096 ± 0.0006 with a peak 
intensity of 129.8 ± 17.5 mJy km s−1 per beam, corresponding to the 
significance level of 7.4σ (Fig. 1, Table 1). (1σ error values reported in 
this paper denote the 1σ root-mean-square or standard deviation unless 
otherwise specified.) The spatial location is coincident with the rest-
frame ultraviolet continuum emission detected by the Hubble Space  
telescope (HST), indicating that the [O iii] line arises from a star-forming  
galaxy. The line has a luminosity of (7.4 ± 1.6)(10/µ) × 107 L⊙, where L⊙ 
is the luminosity of the Sun and for the lensing magnification we adopt 
a fiducial value of µ = 10 (see Methods). Its full-width at half-maxi-
mum (FWHM) is 154 ± 39 km s−1, representative of that seen in other 
high-z galaxies10. The [O iii] emission is spatially resolved, and its 
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Fig. 1 | ALMA [O iii] contours and spectrum of MACS1149-JD1.  
a, Magnification of an HST image (F160W), with the ALMA [O iii] 
contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 1 | ALMA [O iii] contours and spectrum of MACS1149-JD1.  
a, Magnification of an HST image (F160W), with the ALMA [O iii] 
contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.

N A T U R E | www.nature.com/nature
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World redshift record (z = 9.110) with ALMA!
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contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

[OIII]/dust detection at z = 8.312

Tamura et al. (2018), submitted
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Far-Infrared Fine-Structure Lines

• Brightest lines in the FIR: [C II] 158um, [O III] 88um, [O I] 63um 

• Probe physical properties of ISM (ionization state, metallicity) 

• Reach z = 20. Competitive with JWST/NIRSpec C III]1909A
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The effect of FIR lines on the selection of high-z galaxies L97

Figure 2. The rest-frame SED of SMM J2135−0102, a typical high-redshift
SMG at z = 2.3259, showing the bright, narrow molecular and atomic emis-
sion lines seen in the FIR and submillimetre. The continuum component of
the SED is derived from fits to the Herschel and ground-based photometry
(Ivison et al. 2010a; Swinbank et al. 2010) corrected for the emission-line
contributions. Added to this are the emission lines derived from the obser-
vations of Danielson et al. (2011) or for lines shortward of 100 µm from
the predictions from the PDR model used in that work. The observed [C II]
line in this source contributes 0.27 per cent of LFIR and along with other
strong lines may make a significant contribution to broad-band fluxes at cer-
tain redshifts (to better illustrate this, the inset shows the same SED around
the dust peak, with a linear flux scaling). We also indicate the observed-
frame passbands for the Herschel PACS (160 µm) and SPIRE (250, 350 and
500 µm), SCUBA-2 (450 and 850 µm) and LABOCA (870 µm) filters.

Before continuing, we stress that SMM J2135−0102 was first
identified at 870 µm, a passband which is not influenced by strong
line emission in this source and hence the strength of its emission
lines is likely to be representative of typical high-redshift SMGs,
rather than the most extreme examples. This is illustrated in Fig. 1,
which shows an L[C II]/LFIR ratio which is not extreme for luminous,
high-redshift sources, where line emitters have already been found
with greater than or equal to four times higher ratios. In fact, as we
discuss below, the selection of the brightest sources in a particular
waveband may select a population with line-to-continuum ratios in
that waveband which are far higher than typical.

3 R ESULTS

As an illustration of the effects of line contamination on the broad-
band fluxes of high-redshift SMGs, we redshift our template SED
and at each redshift we find the fluxes which would be observed
in the Herschel 160-, 250-, 350- and 500-µm bands, and the 450-
and 850-µm SCUBA-2 bands (the latter matching the LABOCA
870-µm filter). In Fig. 3, we plot the fractional increase in these
fluxes as a function of the redshift for the SMM J2135−0102 SED,
compared to a line-free SED. This figure demonstrates that even
for relatively weak-lined SEDs there can be moderate variations
in the expected fluxes, 5–10 per cent, for many passbands at z !
1. These line contributions are comparable to the absolute flux
calibration uncertainty of typical submillimetre maps (e.g. Weiss
et al. 2009) and the residual errors in source fluxes after correcting
for confusion effects in these low-resolution maps (so-called flux

Figure 3. The contribution as a function of the source redshift to the contin-
uum emission in the Herschel PACS and SPIRE, SCUBA-2 and LABOCA
bands, from the emission lines shown in Fig. 2. The influence of the
[C II] 158 µm line can be seen in the 250-, 350-, 500- and 850-µm bands at
z ∼ 0.6, 1.2, 2.2 and 4.4, respectively, with a contribution to the broad-band
fluxes of 5–10 per cent. Note that these contributions are based on a [C II]
line comprising 0.27 per cent of the galaxy’s LFIR. The line contributions
will scale linearly with the line-to-FIR luminosity ratio, so sources with
L[C II]/LFIR ! 1 per cent (Fig. 1) will have contributions greater than or
equal to four times larger, ∼20–40 per cent, corresponding to the right-hand
flux scale. We caution that the contributions for the higher redshift sources
in the shorter wavelength filters (e.g. at z ∼ 4 and z ∼ 6 at 250 and 350 µm,
respectively) are based on predicted, rather than observed, line fluxes.

boosting, Coppin et al. 2006), although unlike these two sources of
flux error, the line contamination is redshift-dependent.

However, given that we already know of examples of high-
redshift sources with stronger lines than our template SED (Fig. 1),
there is the potential for even larger variations. As an example,
we renormalize the atomic lines in our template SED so that [C II]
158 µm corresponds to 1 per cent of the bolometric emission and
recalculate their contribution to the broad-band fluxes. We find
that for such strong-lined emitters the emission lines can boost the
broad-band fluxes by ∼20–40 per cent or greater (as shown by the
right-hand scale in Fig. 3). Such variation in the apparent flux of
sources due to emission lines falling in the passband have two ob-
vious consequences: (i) the presence of lines in only a subset of
passbands may result in unusual colours for some combinations
of filters at certain redshifts; and (ii) the visibility of strong-lined
sources at particular redshifts is enhanced, resulting in their over-
representation in flux-limited samples.

To show the influence of line contamination on properties derived
from the broad-band photometry, we look at the effect of including
emission lines on the dust temperature and luminosity estimates.
We fit the fluxes from our redshifted template SED, with and with-
out emission lines, with a modified blackbody with β = 1.5 at the
known redshift and determine the characteristic temperature, Tdust,
and FIR luminosity, LFIR. Using the SMM J2135−0105 SED, we
find negligible effects on the derived temperatures and luminosities,
"1 K and "10 per cent, respectively, when complete, high-quality
photometric data are available. However, sources with stronger lines
may suffer more significant biases, for example, ∼30 per cent in
luminosity. Moreover, the increased flux in the line-contaminated
passbands, and hence the apparently higher significance of the de-
tections in these passbands coupled with incomplete photometric
coverage, may lead to even larger discrepancies. Such effects would

C⃝ 2011 The Authors, MNRAS 414, L95–L99
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Smail +2011
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Redshift Record
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# Redshift Object References Telescope/Line

1 9.110 MACS J1149-JD Hashimoto, YT+ (2018)* ALMA/[OIII]
2 8.683 EGSY-2008532660 Zitrin+ (2015)* Keck/Lyα

3 8.38 A2744_YD4 Laporte+ (2017) ALMA/[OIII]
4 8.312 MACS0416_Y1 Tamura+ (2018) ALMA/[OIII]
5 7.664 z7_GSD_3811 Song+ (2016) Keck/Lyα

6 7.640 MACS1423-z7p64 Hoag+ (2017) HST/Lyα & ALMA/[CII]

7 7.541 ULAS J1342+0928 Banados+(2017) Magellan/Lyα

8 7.508 z8-GND-5296 Finkelstein+ (2013)* Keck/Lyα

9 7.452 GS2_1406 Larson+ (2017) HST/Lyα

10 7.212 SXDF-NB1006-2
Shibuya+(2012) 

Inoue, YT+ (2016)*
Subaru+Keck/Lya 

ALMA/[OIII]
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New discovery space?
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HerMES Lockman Hole 
© HerMES / ESA

4 deg
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Large Submm Telescope
• Large aperture (D = 50 m) 

• Wide field of view (> 0.5 deg) 

• Long-submm/mm frequency band 

• Survey-oriented
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(Endo et al. 2011)
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CO/[CII] Tomography

LST Beam

– 6 –

Fig. 3.— Blue contours show the 250GHz continuum emission from the z = 4.0 SMG GN20. Green

contours show the CO 2-1 emissio. The greyscale shows the HST i-band image (from Carilli et al.

2010).

Fig. 4.— Radio through submm spectrum of a star forming galaxy with a star formation rate 100

M⊙ year redshifted to z = 5. Also shown are the line and continuum sensitivity for the EVLA in

12 hours, and the line sensitivity for ALMA and the existing (sub)mm interferometers.

Arp 220 model 
(Carilli et al. 2011, Astron. Nachrichten.)

Cloverleaf QSO at z=2.6 
(Bradford et al. 2009, ApJ, 705, 112.)

CO/[CII]: representative emission lines in mm-FIR. 
Benefit from negative k-correction of CO ladder and FIR lines. 
Overcome the confusion problems.

CO in SMGs w/ NRO45m 
(Iono et al. 2012, PASJ)
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Light cone from the LST 2-deg2 Survey
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CO/[CII] Tomography

RSD Redshift Space Distortion
Verify	GR	by	estimating	the	growth	rate	
of	structure,	dark	energy	problem

LSS Cosmic Large-Scale Structure
Investigate	the	correlation	between	dark	
and	baryonic	matters	from	clustering	
analysis,	dark	matter	problem

CSFH Cosmic Star-formation History
Investigate	mass/luminosity	function	of	
molecular	gas	as	a	function	of	redshift,	
“hidden”	history	of	baryonic	matter

Evolution of  Galaxies
Cosmic	evolution	of	galaxies	proved	
through	properties	of	interstellar	medium

EoR Epoch of Reionization
Search	for	earliest	“hidden”	galaxies,	
first	generation	galaxies

... and serendipitous discoveries
Line	emitters,	transient	and	variables,	...
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New discovery space?
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What is                 astronomy?

• Many facilities in 2020’s for transient/variable searches 

• LSST will detect a million of transients per night.  

• Gravitational wave (GW) telescopes (VIRGO, LIGO, 
KAGRA) will detect GW sources, which require multi-
messenger follow-up observations. 

• Long duration γ-ray bursts (GRBs) trace the SF history 

• collapse of massive stars; E(iso) ~ 10^52–10^54 erg 

• can be observed even at a cosmological distance 

• occur a few times per day 

• Excellent tracer of cosmic star formation history

Time 
domain

LSST VIRGO
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Redshift record

 17
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Why GRBs in sub/mm?

+  robust tracer
–  rare and metal-poor
    at higher-z

Galaxies GRBs

+  can trace a single
    star even in EoR
–  many unknowns

← Complementary tracer →
of cosmic star formation

~40% of Swift GRBs are  
“optically-dark” 

Gaseous/dusty environment?  
Simply distant? 

(see also Hatsukade, YT+2014, Nature, 510, 247)
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“Submm flare” from GRB reverse shocks

• Earliest afterglows from reverse shocks (< 4 hr) peak at ~300 
GHz, and bright (~1 mJy) even at z > 10 (Inoue+2007) 

• similar to dusty star-forming galaxies 

• Bright compared to a typical galaxy at z > 5 (~10 uJy) 

• But, short-lived... → Deep and wide image in one shot

 19

The radio–IR emission of very high-z GRBs 1717

associated synchrotron emission initially peaks at lower frequen-
cies and can be much brighter than the FS, typically dominating
the optical and/or IR bands for z ∼ 1 GRBs. Thereafter, it should
rapidly fade and shift down in frequency towards the radio, falling
beneath the FS component a few days after the burst. This RS com-
ponent can provide a consistent explanation of the optical flashes
and radio flares observed in a number of GRBs (e.g. Piran 2004;
Mészáros 2006, and references therein). Note that GRB050904 at z
= 6.3 also exhibited a bright optical flash that can be interpreted as
RS emission (Boër et al. 2006).

Although the expected properties of the RS emission have been
discussed extensively with regard to the optical and/or radio bands,
very few works have explicitly addressed the details of the spectrum
in between these bands and the behaviour of the spectral peak at the
self-absorption frequency (e.g. Nakar & Piran 2004; McMahon,
Kumar & Piran 2006). Therefore, here we employ our own for-
malism for evaluating the RS component, as detailed in Appendix
A. As a unique feature, synchrotron self-absorption is accounted
for utilizing the appropriate absorption coefficient instead of the
commonly used blackbody limit approximation (e.g. Sari & Piran
1999a,b; Kobayashi & Zhang 2003), which is likely to be less reli-
able due to ambiguities in the time-dependent area of the emitting
surface. This can be important for our purposes, as self-absorption
generally determines the peak frequency and flux of the RS. Here
we only treat the time-evolution after the RS has crossed the GRB
ejecta, since the earlier evolution during shock crossing is not of im-
mediate interest for the purposes of this work. In addition to E and
n, further parameters important for the RS and their fiducial values
are: initial bulk Lorentz factor of GRB ejecta !0 = 100, intrinsic
GRB duration T = 100 s, and the RS counterparts of ϵe,f, ϵB,f and
pf, respectively, ϵe,r = 0.1, ϵB,r = 0.01 and pr = 2.2. We will assume
throughout that ϵe,r = ϵe,f and pr = pf and simply denote these as
ϵe and p, as this choice is physically plausible and consistent with
the current (limited) observations of optical flashes and radio flares.
In the case that we take ϵB,r = ϵB,f, we likewise simply write ϵB.
The time-dependent, broad-band afterglow spectra for our fiducial
parameter burst at z = 1 can be seen in Fig. A1.

We thus evaluate the spectra and light curves of very high z GRBs.
Figs 1(a) and (b) show the broad-band spectra of our fiducial GRB
occurring at different redshifts from z = 1 to 30, seen at fixed post-
burst observer times t = 4 h and 3 d, respectively. Figs 2(a)– (c) show
the light curves at selected observing frequencies for GRBs at z =
15 and 30. As mentioned above, only the post-RS crossing portion
(t ! t×) is displayed for the light curves; the fluxes at earlier t should
always be less than the first plotted point.

Within t ∼ 1 d, the two different components can be clearly dis-
tinguished in the spectra (see also Fig. A1). The FS contributes
a broad, broken power-law spectrum extending from radio to
X-ray frequencies, with time-dependent break frequencies due to
self-absorption, electron injection and cooling. On the other hand,
the RS spectrum spans a narrower range in the millimetre to far-IR,
but can be significantly brighter in these bands, consisting of a self-
absorption peak and a cooling cut-off. After t ∼ few days, the RS
has mostly faded away and the FS dominates the whole spectrum.

Two striking features are evident for the RS component. First,
the peak frequency (ν ≃ 200 GHz at t = 4 h) stays almost inde-
pendent of z despite the large cosmological redshifting. Secondly,
the flux at this frequency is also almost z-independent at z " 5 and
remains remarkably bright, at milli-Jansky levels even from z = 30.
In contrast, the FS component is progressively dimmer with z at
nearly all frequencies. These properties follow from cosmological
time-dilation and the fast evolving nature of the RS emission; a fixed
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Figure 1. (a) Broad-band spectra of GRB afterglows at different z as labelled
at fixed post-burst observer time t = 4 h, for our fiducial GRB. Overlayed
are 5σ continuum sensitivities of various observational facilities, assuming
integration times 50 per cent of t. (b) Same as (a), but at t = 3 d.

observer time t corresponds to an earlier rest-frame time at higher z,
when the RS component is much more prominent and possesses a
higher rest-frame peak frequency. We can see this more specifically
from the formulae in Appendix A appropriate for our fiducial param-
eter set, which is the thin-shell, slow-cooling case with the break
frequencies ordered as νm,r < νa,r < νc,r. From equations (A22)
and (A26)– (A28), the RS peak frequency due to self-absorption de-
pends on t and z as νa ∝ tαa (1 + z)−1−αa with αa ≃−1.54 + 3.2/

(p+ 4), which is νa ∝ t−1.03 (1 + z)0.03 for p= 2.2. The dependence
close to t−1 for fixed z means that the effects of time-dilation al-
most exactly compensate for frequency redshift when compared at
fixed t, resulting in a near-constant observed peak frequency. This
behaviour is quite insensitive to the value of p (e.g. νa ∝ t−1.05

(1 + z)0.05 for p = 2.5). Similarly, from A30, the RS peak flux at
νa is f (νa) ∝ tαf (1 + z)−1−αf D−2

L with αf ≃−0.97 + 1.6(p−1)/
(p + 4), where DL is the luminosity distance. For p = 2.2, this is
f (νa) ∝ t−1.3 (1 + z)2.3 D−2

L . The steep decay with t at fixed z implies
a large flux increase with z at fixed t, counteracting the dimming

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 1715– 1728

Predicted SED of GRB 
afterglow at z = 1–30 
4hr after the burst 
(Inoue+2007, MN, 380, 1715)

ASTE (5σ, 0.5 hr, confusion limited)
LST (0.36 mJy at 1.1mm, 5σ)1 mJy →

1 uJy →
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2 Urata et al.

Fig. 1.— (Top) Schematic summary of the GRB observational achievements along with time from the bursts in individual wavelength
(from γ-ray to submm). (Bottom) One of actual light curves in X-ray, optical and submm with the earliest submm detection.

optical. Fig. 1 shows a schematic summary of achieve-
ments in GRB observations according to wavelength and
time range. It is obvious that prompt afterglow observa-
tions are lacking at submm wavelengths. The numbers of
submm-detected events have been limited as summarized
in Fig. 1 and 2. Fig. 2 shows all of afterglow observations
in submm bands (230 and 345 GHz) including upper lim-
its. There have been only seven detections and three
well-monitored events (GRB030329, GRB100418A and
GRB120326A) in the submm bands. Unlike X-ray and
optical observations, afterglow monitoring in the submm
band covers only the late phase of GRBs and misses their
brightening phases. However, several of these observa-
tions, in conjunction with intensive X-ray and optical
monitoring, as in the GRB 120326A case (Urata et al.
2014), have addressed crucial physical properties of after-
glow. Hence, submm afterglow observations are crucial
for understanding the nature of GRBs. In the follow-
ing, we briefly summarize three well-monitored submm
afterglow cases.
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Fig. 2.— Light curve summary of afterglow observations in
submm bands (230 and 345 GHz). Red (230 GHz upper limits),
blue (345 GHz upper limits), orange (GRB120326A), and purple
(GRB100418A) points were obtained with the SMA. The SMA suc-
cessfully monitored two of three well-observed submm afterglows,
GRB100418A and GRB120326A.

Urata+2015

ALMA (submm interferometry)New singledish
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Fig. 1.— (Top) Schematic summary of the GRB observational achievements along with time from the bursts in individual wavelength
(from γ-ray to submm). (Bottom) One of actual light curves in X-ray, optical and submm with the earliest submm detection.
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ments in GRB observations according to wavelength and
time range. It is obvious that prompt afterglow observa-
tions are lacking at submm wavelengths. The numbers of
submm-detected events have been limited as summarized
in Fig. 1 and 2. Fig. 2 shows all of afterglow observations
in submm bands (230 and 345 GHz) including upper lim-
its. There have been only seven detections and three
well-monitored events (GRB030329, GRB100418A and
GRB120326A) in the submm bands. Unlike X-ray and
optical observations, afterglow monitoring in the submm
band covers only the late phase of GRBs and misses their
brightening phases. However, several of these observa-
tions, in conjunction with intensive X-ray and optical
monitoring, as in the GRB 120326A case (Urata et al.
2014), have addressed crucial physical properties of after-
glow. Hence, submm afterglow observations are crucial
for understanding the nature of GRBs. In the follow-
ing, we briefly summarize three well-monitored submm
afterglow cases.
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(GRB100418A) points were obtained with the SMA. The SMA suc-
cessfully monitored two of three well-observed submm afterglows,
GRB100418A and GRB120326A.
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SMA detection of submm flare

Urata+2014

GRB 120326A (z = 1.8)
0.7 day after the burst
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Sub/mm GRB studies to date

Period where
submm flares
are expected

Rest-frame time since burst (days)

Lu
m

in
os

ity
 d

en
si

ty
 (

er
g/

s/
H

z)

Forward shock dominated

z = 8.3 GRB

UNEXPLORED

de Ugarte Postigo et al. (2012)

0.1                 1.0                  10                 100

 23



Yoichi Tamura / AtLAST Science Workshop 2018

z = 30 GRB afterglow (1-12hr, 300GHz)

 24
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EM followups of GW sources

• The first GW source GW150914 had an error circle of 
hundreds of sq-degrees. 

• The first NS-NS merger GW170817 has been localized. 

• During the course of EM followups, a lot of transients were 
discovered. 

• Potential transients in submm: GRB orphan afterglows?

 25Abott+16 LVC+17

(c) NAOJ
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If a prediction with 1'Φ error circle...

• ALMA/SKA/ngVLA + future large SD telescope (e.g., LST) will 
detect the interstellar/circumstellar media in absorption. 

• Submm/radio facilities will detect the host galaxies, even if 
the environment is dusty!

 26

The radio–IR emission of very high-z GRBs 1723
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Figure 7. Broad-band spectra of GRB afterglows with fiducial parameters
except for E = 1054 erg, at different z as labelled and fixed post-burst observer
time (a) t = 1 d and (b) 10 d. The redshifted frequencies for the lowest lying
transitions of H2 (crosses), HD (circles), CO (triangles) and [O I] (vertical
bars), as well as the Lyα (diamonds) and H I 21-cm (squares) transitions are
indicated on each spectra. Overlayed are 5σ continuum and 3 km s−1 resolu-
tion spectroscopic sensitivities of various observational facilities, assuming
integration times 50 per cent of t.

E ! 1054 erg are not uncommon in observed GRBs at high redshifts
(Amati 2003), including GRB050904 at z = 6.3 (Cusumano et al.
2006).9 A burst with average E but relatively high n " 102 cm−3

should also manifest a bright enough FS component at t ∼ 1 d
(Fig. 8).

In the radio, the chances are even better. The CO lines should be
detectable by EVLA for GRBs with E " 4 × 1053 erg at t " 10 d.
SKA, with its outstanding sensitivity, should do the same for typical
energy bursts in less than a day. With longer integration times, SKA
may even be capable of measuring weak lines with τ ! 0.1, as well
as strong lines in subluminous bursts.

Besides adequate sensitivity and spectral resolution, some impor-
tant technical constraints pertaining to radio/submillimetre observa-

9 The true total energy may be less due to collimation, but collimation effects
in the afterglow should not be important in very high z afterglows until t "
10 d.
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Figure 8. Light curves of GRB afterglows with different E and n (as labelled
by their logarithmic values), at z = 15 and at fixed observing frequencies
(a) 230 GHz and (b) 10 GHz (only the post-RS crossing part t ! t× is
shown). Overlayed are 5σ , 3 km s−1 resolution spectroscopic sensitivities
of observational facilities as labelled, assuming integration times 50 per cent
of t.

tions must be spelled out here. One is that interferometers such as
ALMA or SKA require sufficiently bright calibrator sources near
the intended targets in the sky in order to carry out absolute flux
measurements. Depending on the actual distribution of suitable cal-
ibrators, which will only be known after ALMA begins operation,
some restrictions may be imposed on regions of the sky in which
GRBs can be observed.

However, the most important caveat regards frequency coverage.
For radio and submillimetre observations, achieving high-frequency
resolution as is necessary here mandates that the instantaneous band-
width be made correspondingly narrow. For example for ALMA, the
number of spectral channels that the correlator can provide for an
analysing bandwidth B is 128 (B/2 GHz)−1 per baseline for two po-
larizations. A velocity resolution of 3 km s−1 at observing frequency
ν = 230 GHz implies that the maximum allowed bandwidth would
be 4B ≃ 3.2 GHz (T. Wilson, private communication), so at a given
time, only a small portion of the spectrum can be covered. This is
not a great concern when searching for lines in steady sources, as a
broad spectral range can be scanned over time. However, transient
sources such as GRBs pose a problem: even if one aims for a par-
ticular line with a definite rest-frame frequency, its redshift must
be known beforehand to good accuracy (for the above example, to
within 1 per cent) in order to begin observing at the appropriate
frequency while the source is still bright.

Thus a crucial prerequisite is that good redshift information for
the GRB is quickly available by other means. Spectrographs on
moderate-sized optical telescopes are currently indeed able to mea-
sure redshifts for GRB afterglows through metal absorption lines
with accuracies better than fractions of a per cent within a day or
so after the burst, at least up to z ∼ 6 (e.g. Fynbo et al. 2006 and

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 380, 1715–1728

(Inoue+2007, MN, 380, 1715)
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Summary

• LST for Extragalactic "CO/[CII] Tomography" 

• will aim to open a new discovery space complementary to 
what current/planed telescopes, such as ALMA, SPICA, 
and Subaru/TMT are exploring/will explore. 

• will provide a basic dataset useful for extragalactic/
cosmological studies (“Submm version of SDSS”). 

• Time-domain science in the sub/mm 

• Wide-field SD telescopes should be powerful for time-
domain science 

• Multi-messenger followups of (B-)DECIGO GW EM 
counterparts
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