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Abstract: State-of-the-art rest-frame UV and FIR photometric and spectroscopic observations
are now pushing the redshift frontiers of galaxy formation studies up to z ~ 9 — 11 and beyond.
Recent HST observations unveiled the presence of a star-forming galaxy exhibiting the Lyman
break at \ops = 1.47 £ 0.01 um, i.e., a z = 11.09703 galaxy with a stellar mass of ~ 10° M,
demonstrating that galaxy build-up was well underway early in the epoch of reionization (EoR) at
z > 10. Targeted spectroscopy of a lensed Lyman break galaxy uncovers the earliest metals
known to date up to z = 9.1096 + 0.0006 by detecting the bright [OIII] 88 xm nebular line,
indicating the onset of star formation 250 million years after the Big Bang, i.e., corresponding to
a redshift of z ~ 15. These latest findings lead us to a number of key questions: How and when
metal enrichment happened in the EOR? What was the nature of the earliest-epoch star-forming
galaxies at z = 10 — 15?7 What was the spatial distribution of such galaxies, and what was the
relation to the putative large-scale ionization bubbles during the EOR? What were the dark-halo
masses of such earliest-epoch star-forming galaxies? To address all these questions, we need to
uncover a statistically large number of z = 10 — 15 galaxies in the pre-reionization era. Here we
argue two possible pathways: (1) a wide-area, sensitive blind spectroscopic survey of [OIII] 88
pm line-emitting galaxies at submillimeter wavelengths, and (2) an ultra-wide-area, high-cadence
photometric survey of transient sources at radio-to-(sub)millimeter wavelengths, together with the
immediate follow-up spectroscopy with an ultra-wide-band spectrograph, to catch the pop-III
~-ray bursts.



1 Introduction: unveiling the cosmic star-formation history

Unveiling the dust-obscured part of the cosmic star-formation history is one of the biggest chal-
lenges in the modern astrophysics. Intensive surveys using airborne and ground-based facilities
at (sub)millimeter to far-infrared wavelengths have revealed that the majority of the cosmic star
formation at z = 1-3, where the cosmic star-formation rate density (SFRD) peaks, seems to be
obscured by dust (e.g., Burgarella et al. 2013 [1]). However, SFRDs beyond redshift > 3-4 have
been mostly investigated by the rest-frame ultra-violet emission (e.g., Bouwens et al. 2015 [2]; Ono
et al. 2018 [3]), and the roles of the dust-obscured star-formation largely remain unsettled (e.g.,
Bouwens et al. 2016 [4]; Rowan-Robinson et al. 2016 [5]). Now ALMA has been routinely used
to conduct deep continuum surveys (e.g., Dunlop et al. 2017 [6]; Franco et al. 2018 [7]; Hatsukade
et al. 2018 [8]) as well as blind spectral scans to uncover CO and [CII] 158 pm line emitting galax-
ies (e.g., Aravena et al. 2016 [9]; Yamaguchi et al. 2017 [10]; Gonzalez-Lépez et al. 2017 [11]).
Furthermore, a large number of targeted ALMA continuum observations have been used to probe
the evolution of star-forming interstellar medium up to z ~ 6 (e.g., Scoville et al. 2016 [12]).
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Figure 1: The redshift evolution of the cosmic star-formation rate density (SFRD). Different deriva-
tions of the obscured and unobscured SFRD are compared. The SFRDs measured based on the
rest-frame UV (Bouwens et al. 2015 [2]) show a sharp decline from z ~ 3 — 4 to z ~ 10, whereas
the FIR(Herschel)-based SFRDs (Rowan-Robinson et al. 2016 [5]) and long-v-ray-burst (GRB)-
based estimation (Kistler et al. 2009 [13]) exhibit more flattened SFRDs even up to z ~ 6 — 8.
Figure taken from Gruppioni et al. (2017) [14].

State-of-the-art rest-frame UV and FIR photometric and spectroscopic observations are now
pushing the redshift frontiers of galaxy formation studies up to 2z ~ 9 — 11 and beyond. Recent
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HST observations unveiled the presence of a star-forming galaxy exhibiting the Lyman break at
Aobs = 1.4740.01 pum, i.e., a z = 11.0919%% galaxy with a detectable amount of stellar continuum
emission with a stellar mass of ~ 10° M, demonstrating that galaxy build-up was well underway
early in the epoch of reionization (EoR) at z > 10 (Oesch et al. 2016 [15]). More recently,
ALMA observations of the lensed Lyman break galaxy MACSJ1149-JD1 uncovered the earliest
metals known to date up to z = 9.1096 £ 0.0006 by exploiting the bright [OIll] 88xm nebular
line (Hashimoto et al. 2018 [16]). The spectral energy distribution (SED) analysis, combined with
the precisely determined redshift, indicates that the dominant stellar component of this galaxy
was formed about 250 million years after the Big Bang, i.e., corresponding to a redshift of ~ 15.
Thermal dust emission has also been detected toward galaxies at z = 7.5 — 8.3 (Watson et al. 2015
[17]; Laporte et al. 2017 [18]; Tamura et al. 2018 [19]), imposing stringent constraints on the dust
formation processes in the early universe (e.g., Aoyama et al. 2017 [20]). All these recent state-
of-the-art HST and ALMA observations point to the importance of uncovering galaxies beyond
z > 10 — 15, i.e., during the pre-reionization era.

2 Key questions, and what we need next

These recent discoveries of z = 9 — 11 galaxies, demonstrating that the onset of earliest star
formation just a few 100 million years after the Big Bang, i.e., z ~ 15, lead to a number of key
questions: How and when metal enrichment happened in the EOR? What was the nature of the
earliest-epoch star-forming galaxies at z = 10 — 15?7 What was the spatial distribution of such
galaxies, and what was the relation to the putative large-scale ionization bubbles during the EoR?
What were the dark-halo masses of such earliest-epoch star-forming galaxies? To address all these
key questions, we need to establish the methodology to uncover a statistically large number of
spectroscopically-identified galaxies at z = 10 — 15.

Here we present two potential pathways to go, i.e., (1) a wide-area (> 1 deg?), sensitive (~1
mly, 50) blind spectroscopic survey of [OIII] 88 pm line-emitting galaxies at submillimeter wave-
lengths covering ~ 190 — 360 GHz, and (2) a ultra-wide-area (>a few 100 deg?), high-cadence
(>once per day) photometric survey of transient sources at radio-to-(sub)millimeter wavelengths,
together with immediate follow-up spectroscopy with a high-spectral-resolution (R > 30, 000),
ultra-wide-band spectrograph covering e.g., 80 — 180 GHz, in order to catch the signals from the
pop-11I GRBs.

2.1 A wide-area spectroscopic survey of [OIII] 88 ;/m line-emitting galaxies

The hydrogen Ly « line has been most commonly observed to identify the spectroscopic redshift
of high-redshift galaxies. However, the Ly « line becomes increasingly weak at z > 8 because the
neutral fraction of the intergalactic medium increases. Inoue et al. (2014) [21] have investigated
the use of the rest-frame far-infrared nebular emission lines for determining spectroscopic redshifts
of z > 8 galaxies. They find that the [OIII] 88 xm line can be a promising tool for spectroscopy of
z > 8 galaxies based on a cosmological hydrodynamic simulation of galaxy formation (Shimizu et
al. 2014), where they incorporated a model of [OIII] emission as a function of metallicity calibrated
by FIR observations of local galaxies. The [OIII] 88 pm line traces massive star formation, since
the ionization of O* — O™ requires hard (£ >35.1 eV) ionizing photons from hot, short-lived



O-type stars. Since the first detection of [OIII] 88 pm toward a bright Lyman « emitter at 2 =
7.212 (Inoue et al. 2016) [22], its usefulness has become more evident as demonstrated by e.g.,
Hashimoto et al. (2018).

Moriwaki et al. (2018) [23] used a high-resolution cosmological simulation of galaxy forma-
tion and reported the statistics and physical properties of a population of [OIII] 88 pxm emitting
galaxies at z > 7. Figure 2 (left) shows the projected distribution of [OIII] 88 pm line emitters
based on their numerical studies, demonstrating the necessity of a ~1 deg scale survey to construct
a statistically large number of z > 7 star forming galaxies. The evolution of [OIII] 88 xm line
luminosity functions has also been predicted based on the latest UV luminosity functions (Ishigaki
et al. 2018 [24]; Oesch et al. 2018 [25]) with fixed faint-end slope and M* and evolving num-
ber density. The luminosity functions shown in Figure 2 (right) suggest that a wide-area (> 1
deg?), sensitive (~ 1 mJy or better, 50) spectroscopy survey is necessary to obtain a statistically
large number of [OIII] 88 pm emitters at z ~ 8 and to uncover a significant number of candidate
z = 10 — 15 [OIII] emitters.
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Figure 2: (Left) The projected distribution of [OIII] 88 pm line emitting galaxies at z = 7 in a cubic
volume of comoving 50 h~! Mpc (~30 arcmin) on a side. The grey points are all galaxies in this
volume, whereas the blue and red points represent galaxies with Ljorss > 10"L and > 108L,,
respectively. Note that the [OIII] line luminosity of MACSJ1149-JD1 at z = 9.110is ~ 7 x 10" L,
(Hashimoto et al. 2018). Figure taken from Moriwaki et al. 2018. [23]. (Right) Predicted [OIII] 88
pm luminosity functions at z =8, 10, 12, and 15. Vertical yellow dashed line indicate the required
line sensitivity of 1 mJy. Figure taken from Inoue, A., et al. (private communication).

2.2 An ultra-wide-area, high-cadence photometric survey of the reverse-
shock emission from high-redshift long-duration GRBs

Another unique approach to uncover star-forming galaxies during the EoR is to detect the Syn-
chrotron emission from the reverse shock of the long-duration GRBs. Inoue et al. (2007) [26]
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showed that the reverse shock component of the Pop-III GRBs at z = 15 — 30 seen in the ~300
GHz band continuum can be substantially brighter than 1 mJy. In order to catch the reverse shock
emission, immediate follow-up observations at a time scale of a few hours to ~ 10 hours (i.e., less
than 1 day) are necessary. Due to the difficulty of such time-critical observations of GRBs using
the existing facilities (including ALMA), the study of the reverse shock emission remains largely
unexplored yet. Nevertheless, a recent successful detection of the reverse shock component from
GRB 120326A at z = 1.798, which was detected by 1.3-mm observations using SMA at ~17
hours after the burst, has demonstrated that such prompt mm-wave continuum measurements can
catch the brightest part of the SED from a GRB at a cosmological distance (Urata et al. 2014) [27].
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Figure 3: (Left) Broad-band spectra of GRB afterglow at different z labelled at fixed post-burst
observing time ¢ = 4 hours for a fiducial GRB. Overlayed are 5o continuum sensitivities of vari-
ous observing facilities, assuming 2 hours integration (i.e., 50% of the post-burst observer time).
(Right) Broad-band spectra of GRB afterglows with fiducial parameters except for £ = 10°* erg,
at different z as labelled and fixed post-burst observer time ¢ = 1 day. The redshifted frequencies
for the lowest lying transitions of Hy, HD, CO, and [OI], as well as the Ly o and HI 21-cm lines
are indicated. Note that the next generation radio facilities like ngVLA should also be sensitive
enough to search for such reverse shock emission and subsequent spectroscopy follow-up. Figures
taken from Inoue et al. (2007) [26].

3 Prospects for the Next Decade

ALMA will continue to play a central role to extend the spectroscopic redshift frontier by im-
proving its capabilities (i.e., increasing instantaneous bandwidth, sensitivity, and FoVs). Once we
can find good targets for spectroscopy, ALMA will be sensitive enough to detect and image the
redshifted [OIII] 88 pm line up to 2 ~ 20. However, submillimeter telescopes optimized for wide-
area spectroscopy surveys, which allow us to conduct a > 1-deg?-area survey with a spectroscopic
sensitivity of ~ 1 mJy (50) or better at the submillimeter wavelengths (i.e., Aops = 0.8—1 mm) using
a significant amount of time investment (>1,000 hours), will be crucial to drastically increase the
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number of spectroscopically-identified z > 10 galaxies, given the limited ALMA capabilities for
blind surveys. NIRSpec on JWST will also be sensitive enough to detect star-forming galaxies at
z > 10 by exploiting the bright rest-frame UV line, CIII]1909, although it also offers a modest ca-
pability for blind surveys of such CIII]1909 line-emitting galaxies due to its limited FoV. Air-borne
survey-optimized facilities at the near-infrared wavelengths covering A5 = 2-5 um, which enable
a > 100 deg? survey with a modest depth (~27 mg), will be crucial to uncover the promising
candidate z > 10 galaxies for spectroscopic follow-up observations. Note that the existing and
planned survey missions, including WFIRST and Euclid, will not have a survey capability above
A > 2 pm.

GRBs are expected to be routinely uncovered while high-energy survey telescopes like SWIFT
are in operation, but they tend to have a large positional errors (up to a few arcmin) especially at the
early stage of their detections. These sources may also be faint or invisible in the optical and near-
infrared bands. Even without prior alert from ~y-ray telescopes and subsequent multi-wavelengths
follow-up, we will be able to blindly detect such (sub)millimeter-wave transient sources once a
large-aperture (D ~ 50 m) single-dish telescope is coupled with a large-format direct detector
array which fills > 0.5 — 1 deg? FoV of the telescope: the expected mapping speed can reach
~ 103 — 10* deg? mJy—2 hr~!, which is 4-5 orders of magnitude faster than the current ALMA,
and still 2 — 3 orders of magnitude faster than the Toltech on the LMT 50-m telescope. An ultra-
wide-band spectrometer at (sub)millimeter-waves will then be crucial to identify the spectroscopic
redshift of the GRB via atomic-line absorption against the bright (sub)millimeter-wave continuum
emission produced from the GRB reverse shock. One of the candidates will be the HD line, a
primordial molecule. The 2-mm atmospheric window allows us to search for the HD 112 pm ab-
sorption lines for z = 14 — 20, and the 3-mm window corresponds to z = 22 — 30 and beyond.
Key advancements required will be (1) instantaneous data analysis of multiple-visit > 100 deg?
mm/submm observations, (2) sophisticated technique to detect mm/submm transient sources from
these images, and (3) immediate fine-resolution (R > 30, 000) spectroscopy follow-up observa-
tions with a ultra-wide-band instantaneous bandwidth covering e.g., ~ 80 — 180 GHz.

These ambitious surveys are expected to be implemented by the planned large-aperture (D ~
50 m), survey-oriented submillimeter-wave facilities such as the Large Submillimeter Telescope
(LST, Kawabe et al. 2016 [28]), and the Atacama Large-Aperture sub-mm/mm Telescope (At-
LAST)!, which are supposed to merge into a unified, multi-national project. The proposed spec-
troscopy surveys of [OIII] line-emitters will also automatically detect a large number (> 10°) of
CO and [CII] 158 p4m emitters at z < 8 — 10, which will have enormous synergies with the next-
generation surveys in the optical/near-infrared wavelengths (See Astro2020 white paper by Geach
et al.). And more importantly, these spectroscopic surveys will be unique even in the SKA-low era,
because it will be impossible to resolve individual galaxies at the EoR in the HI emission. Compar-
ison of the spatial distributions of the individually-detected [OIII] 88-xm emitting galaxies and the
large-scale distributions of HI (SKA-low) and Ly« (e.g., SPHEREX) will tell us about the reion-
ization history of the early universe. High cadence radio-to-(sub)millimeter imaging surveys will
be complementary to those in the optical wavelengths by using e.g., HSC/Subaru and LSST, and
we expect to uncover new classes of (sub)mm transient sources such as orphan GRBs (Totani &
Panaitescu 2002) [29] and wondering massive blackholes (Kawaguchi et al. 2014) [30].

"http://atlast-telescope.org
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