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Abstract

One of the main goals in astronomy is unveiling the cosmic star formation history. Thus, it is im-
portant to constrain the contributions of dusty star-forming galaxies to the cosmic star formation density
(SFRD) in the high redshift universe and the evolution of the molecular gas mass content in the universe.
In this theses, we report results of the multi-wavelengths analysis of 1.2 mm continuum sources and a
blind millimeter line emitter search toward gravitational lensing clusters using the latest data of Atacama
Large Millimeter/sub-millimeter Array (ALMA) in order to understand the cosmic star formation his-
tory comprehensively from the point of view of the dusty star-forming activity itself and material of star

formation.

We make use of the ALMA deep 1.2 mm continuum observation of a 26 arcmin? region in the
GOODS-S named ALMA twenty-Six Arcmin? survey of GOODS-S At One-millimeter (ASAGAO; Project
ID:2015.1.00098, PI: K. Kohno), to probe dust-enshrouded star formation in K-band selected (i.e., stellar-
mass selected) galaxies, which are drawn from the FourStar galaxy evolution survey (ZFOURGE) catalog.
Based on the ASAGAO final map, which was created by combining ASAGAO and ALMA archival data
in the GOODS-S field, we find that 66 ZFOURGE sources have 1.2 mm counterparts with a signal-to-
noise ratio (S/N) > 3.5 (1o ~ 30-70 uJy beam™' at 1.2 mm). The flux densities of these ASAGAO
sources tend to be fainter (S} mm < 1.0 mJy) than that of bright sub-millimeter galaxies (SMGs; S| 2mm
2 1.0 mJy). Their median redshift is estimated to be zyedian = 1.77 £ 0.23, which is consistent with recent
results of faint (sub-)millimeter sources detected in recent ALMA deep surveys. They generally (~ 90%

of ASAGAO sources) follow the tight relationship of the stellar mass versus star formation rate (SFR;
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i.e., the main sequence of star-forming galaxies). ALMA-detected ZFOURGE sources exhibit systemati-
cally larger (2 1-2 dex) infrared (IR) excess (IRX = Lir /Lyv) compared to ZFOURGE galaxies without
ALMA detections even though they have similar redshift, stellar masses, and SFRs. This implies the
consensus stellar-mass versus IRX relation, which is known to be tight among rest-frame-UV-selected
galaxies, can not fully predict the ALMA detectability of stellar-mass-selected galaxies. The spatially
resolved IRX-f;y relation of ASAGAO sources suggests that the differences can partly be caused by
the difference distribution between dust and stars. We estimate the evolution of the contributions of
ASAGAO sources to the cosmic SFRD as a function of redshift and find that the shape of the evolution is
similar to that of previous studies. The ALMA-detected ZFOURGE sources are the main contributors to
the cosmic SFRD at z =2-3 (~ 60% of the cosmic UV + IR SFRD and ~ 80% of the cosmic IR SFRD).

We also detect five 1.2 mm continuum sources (S1.2mm = 0.45-0.86 mJy) without any counterparts
in the deep H- and/or K-band image. Their ratio between radio and millimeter flux densities as well as
optical to radio spectral energy distributions indicate that they can lie at z = 3-5 and they can be in the
early phase of massive galaxy formation. One of the K-band-dark ALMA sources has a red Spitzer/IRAC
counterpart at 3.6 and 4.5 um. Another one has been independently detected at 850 and 870 um using
SCUBA2 and ALMA Band 7, respectively. Their contribution to the cosmic SFRD is estimated to be ~ 1—
3 x 1073 Mg, yr~! Mpc—3 (corresponding to ~ 10-30% of previous studies) if they lie somewhere in the
redshift range of z ~ 3-5. This value can be consistent with, or greater than that of bright submillimeter
galaxies (Sg7oum > 4.2 mly) at z ~ 3-5. These results show that an unbiased ALMA survey can reveal

the dust-obscured star formation activities, which were missed in previous deep optical/near-IR surveys.

In addition to the results on ALMA continuum sources, we also present the results of a blind millime-
ter line emitter search using ALMA Band 6 data with a single-frequency tuning toward four gravitational
lensing clusters (RXJ1347.51145, Abell S0592, MACS J0416.12403, and Abell 2744). We construct
3-dimensional S/N cubes with 60 and 100 MHz binning, and search for millimeter line emitters. We do
not detect any line emitters with a peak S/N > 5, although we do find a line emitter candidate with a peak

S/N =~ 4.5. These results provide upper limits to the CO(3-2), CO(4-3), CO(5-4), and [C11] luminosity

v
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functions at z ~ 0.3, 0.7, 1.2, and 6, respectively. Because of the magnification effect of gravitational
lensing clusters, the new data provide the first constraints on the CO and [Cir]| luminosity functions at un-
precedentedly low luminosity levels, down to < 1073-10~! Mpc—3 dex~! at Lo ~ 10810 K km s~!
pc? and < 1073-1072 Mpc 3 dex ! at Licyyy ~ 103-10'° L, respectively. Although the constraints to
date are not stringent yet, we find that the evolution of the CO and [C11] luminosity functions are broadly
consistent with the predictions of semi-analytical models. This study demonstrates that the wide observa-
tions with a single frequency tuning toward gravitational lensing clusters are promising for constraining

the CO and [Ci1] luminosity functions. [Cir]
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Introduction

1.1 The cosmic star formation history

One of the main goals in astronomy is unveiling the cosmic star formation history, in other words, the
evolution of the cosmic star formation rate density (SFRD). In the past few decades, multi-wavelengths
surveys using ground-based and satellite telescopes have resolved the evolution of the cosmic SFRD
(e.g., Madau et al., 1996; Steidel et al., 1999; Kashikawa et al., 2003; Chapman et al., 2005; Bouwens
et al., 2007, 2012, 2015, 2016; Wardlow et al., 2011; Burgarella et al., 2013; Madau & Dickinson, 2014,
and references therein). In Figure 1.1 show the evolution of the cosmic SFRD as a function of redshift
compiled by Madau & Dickinson (2014). As shown in Figure 1.1, the cosmic SFRD has a peak level at
z ~ 2-3 and then declines rapidly toward z = 0.

Young massive stellar populations in galaxies mainly emit their energy in the form of rest-frame ul-

traviolet (UV) radiation. Thus, we can use UV luminosity as an indicator of “un-obscured” star formation
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Figure 1.1 The evolution of the cosmic SFRD compiled by Madau & Dickinson (2014). Red symbols in-
dicate the SFRD obtained by IR wavelengths. Green symbols are the SFRD obtained by UV observations.
This figure is refereed from Figure 8 of Madau & Dickinson (2014).

rate (SFR) of a galaxy. However, some UV radiation from young massive stars can be absorbed by inter-
stellar dust. The energy that interstellar dust absorbs from the UV is re-radiated at longer wavelengths.
We can measure this “dust-obscured” SFR by using infrared (IR) luminosity of a galaxy. Therefore, un-
obscured and dust-obscured star-forming activities are in a complementary relationship and we have to
observe not only rest-frame UV radiation but also rest-frame IR radiation to constrain the evolution of
the cosmic SFRD.

Many optical/near-IR (i.e., rest-frame UV) large surveys unveil the contribution of un-obscured star-
fromation activities to the cosmic SFRD using rest-flame UV-selected galaxies such as Lyman-Alpha

Emitters (LAEs) or Lyman Break Galaxies (LBGs; e.g., Madau et al., 1996; Kashikawa et al., 2003;



Bouwens et al., 2007, 2012, 2015, 2016). The contributions of dust-obscured star-formation activities
to the cosmic SFRD have been studied by deep surveys at far-IR or (sub-)millimeter wavelengths us-
ing Infrared Space Observatory (ISO), Infrared Astronomical Satellite (IRAS), AKARI, Herschel Space
Telescope (Herschel), or (sub-)millimeter cameras mounted on ground-based telescopes. These large far-
IR/(sub-)millimeter surveys suggest that dust-obscured star-formation activities play a dominant role in
the cosmic star-formation activities at z ~ 1-3 (e.g., Takeuchi et al., 2005; Goto et al., 2011; Burgarella
et al., 2013, see also Figure 1.1). However, their contribution at z 2> 3—4 is still under debate because
of the sensitivity limit attributed to the poor angular resolution at far-IR to (sub-)millimeter wavelengths,
even though the contribution of rest-frame UV selected sources is well determined until z 2 67 using
high-redshift LBGs (e.g., Ouchi et al., 2009; Bouwens et al., 2015, 2016). Therefore, determining the
contribution of dust-obscured SFRs to the cosmic SFRD in the high-redshift universe is one of the main
issues to constrain the cosmic star formation history.

Another big issue on the cosmic star formation history is the reason why the cosmic SFRD declines
rapidly toward z = 0. To settle this issue, we have to focus on not only star formation activities in itself,
but also material of stars, that is, cold molecular clouds in galaxies. The most abundant molecule in cold
molecular clouds is molecular hydrogen, but the lowest rovibrational transitions of molecular hydrogen
are forbidden because of the lack of a permanent dipole moment. Thus, rotational transition lines of car-
bon monoxide (CO), which is the second abundant molecule in cold molecular clouds, are often used to
measure molecular gas mass in a galaxy. CO rotational transition lines are emitted at (sub-)millimeter
wavelengths and have been observed by many (sub-)millimeter spectroscopic observations (Carilli &
Walter, 2013, for review). However, the cause of the evolution of the cosmic SFRD is still under discus-
sion. One possibility is that the star formation efficiency defined by SFR divided by molecular gas mass
in a galaxy declines toward present (e.g., Sargent et al., 2014; Tacconi et al., 2018). The other possibility
is that the molecular gas mass content in the universe decreases toward z = 0 (e.g., Decarli et al., 2016).

Which is important to explain the evolution of the cosmic SFRD?

The primary objective of this study is to answer these two issues. In the following sections, we

introduce the position of this thesis in the context of studying the cosmic star formation history from the



two viewpoints of continuum and spectroscopic observations at (sub-)millimeter wavelengths.

1.2 Continuum observations at (sub-)millimeter wavelengths

1.2.1 Discovery of bright SMGs

At the rest-frame far-IR to millimeter wavelengths, spectroscopic energy distributions (SEDs) of
galaxies are dominated by the steep Rayleigh-Jeans slope of the thermal dust emission. This characteristic
profile of galactic SEDs generates the effect called as “the negative k-correction”. This effect makes
observed flux densities at (sub-)millimeter wavelengths almost constant (or even brighter) for galaxies
with a given IR luminosity' at z ~ 1-10. In the top panel of Figure 1.2 shows the SED of Arp 220 (a local
dusty galaxy; Silva et al., 1998) at z=1-8 and the bottom panel of Figure 1.2 indicates how the observed
flux densities of Arp 220 is predicted to vary with redshift. As shown in Figure 1.2, at most observed
wavelengths the galaxy is fainter at high redshifts, except at (sub-)millimeter wavelengths. Therefore,
the negative k-correction makes it efficient to observed high redshift dusty galaxies at (sub-)millimeter
wavelengths. In spite of the benefit of the negative k-correction, it was at the end of 1990s that the
first sub-millimeter extragalactic surveys were taken with the Sub-millimeter Common-User Bolometer
Array (SCUBA; Holland et al., 1999) on the James Clerk Maxwell Telescope (JCMT), whose observed
wavelengths were 850 um and 450 um. These surveys uncovered a new population of galaxies, which
is extremely bright at (sub-)millimeter wavelengths (e.g., Smail et al., 1997; Hughes et al., 1998; Barger
et al., 1998). The observed flux density (Sops) at (sub-)millimeter wavelengths (i.e., ~ 850 yum—1 mm)
of the population is larger than a few mJy. Hereafter, we call the population as bright sub-millimeter
galaxies (SMGs).

The bright SMGs show huge rest-frame IR luminosities, log(Lir /L) = 12—13, which should be
powered by dust-obscured star-forming activities (e.g., Alexander et al., 2005; Laird et al., 2010) and their

median redshifts are estimated to be z ~ 2.1-3.1 (e.g., Chapman et al., 2005; Simpson et al., 2014). The

'In this thesis, we define IR luminosities as luminosities at rest-frame 8-1000 xm.
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extreme SFRs of bright SMGs (SFR > a few 100—1000 M, yr—!) make them non-negligible contributors
to the cosmic SFRD (e.g., Hughes et al., 1998; Casey et al., 2013; Wardlow et al., 2011; Swinbank et al.,
2014).

1.2.2  Millimeter/sub-millimeter surveys using single-dish telescopes

From the discovery of bright SMGs, a number of large (sub-)millimeter surveys have been performed
using ground-based and air-bone single-dish telescopes. Examples of large (sub-)millimeter surveys in-
clude: the 1.2 mm surveys using the Max-Planck Millimeter Bolometer (Kreysa et al., 1998) on the IRAM
30-m telescope (e.g., Greve et al., 2004), the 1.1 mm surveys using the Bolometer Camera (Glenn et al.,
1998) on the Caltech Sub-millimeter Observatory (e.g., Laurent et al., 2005), the 1.1 mm surveys using
the Astronomical thermal emission camera (AzTEC; Wilson et al., 2008) on the Atacama Sub-millimeter
Telescope Experiment (ASTE; e.g., Scott et al., 2008, 2010; Tamura et al., 2009; Aretxaga et al., 2011;
Hatsukade et al., 2011; Umehata et al., 2014), the 870 um surveys using the Large APEX Bolometer
Camera (LABOCA; Siringo et al., 2010) on the Atacama Pathfinder Experiment (e.g., Weil3 et al., 2009),
the 450 and 850 um surveys using the SCUBA and SCUBA2 (Holland et al., 2013) on the JCMT (e.g.,
Ivison et al., 2000, 2007; Casey et al., 2013; Cowie et al., 2017), and the 250, 350, and 500 um surveys by
Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al., 2010) on Herschel (e.g., Elbaz et al.,
2011; Oliver et al., 2012).

These large surveys have played essential roles in revealing the contributions of dust-obscured star-
forming activities, but their limited angular resolution (e.g., ~ 30" at 1.1 mm with AZTEC/ASTE) does
not allow us to measure far-IR fluxes of individual sources if we go down to the luminous IR galaxy
(LIRG) class sources [i.e., log(Lir /L) ~ 11-12] due to the confusion limit of single-dish telescopes.
Indeed, the contributions of bright SMGs [i.e., ultra luminous IR galaxy (ULIRG) class galaxies with
log(Lir/Le) ~ 12—-13] to the IR extragalactic background light is not so large (~ 20-40% at 850 um
and ~ 10-20% at 1.1 mm; e.g., Eales et al., 1999; Coppin et al., 2006; Weil} et al., 2009; Hatsukade
etal., 2011; Scott et al., 2012). This means that the bulk of dust-obscured star formation activities in the

universe remained unresolved.



With single-dish telescopes, we can access the fainter (sub-)millimeter population (i.e., Sops S 1
mly) using gravitational magnification by lensing clusters or stacking analysis (e.g., Knudsen et al., 2008;
Geachetal., 2013; Coppinetal.,2015). However, in lensed object surveys, the effective sensitivity comes
at the cost of areduced survey volume. Knudsen et al. (2008) suggest that the effective (source-plane) area
within sufficient magnification to detect fainter (sub-)millimeter populations is only ~ 0.1 arcmin? for a
typical rich cluster. This effect increases the cosmic variance uncertainty (e.g., Robertson et al., 2014).
In addition, the uncertainty of lensing models itself increase flux errors of (sub-)millimeter sources. The
stacking technique is a useful way to obtain the average properties of less-luminous populations, but
individual source properties have remained unexplored. Therefore, more sensitive observations with

higher angular resolution are needed.

1.2.3 Millimeter/sub-millimeter continuum observations using ALMA

The advent of the Atacama Large Millimeter/sub-millimeter Array (ALMA), which offers high sen-
sitivity and angular resolution capabilities, has allowed the fainter (sub-)millimeter population to be re-
vealed below the confusion limit of single-dish telescopes. Several recent studies have presented follow-
up observations of bright SMGs such as the ALMA follow-up observation of the LABOCA Extended
Chandra Deep Field South surveys (ALESS; e.g., Hodge et al., 2013; Swinbank et al., 2014; Simpson
et al., 2014; da Cunha et al., 2015). Some studies have used rich ALMA science archival data (e.g., Fu-
jimoto et al., 2016; Oteo et al., 2016) and find many faint (sub-)millimeter sources. Some studies have
investigated proto-clusters or blank fields contiguously. Figure 1.3 shows one of the example of such
ALMA contiguous surveys performed in Subaru/XMM-Newton Deep Survey Field (SXDF-ALMA sur-
vey; Tadaki et al., 2015; Kohno et al., 2016; Hatsukade et al., 2016; Yamaguchi et al., 2016; Wang W.-H.
et al., 2016). They observed the ~ 2-arcmin® area around a bright SMGs with sub-millimeter bright fila-
mentary structure discovered by AzZTEC/ASTE (the left panel of Figure 1.3) and extracted 5 sources with
signal-to-noise ratio (S/N) > 5 and 25 sources with S/N > 4.0 along the line with sub-millimeter filamen-
tary structure (Yamaguchi et al., 2016; Hatsukade et al., 2016). In addition to the SXDF-ALMA survey,
there are another examples of ALMA contiguous surveys such as the ALMA Deep Field in SSA22 (Ume-
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Figure 1.3 Left) The 1.1 mm image of AZTEC/ASTE in the SXDF field (Ikarashi, 2014). right) The 1.1
mm image of ALMA Band 6 (Kohno et al., 2016). Cyan circles indicate ALMA field-of-views at Band
6. Red crosses are SXDF-ALMA sources presented in Yamaguchi et al. (2016).

hataetal.,2017,2018), the ALMA SPECtroscopic Survey in the Hubble Ultra-Deep Field (ASPECS;e.g.,
Aravena et al., 2016b; Walter et al., 2016), the ALMA deep observation in the Hubble Ultra Deep Field
(HUDF; Rujopakarn et al., 2016; Dunlop et al., 2017), and the ALMA survey in the Great Observatories
Origins Deep Survey-South (GOODS-ALMA survey; Franco et al., 2018).

These ALMA survey have begun to reveal the role of faint (sub-)millimeter sources in the cosmic
SFRD. The contribution of faint (sub-)millimeter sources with Syps ~ 0.1-1 mJy at 1.1-1.3 mm to the
IR extragalactic background light have been estimated to be ~ 40—80% (e.g., Ono et al., 2014; Carniani
etal., 2015; Oteo et al., 2016; Aravena et al., 2016b; Hatsukade et al., 2013, 2016, 2018). Deeper number
counts down to ~ 0.02 mJy have obtained by Fujimoto et al. (2016), who craimed that ~ 100% of the
IR extragalactic background light at 1.2 mm. These studies suggest that faint (sub-)millimeter source
play an important role in the cosmic SFRD in the high redshift universe, but in these studies their real
contribution to the cosmic SFRD is still uncertain because of the lack of redshift information.

Multi-wavelength analysis of ALMA-detected (sub-)millimeter faint sources, which based on the



cross-matching of the ALMA-detected sources and optical/near-IR selected sources with reliable photo-
metric redshifts and stellar-mass estimates, enable us to resolve as well as their contribution to the cosmic
SFRD and their star-forming properties (e.g., da Cunha et al., 2015; Tadaki et al., 2015; Yamaguchi et al.,
2016; Aravena et al., 2016b; Bouwens et al., 2016; Dunlop et al., 2017; Franco et al., 2018). These studies
suggest that the ALMA-detected faint (sub-)millimeter sources mainly lie on the high-mass end of the
main-sequence of star formation galaxies at z ~ 1-4 (the specific SFRs, the stellar masses divided by
SFRs, ~ 107°—1078 yr~!), and they are dominant contributors to the cosmic SFRD at z ~ 2—4. Despite
these progress, current studies are still affected by the cosmic variance uncertainty because these ALMA
studies are based on targeted or small-area (i.e., < a few arcmin?) observations, except for the GOODS-
ALMA survey by Franco et al. (2018). The GOODS-ALMA survey observed a ~ 69 arcmin?® area in
the GOODS-S field; however, their source detection rate is small due to their sensitivity (¢ >~ 0.18 mJy
beam~! at 1.1 mm). Therefore, wide, deep, and contiguous observations using ALMA are essential for
studying the evolution of the dust-obscured star formation activities in the universe.

In addition to the direct observations of (sub-)millimeter populations, the estimating of IR luminosity
of a galaxy from its UV luminosity using the IR excess or IRX, defined as a ratio of IR luminosity to
UV luminosity (Lir/Lyv) is one of the other ways to constrain the cosmic IR SFRD at high redshift.
The relation between the IRXs and physical parameters of galaxies have been studied. For example, a
tight correlation between the stellar masses and the IRXs has been proposed (IRXs of galaxies increase
significantly with their stellar masses; e.g., Bouwens et al. 2016; Fudamoto et al. 2017; Koprowski et al.
2018), mainly based on the rest-frame-UV-selected galaxies such as LBGs. Indeed, recent ALMA studies
of stellar mass-selected galaxies report that ALMA detected sources, which show large IRX values, tend
to preferentially have large stellar masses (M, > 10'% M; Tadaki et al. 2015; Hatsukade et al. 2015;
Aravena et al. 2016b; Bouwens et al. 2016; Dunlop et al. 2017). However, it is not entirely clear if the
stellar mass is the unique parameter to predict IRXs in galaxies, and whether such a trend can be applicable
to other types of galaxies such as rest-frame-optical-selected galaxies. It is also intriguing to see if there
are low-mass galaxies with an elevated IRX or high-mass galaxies with a low IRX. Indeed, Faisst et al.

(2017) suggest that different dust properties make the relation between IRXs and UV-slope (f;y) of
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Figure 1.4 Schematic of different population of galaxies on the IRX-f, plane (refereed from Figure 14
of Faisst et al., 2017).

galaxies more complex (see Figure 1.4), which can affect the IRX-M, relation of galaxies. Currently,
the number of galaxies with both stellar-mass and IRX measurements using ALMA is still insufficient to
address these questions.

Some of these ALMA observations also report that there are ALMA-detected faint (sub-)millimeter
sources which are not well characterized by such a cross-matching technique, i.e., faint (sub-)millimeter
sources without significant counterparts at optical/near-IR wavelengths (e.g., Fujimoto et al., 2016; Ya-
maguchi et al., 2016; Franco et al., 2018). The existence of optical/near-IR-dark faint (sub-)millimeter
sources have already reported by using pre-ALMA interferometers (e.g., Yun et al., 2008; Wang et al.,
2009; Tamura et al., 2010). In the ALMA era, Simpson et al. (2014) found that a significant fraction (17
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WEC3/F160W  HAWK-I/Ks IRAC3.6 um IRAC4.5 um ALMA Band 6 ALMA Band 3 JVLA 6 GHz

@
&

Figure 1.5 Multi-wavelength view of a near-IR-faint SMG, SXDF-ALMAZ3, reported in Yamaguchi et al.
(2016). From left to right, the HST WFC3/F160W, the VLT HAWK-I/K;, the Spitzer IRAC/3.6 um, the
Spitzer IRAC/4.5 um, the ALMA 1.1 mm, the ALMA 3.0 mm, and the JVLA 6 GHz image (5" x 5").
The red solid line is the 5o contour at the ALMA 1.1mm. The cyan marks indicate the synthesized beam
size of ALMA Band 6, ALMA Band 3, and JVLA 6 GHz data.

out of 96) of the bright ALMA sources detected by ALESS are too faint in the optical/near-IR bands to
obtain reliable constraints on their photometric redshift, arguing that such “near-IR-faint” SMGs tend to
lie at higher redshift than the typical SMGs based on the Herschel stacking. Similarly, ALMA follow-up
observations of SCUBA2-selected SMGs in UDS revealed that 4 bright ALMA sources out of 23 does
not have significant near-IR counterparts (Simpson et al., 2015). And in fact, such trend extends to the
faint (sub-)millimeter galaxies purely selected by ALMA. For instance, Fujimoto et al. (2016) suggest
that ~ 40% of faint ALMA sources (S1.2mm = 0.02—1 mJy) uncovered in the ALMA archival images
of various fields (the total coverage is ~9 arcmin?) have no counterparts at optical/near-IR wavelengths
(the 50 limiting magnitude of ~ 27-28 mag at optical wavelengths and ~ 25-26 mag at near-IR wave-
lengths in the AB system). Yamaguchi et al. (2016) find that one out of five ALMA sources detected by
the SXDF-ALMA survey are faint at H-band (~ 25.3 mag in the AB system) and not detected at wave-
lengths shorter than ~ 1.3 um (Figure 1.5). All these studies strongly motivate us to conduct a systematic
search for near-IR-dark faint (sub-)millimeter galaxies in the fields where the deepest near-IR images to
date are available. If these populations of galaxies lie at high redshift, they can be make a big impact on

the cosmic SFRD at high redshift.
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1.3 Scope of this thesis on ALMA continuum sources

As we introduce in Section 1.2.3, the ALMA-detected faint (sub-)millimeter sources seem to play
a significant role in the cosmic SFRD. However, their quantitative contribution to the cosmic SFRD as
a function of redshift and the differences between ALMA detected and non-detected sources are still
uncertain because of the cosmic variance and a limited number of samples. Therefore, in this thesis, we
present the results of multi-wavelength analysis of 1.2 mm continuum sources detected by the deep and
wide-field (~ 26 arcmin®) ALMA survey. We separate the ALMA detected continuum sources into two
populations; one is the ALMA detected sources with near-IR counterparts and the other is the near-IR-
dark ALMA sources. In following chapters, we discuss the physical properties of each populations and

their contributions to the cosmic SFRD.

1.4 Emission lines at millimeter/sub-millimeter wavelengths

In addition to the deep, wide, and contiguous observations using ALMA, one of the promising ways
to study the cosmic star formation history is to observe (sub-)millimeter emission lines. As we introduce
in section 1.1, the molecular gas content of galaxies can be observed via CO rotational transition lines
(e.g., Solomon et al., 1987; Tacconi et al., 2013; Carilli & Walter, 2013, and references therein). The
molecular gas mass of galaxies is one of the fundamental properties to understand the galaxy evolution
and the cause of the cosmic star formation history. This is because the galaxy evolution is governed by
the cycle of molecular gases exchanging between a galaxy and surrounding gases (e.g., Bouché et al.,
2010; Davé et al., 2012) and the molecular phase of the interstellar medium is considered to be the fuel
for star formation activities (Carilli & Walter, 2013). Furthermore, the [C11] 2P 2 ’p, /2 fine-structure
transition line at 1900.5 GHz (157.74 um), which is redshfted to (sub-)millimeter wavelengths at z ~
4-6 is expected to be a tracer of dust-obscured star formation in local to distant galaxies and one of the
brightest fine-structure transition lines at far-IR wavelengths (e.g., De Looze et al., 2011, 2014; Smail

et al., 2011; Sargsyan et al., 2012, 2014).

12
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Figure 1.6 Left) The constraints on the individual Schechter parameters of the luminosity function. Right)
The constrained CO(1-0) luminosity function at z ~ 3 (Reffered from Figure 8 of Keating et al. 2016).

1.4.1 Observations of millimeter/sub-millimeter emission lines

Because of their importance for the galaxy evolution and the cosmic star formation history, obser-
vations of (sub-)millimeter emission lines have been performed toward local and high-redshift galaxies.
For example, Tacconi et al. (2013) observed the CO(3-2) transition line from main-sequence star-forming
galaxies at z ~ 1.2 and 2.2 using the IRAM Plateau de Bure millimeter Interferometer (PdBI; Guilloteau
etal., 1992). They found that molecular gas mass fractions? of galaxies dropped with their stellar masses
and correlated strongly with specific SFRs. Tacconi et al. (2018) compiled CO observations for main
sequence star forming galaxies at z ~ 1-4 and suggested that the ratio of molecular gas mass to stellar
mass depended on redshift and it tracked the evolution of the specific SFRs. As for [Ci1] observations,
Walter et al. (2012) detected the [Ci1] line from the bright SMGs (HDF 850.1) at z ~ 5.2. Capak et al.
(2015) observed the [C11] emission from LAEs and LBGs at z ~ 56 and suggested that the [Cir] emis-

sion is enhanced relative to the far-IR continuum emission at high redshift. In these cases, however, the

“Molecular gas mass fractions, fy,s is defined as fous = Mas/(Mgas + M.,).
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selection is based on the star formation properties or stellar mass of a given galaxy. In other words, they
are pre-selected by optical, near-IR, or (sub-)millimeter wavelengths.

Based on the above reasons, constraining the luminosity functions of (sub-)millimeter line emitters
viaunbiased (sub-)millimeter line emitter surveys is necessary in order to unveil the cosmic star formation
history. The “line intensity mapping” technique is one of the useful ways to constrain (sub-)millimeter
line luminosity functions blindly. Keating et al. (2016) applied the technique to galaxies at z ~ 3 with
the Sunyaev—Zel’dovich Array (Muchovej et al., 2007) and constrained the CO(1-0) luminosity function
(Figure 1.6). Serra et al. (2016) simulated three-dimensional power spectra of [Cir] emission line fluc-
tuations at z > 4 for upcoming spectroscopic surveys. On the other hand individual properties of line
emitters have remained unexpected so far, because the emission from a multitude of galaxies over a wide

range of line luminosities are integrated in this line intensity mapping technique.

1.4.2 Unbiased line emitter searches at millimeter/sub-millimeter wavelengths

The development of observational instruments such as the IRAM PdBI, or Northern Extended Mil-
limeter Array, and ALMA make unbiased (sub-)millimeter line emitter searches feasible. Walter et al.
(2014) and Decarli et al. (2014) tried to detect CO line emitters blindly using the PdBI, but there was no
significant detections because of the lack of the sensitivity and/or bandwidth. In the ALMA era, Walter
et al. (2016) performed the large unbiased millimeter line emitter survey named ASPECS. Using the AS-
PECS data, Decarli et al. (2016) putted constraint on CO luminosity functions at z ~ 0.5-3.8 (Figure 1.7)
and Aravena et al. (2016b) constrained the [Cir] luminosity function at z ~ 6. However, such line emitter
searches based on spectroscopic scan observations (i.e., the observed frequency range > several tens of
gigahertz) can often be expensive in terms of total observation time. For example, the total observation
time of the ASPECS was ~ 40 hours to cover only ~ 1 arcmin?.

The advent of the ALMA sensitivity and bandwidth, some serendipitous detections of (sub-)millimeter
line emitters have been reported. Swinbank et al. (2012) detected the [C11] emission from 2 ALESS SMGs
at z = 4.42 and 4.44 serendipitously. Tamura et al. (2014) reported the serendipitous detection of a mil-

limeter line emitter behind the nearby merging galaxies VV114. Hayatsu et al. (2017) found serendipitous

14
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Figure 1.7 CO(1-0) luminosity functions at z ~ 0.5-3.8. Orange boxes indicate constraints from the
ASPECS. The observed CO(1-—0) luminosity functions of local galaxies by Keres et al. (2003) and Boselli
et al. (2014) are shown as red circles and orange diamonds in the first panel, respectively, and as gray
points for comparison in all the other panels. The yellow shaded region indicate constraints from the
intensity mapping by Keating et al. (2016). The cyan boxes are constraints from the 3 mm scan with
PdBI by Walter et al. (2014). Green, and blue solid lines indicate predictions from semi-analytical models
obtained by Popping etal. (2016) and Lagos etal. (2012), respectively, The orange solid line is a constraint
from empirical predictions by Vallini et al. (2016). This figure is refereed from Figure 5 of Decarli et al.
2016.

4 millimeter line emitter using their continuum observation data in SSA22 Field. In addition, some stud-
ies have tried to constrain (sub-)millimeter line luminosity functions using rich ALMA archival data (e.g.,
Matsuda et al., 2015; Miller et al., 2016). Therefore, using ALMA archival data seems to be one of the

useful way to constrain (sub-)millimeter line luminosity functions.

1.5 Scope of this thesis on millimeter line emitter searches

In this thesis, we constrain CO and [Ci1] luminosity functions by a blind millimeter line emitter
search using ALMA Band 6 data toward four gravitational lensing clusters. The data is obtained by not

only our observations but also ALMA archive data. Although, previous studies using the ASPECS data
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constrained CO and [Cir] luminosity functions at various redshifts (e.g., Decarli et al., 2016; Aravena
et al., 2016a, see also Figure 1.7), our study can put constraints on CO and [Cir] luminosity functions at
unprecedentedly low luminosity level because of the magnification effect of gravitational lensing clusters.
This study can demonstrate that the wide observations with a single frequency tuning toward gravitational

lensing clusters are promising for constraining the CO and [Ci1] luminosity functions.

1.6 Structure of this thesis

This thesis is structured as follows. In Chapter 1, we have introduced backgrounds of this study and
scope of the thesis. In Chapter 2 we explain about our deep and wide ALMA continuum observations and
multi-wavelength images which are used in the ALMA continuum study. Next, we present our results
of multi-wavelength analysis of ALMA continuum sources with K-band counterparts in Chapter 3 and
ALMA continuum sources without K-band counterparts in Chapter 4. Then, we show our results of a

blind millimeter line emitter search in Chapter 5. Chapter 6 is the summary of this thesis.

Throughout this thesis, we assume a A cold dark matter cosmology with Qy = 0.3, Q = 0.7, and
Hy =70 km s~! Mpc~!. All magnitude are given according to the AB system. We adopt the Chabrier
Initial Mass Function (IMF; Chabrier, 2003) when necessary to compute the stellar masses and SFRs in

galaxies in this thesis.
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ALMA & multi-wavelength images

In this chapter, we summarize multi-wavelength images which we use in this thesis. In addition to ALMA
band 6 data, we use UV to radio data to estimate multi-wavelength properties of ALMA continuum

sources.

2.1 ALMA observations & data analysis

In this section, we explain about the ALMA data obtained by our survey named ALMA twenty-Six
Arcmin? survey of GOODS-S At One-millimeter (ASAGAO; Project ID: 2015.1.00098.S, PI: K. Kohno).

17



2.1.1 Observation area & ALMA observations

ASAGAO observations were performed toward the Great Observation Origins Deep Survey-South
field (GOODS-S field; Dickinson et al., 2003). The GOODS-S field is one of the legacy fields where
deep multi-wavelengths survey have been performed. Deep multi-wavelength images in the GOODS-S
field are useful to obtain physical properties of ALMA detected sources. ASAGAO observation area
centered at (R.A., Dec.) = (53.1608 deg, —27.7833 deg). The area was covered by a ~ 5’ x 5" square
(the red square in Figure 2.1). As shown in Figure 2.1, the GOODS-S field has been also observed by
some ALMA surveys (e.g., Walter et al., 2016; Aravena et al., 2016b; Dunlop et al., 2017; Franco et al.,
2018).

The details of ASAGAO observations are explained in ASAGAO related papers (e.g., Hatsukade
etal.,, 2018; Ueda et al., 2018; Fujimoto et al., 2018). Here, we give the brief summary of the ASAGAO
observations. The ALMA observations were carried out in September 02-29, 2016 as part of an ALMA
Cycle 3 program. The 26 arcmin’? map of ASAGAO field was covered by ~ 90 x 9 pointings of ALMA
with Nyquist sampling. We put 2 frequency tunings to cover a wider frequency range. The center fre-
quency (wavelength) of each frequency tuning was 262.56 GHz (1.14 mm) and 253.56 GHz (1.18 mm),
respectively. We utilized the Time Division Mode (TDM), which is mostly used for continuum observa-
tions. Four basebands were used for each tuning, and a spectral window was placed of each baseband
with a bandwidth of 2 GHz (15.625 MHz x 128 channels), providing a total nominal bandwidth of 16
GHz or an effective bandwidth of 15 GHz, centered at 258.6 GHz (1.16 mm). For observations, 3845
antennas were employed, and the array was the C40-6 array configuration, which had minimum and max-
imum baseline of 1770 m and 3247 m, respectively. This configuration yielded a synthesized beam of
0”.21 x 0”.17 with a position angle of —77° in a naturally weighted map (see Section 2.1.2 for details
about imaging). The total observation time was 45 hours and the on-source integration time was 29 hours.
Quasars, J0522—-3627, J0238+4-1636, and J0334—4008 were used as bandpass calibrators, and the phase
calibrator was J0348—2749. The flux was calibrated using J0334—4008 and J2357—5311.

18
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Figure 2.1 ASAGAO observation area. The ASAGAO observed area is sown as the red square. The
green, orange, and magenta enclosed region indicates the ALMA observed region obtained by ASPECS
(Walter et al., 2016; Aravena et al., 2016b), HUDF (Dunlop et al., 2017), and GOODS-ALMA (Franco
et al., 2018), respectively. The background image is the HST/WFC3 F160W image.

19



2.1.2 ALMA data analysis

Here, we summarize our data analysis (see also Hatsukade et al., 2018, for details). The ALMA
data were reduced with the Common Astronomy Software Applications package (CASA; McMullin et al.,
2007) version 5.1.1, but calibration was done with the ALMA Science Pipeline Software of CASA version
4.7.2. The map were processed with the CLEAN algorithm (Hogbom, 1974) with the task tclean of CASA
version 5.1.1. We adopted natural weighting!. Clean boxes were placed when a component with a peak
S/N > 5 is identified, and cleaned down to a 2o level. The obtained map reached a synthesized beam
of 0”.21 x 0”.17 with a position angle of —77° and the typical noise level of ¢ ~ 50 uJy beam~!. We
also adopted a uv-taper of 250 kA to improve the surface brightness sensitivity, which gives a synthesized
beam of 0”.51 x 0”.45 with a position angle of 81°.

In addition to our ASAGAO data, we also included ALMA archival data of the same field obtained
by HUDF survey (Project ID: 2012.1.00173.S, PI: J. S. Dunlop; Dunlop et al., 2017) and GOODS-ALMA
survey (Project ID: 2015.1.00543, PI: D. Elbaz; Franco et al., 2018) to improve the sensitivity. Although
ASPECS (Walter et al., 2016; Aravena et al., 2016b) also observed the same region (see Figure 2.1), we
did not include their data set. This is because its synthesized beam size (1”68 x 0”.92) is largely different
from those of the others (< 0”.5). Finally, our ASAGAO final map reached a level of ¢ ~ 30 uJy beam ™!
at the central ~ 4 arcmin” and ~ 70 um beam ™! at the remaining area with the synthesized beam of 0”.59
x 0”.53 (position angle = —83°). The ALMA final map and its primary beam coverage are shown in

Figure 2.2.

2.1.3 ALMA source identifications

We used the source-finding algorithm of AEGEAN (Hancock et al., 2012, 2018) for ASAGAO source

identifications. AEGEAN uses a curvature image derived by a Laplacian transformation of the input im-

I'The visibility surface density of (u, v)-plane for low-spatial-frequency components is higher than that of high-
spatial-frequency components. In natural weighting, density weighting factors for all spatial-frequency components
are unity. Therefore, side-lobe level becomes low (i.e., the sensitivity is high) at the expense of spatial resolution
(e.g., Thompson et al., 2017).
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Figure 2.3 The cumulative number of positive and negative sources as a function of S/N. The red his-
togram indicate the positive source and the black hatched histogram denotes negative sources.

age. Thanks to the curvature image, AEGEAN can determine the number of compact components (see
Hancock et al., 2012, for details). AEGEAN can achieve high reliability and completeness performance
for radio maps. We adopt the S/N threshold of 3.5 learned from previous studies on faint (sub-)millimeter
sources by ALMA (e.g., Aravena et al., 2016b; Dunlop et al., 2017). Note that we only extracted ALMA
continuum source candidates within the area covered by ASAGAO (i.e., the red enclosed region in Figure
2.2). Finally, we extracted 598 ALMA continuum source candidates with S/N > 3.5.

In Figure 2.3, we show the cumulative number of positive and negative sources detected by ASAGAO
as a function of their peak S/N. As shown in Figure 2.3, the initial 598 ALMA continuum sources can-
didates may contain a significant number of spurious sources, especially for S/N < 4.5. To avoid con-
tamination of spurious sources, these sources candidates were cross-matched against the K-band selected

sources. The details of our cross-matching strategy is explained in Section 3.1.1.
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Figure 2.4 Normalized transmission corresponding to the ForStar medium-band filters and ancillary
filters (refered from Figure 1 of Straatman et al., 2016).

2.2 Multi-wavelength images

In this section, we introduce multi-wavelength images which are used to investigate physical proper-

ties (e.g., stellar masses or SFRs) of ASAGAO sources in Chapter 3 and Chapter 4.

2.2.1 ZFOURGE data

We used the K-band selected source catalog obtained by the FourStar galaxy evolution survey (ZFOU-
RGE; Straatman et al., 2016)?. The ZFOURGE is a large program with the FourStar near-IR camera
(Persson et al., 2013) on the Magellan Baade Telescope. The FourStar has 6 medium-band filters; J;, J3,
J3, H, H;, and K. The 5o limiting magnitude of each band in the Chandra Deep Field South (CDFS)
is 25.6, 25.5, 25.5, 24.9, 25.0, and 24.8 mag for Jy, J», J3, Hy, H;, and K;-band, respectively (Straatman
et al.,, 2016). The ZFOURGE catalog contains 30,911 K-band selected galaxies over 128 arcmin? in the
CDFS, which fully includes the ASAGAO field, with 5¢ limiting magnitude of K; = 26.0 and 26.3 mag
at the 80% and 50% completeness levels (with masking), respectively.

In addition to the FourStar data, the ZFOURGE compile 34 filters from UV to near-IR wavelengths
into their catalog (i.e., 40 filters in total; Straatman et al., 2016). In ECDF, they include the Very Large
Telescope (VLT)/Visible Multi-Object Spectrograph (VIMOS; Le Fevre et al., 2003)/U, R-imaging (Non-
ino etal., 2009), Hubble Space Telescope (HST)/Advanced Camera for Survey (ACS; Ford et al., 1998)/B,

2The ZFOURGE catalog is available at http://zfourge.tamu.edu/.
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V, I, Z-imaging (Giavalisco et al., 2004; Wuyts et al., 2008), ESO/MPG/Wide Field Image (WFI; Baade
et al., 1999)/Usg, V, R.-imaging (Erben et al., 2005; Hildebrandt et al., 2006), HST/Wide Field Cam-
era 3 (WFC3; Kimble et al., 2008)/F098M, F105W, FI125W, FI140W, F160W and HST/ACS/F606W,
F814W-imaging (Grogin et al., 2011; Koekemoer et al., 2011; Windhorst et al., 2011; Brammer et al.,
2011), 11 Subaru/Suprime-Cam (Miyazaki et al., 2002) optical medium bands (Cardamone et al., 2010),
Canada France Hawaii Telescope (CFHT)/Wide-field InfraRed Camera (WIRCam; Puget et al., 2004)/K-
imaging (Hsieh et al., 2012), VLT/Infrared Spectrometer And Array Camera (ISAAC; Moorwood et al.,
1999)/K-image (Retzlaff et al., 2010), VLT/High Acuity Wide field K-band Imager (HAWK-I; Kissler-
Patig et al., 2008)/K-imaging (Fontana et al., 2014), and Spitzer/InfraRed Array Camera (IRAC; Fazio
et al., 2004)/3.6, 4.5, 5.8, 8.0 um-image (Dickinson et al., 2003; Labbé¢ et al., 2015). In Figure 2.4, we

show normalized transmission of filters which are explaned in this section.

2.2.2  Mid-IR to radio data

Spitzer/MIPS
The Spitzer/Multiband Imaging Photometer for the Spizter (MIPS; Ricke et al., 2004)/24 um image
is obtained by Dickinson & FIDEL Team (2007). The image reahes a 1o noise level of 3.9 wuJy.

Herschel/PACS
The Herschel/Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al., 2010)/100 and
160 um images are obtained by the PACS Evolutionary Probe (PEP) survey (Magnelli et al., 2013) and

reach a 1o sensitivity of 205 and 354 uJy at 100 and 160 um, respectively.

Herschel/SPIRE

The Herschel/SPIRE/250, 350, and 500 ym images are taken as a part of the Herschel Multi-tiered
Extragalactic Survey (HerMES; Oliver et al., 2012). In CDFS, the final combined map reaches a lo
sensitivity of 1.6, 1.3, and 1.9 mJy at 250, 350, and 500 um, respectively.
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JVLA
The Karl G. Jansky Very Large Array (JVLA)/6 GHz image is obtained by Rujopakarn et al., (in
preparation). The image reaches a 1o noise level of 3.5 uJy beam™! with a synthesized beam of 0”.61 x

0”.30 (position angle of —3.4°).

2.2.3 X-ray data

The Chandra X-ray Observatory (Cahndra; Weisskopf et al., 2000) X-ray images are taken by the
CDFS survey by Luo et al. (2017) at 0.5-7.0, 0.5-2.0, and 2—7 keV band. The sensitivity limit of the
Chandra data reaches ~ (2-8) x 1077 ergcm™2 s~ at 0.5-7 keV.
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Millimeter properties of K-selected galaxies

In this chapter, we make use of the ASAGAO to probe dust-ensured star formation in K-band selected
(i.e., stellar mass selected) galaxies, which are drawn from the ZFOURGE catalog. As shown in Figure
2.3, the initial ASAGAO continuum sources candidates with S/N > 3.5 contain a number of spurious
detections. Therefore, we use K-band selected sources as a prior to exclude false detections. Although
Bouwens et al. (2016) consider a S/N threshold of 2.0 to search for ALMA counterparts of LBGs, we
adopt a more conservative threshold of S/N = 3.5 learned from previous studies on ALMA-detected faint
(sub-)millimeter sources with optical/near-IR counterparts (e.g., Aravena et al., 2016b; Dunlop et al.,

2017), as explained in Section 2.1.3.
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3.1 ALMA counterparts of ZFOURGE sources

3.1.1 Cross-matching ZFOURGE sources with ASAGAO sources

We measure ALMA flux densities of ZFOURGE sources, after correcting for a systematic offset
between ZFOURGE coordinates and ALMA coordinates (—0”.086 in right ascension and +07.282 in
declination), which is calibrated by the positions of stars in the Gaia Data Release 1 catalog (Gaia Col-
laboration et al., 2016) within the ASAGAO field.

In this study, we allow the positional offsets between ZFOURGE position and ALMA positions of
less than 0”.5 for point-like ZFOURGE sources, which is comparable with the synthesized beam of the
final ALMA map. Considering the number of ZFOURGE sources within the ASAGAO field (~ 3,000),
the likelihood of random coincidence is estimated to be 0.03 (this likelihood is often called the p-value;

Downes et al., 1986). The p-value is defined as the following equation;

p=1—exp (—ﬂ’Aoffset|2nsource) ) (.1

where Agffset and #gource 1S the positional separation between ZFOURGE sources and ASAGAO sources
and the source density of ZFOURGE sources, respectively. In the case that a counterpart is largely ex-
tended (e.g., ID1; see figures in Appendix A), we allow a larger positional offset, up to half-light radius
of K;-band emission. We exclude ZFOURGE sources with “use flag = 0” (e.g., sources with low S/N at
K-band or catastrophic SED fits; see Straatman et al., 2016, for details) in order to prevent mismatching.
When we apply the same procedure to the negative values of the ALMA map, we find that 10 nega-
tive sources with an S/N ~ —3.5——4.0 show chance coincidence and no negative sources with S/N <
—4.0 show chance coincidence with ZFOURGE sources. This coincidence rate is comparable with the
estimated value by Casey et al. (2018).

Flux measurements in the ALMA map were performed at the position of ZFOURGE sources consid-
ering positional offset as explained above. We consider the flux-boosting effect by calculating the ratio

between input and output integrated flux densities of inserted 30,000 artificial sources into the signal map
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Figure 3.1 ASAGAO sources positions. The green symbols indicate an 66 ASAGAO continuum sources
with K-band counterparts. The red enclosed region indicate the observed area by ASAGAO. The orange
shaded region indicates observed area by HUDF Dunlop et al. (2017). See also Figure 2.3 in Section
2.1.2.

(see Hatsukade et al., 2018, for details). The effect of flux boosting for the sources with S/N > 3.5 is ~
20%.

Finally, we identify 66 ZFOURGE sources that have ALMA counterparts (hereafter, we define them
as ASAGAO sources). In Table 3.1, we summarize these ASAGAO sources in order of ALMA peak
S/N. As shown in Table 3.1, some ASAGAO sources show larger p-value than the traditional threshold
of p < 0.05 (e.g., Biggs et al., 2011; Casey et al., 2013). Although such ASAGAO sources can be
chance coincidences and should be treated carefully in following discussions, this does not affect the
conclusions of this study significantly. We show the positions of ASAGAO sources and their multi-

wavelength postage stamps in Figure 3.1 and Appendix A, respectively. Note that all ALMA flux densities
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Figure 3.2 Flux-density distribution of ASAGAO sources (red-shaded region). The flux-density dis-
tributions of other ALMA continuum source with optical/near-IR counterparts in ALESS (Hodge et al.,
2013), HUDF (Aravena et al., 2016b; Dunlop et al., 2017), and GOODS-S (Franco et al., 2018) are also
shown.

presented in Table 3.1 are de-boosted.

Uedaetal. (2018) and Fujimoto et al. (2018) also use ASAGAO data. In the tables of Appendix B, we
present the correspondence of their ID to ASAGAO ID, which is presented in this thesis. The GOODS-S
field is also observed with AZTEC/ASTE at 1.1 mm (Scott et al., 2010; Yun et al., 2012). Two AzTEC
sources are located within the ASAGAO region and detected as four ASAGAO sources (ASAGAO ID1,
4, 6, and 14; see Hatsukade et al., 2018). We also cross-matched the ASAGAO sources with 1.3 mm
sources of HUDF (Dunlop et al., 2017), 1.1 mm sources of GOODS-ALMA (Franco et al., 2018), 1.2
mm sources of ASPECS (Aravena et al., 2016b), and 870 um sources obtained by Cowie et al. (2018).

The results of cross-matching are presented in Appendix B.
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3.1.2  Observed flux density at 1.2 mm

In Figure 3.2, we plot the histogram of observed flux densities of ASAGAO sources at 1.2 mm.
As a comparison, we also show the histograms of observed flux densities obtained by ALESS (Hodge
etal., 2013; da Cunha et al., 2015), HUDF (Dunlop et al., 2017), GOODS-ALMA (Franco et al., 2018),
and ASPECS (Aravena et al., 2016b). Note that ALESS sources, HUDF sources, and GOODS-ALMA
sources were observed at 870 um, 1.3 mm, and 1.1 mm, respectively. Therefore, we converted these flux
densities to 1.2-mm flux densities with the assumption of a modified blackbody with a dust emissivity
index of 1.5 and dust temperature of 35 K [for example, Si .2 mm/S870 um = 0.44, S12 mm/S1.3 mm = 1.26,
and S12 mm/S1.1 mm = 0.79 atz=2.83,2.04, and 2.54 (median redshifts of ALESS, HUDF, and GOODS-
ALMA sources)].

Figure 3.2 shows that ASAGAO sources tend to have the fainter flux densities (S1.2 mm < 1 mJy) than

most of the ALESS sources (S1.2 mm =

~

1 mly). Although recent ALMA contiguous surveys focusing on
stellar mass selected sources (e.g., Aravena et al., 2016b; Dunlop et al., 2017; Franco et al., 2018) also
suggest that their samples tend to have the flux densities of S12 mm < 1 mJy, we provide the largest

~

number of stellar mass selected sources with 1.2 mm flux densities.

3.1.3 The redshift distribution of ASAGAO sources

Straatman et al. (2016) estimate photometric redshifts of the ZFOURGE sources using the optical to
near-IR SED fitting code EAZY constructed by Brammer et al. (2008). EAZY uses the least y> method
in conjunction with the Bayesian technique. In the least y> method, the best fit photometric redshift is

defined as the redshift which minimizes the y*(z) defined by the following equation;

Nfilter 2
Fovsi — aFtemp i(Z)
Z) — , ’ , (3.2)
Xz( ) ; |: 5F0bs,i

where ngje; is the number of filters and Fps ;, Fiemp,i» and 6F ops ; is the observed flux density, the template

flux density, and the observed flux error at the i-th filter, respectively. The normalization parameter is
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defined as . In addition to the least y*> method, EAZY makes use of the Bayesian technique considering a
prior p(z|myg). The prior is the probability that an object with apparent magnitude m locates at a redshift

z, and defined as

p(zlmo ;) o 2V exp|—(z/z0.:)"]. (3.3)

Here, y; and z( ; are fitting parameters for the redshift distributions in each magnitude bin, m ; (Brammer
et al., 2008). Straatman et al. (2016) uses a K-band luminosity prior to estimate photometric redshifts of
ZFOURGE sources. The prior is estimated by a semi-analytic model by Brammer et al. (2008) with ~

10% galaxy samples. The posterior distribution p(z|mq, C) is expressed by following equation;

p(zmo, C) o p(z|C)p(z|m), (3.4)

where p(z|C) = exp[—x*(z)/2]. In EAZY, a confidence interval, [z, zyp], for a confidence level a (0 < a

< 1) is calculate by

1 _ Zlo
a :/ p(z|Cymy)dz, (3.5)
0

I —a _/ p(z|C, mo)dz. (3.6)

Here, 1, 2, and 30 confidence limits are calculated by a = 0.683, 0.9954, and 0.9997, respectively. Here-
after, we adopt 1o confidence limits.

As described in Section 2.2.1, Straatman et al. (2016) use 40 filters for SED fitting using EAZY.
Some ZFOURGE sources have spectroscopic redshifts presented by Skelton et al. (2014). Although the
ASAGAOID 21 has “useflag = 0” in Straatman et al. (2016), we assume this sources as a real counterpart,
because it has a spectroscopic redshift obtained by Wisnioski et al. (2015). Also one of the ASAGAO
sources, ASAGAO ID26, has an extremely large photometric redshift (z = 9.354), which is apparently
caused by a incorrect SED fitting. On the other hand, Luo et al. (2017) present its photometric redshift

as z=2.14! and this is the value we use. Some sources are also observed by Inami et al. (2017) with the

IThis value is obtained by the SED fitting of Hsu et al. (2014)
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Figure 3.3 Normalized redshift distribution of the 66 ASAGAO sources with ZFOURGE counterparts
(red-shaded region). The green dashed line, magenta dot-dashed line, and black dotted line indicate
redshift distribution of ALESS sources (da Cunha et al., 2015), ALMA selected sources (Dunlop et al.,
2017), and ZFOURGE sources within ASAGAO field (Straatman et al., 2016), respectively.

Multi Unit Spectroscopic Explorer (MUSE; Bacon et al., 2010). We use the spectroscopic redshifts of
Inami et al. (2017) for ASAGAO sources that are detected by MUSE. In Table 3.1, we show photometric
and spectroscopic redshifts of ZFOURGE sources.

As shown in Table 3.2, some ASAGAO sources have X-ray counterparts obtained by the CDFS sur-
vey (Luo et al., 2017). Therefore, some ASAGAO sources appear to have active galactic nuclei (AGNs).
However, Cowley et al. (2016) suggest that photometric redshifts estimated by ZFOURGE are appropri-
ate for AGNs because of the benefits of medium-band filters. We also have to note that the EAZY adopts
K-luminosity priors, but it does not affect our results significantly. Indeed, Simpson et al. (2017) esti-
mate the photometric redshifts of ALMA detected sources that there are no any bias in the photometric

redshifts. They also show that the EAZY have demonstrated good agreement between the photometric
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and spectroscopic redshifts of SMGs.

Figure 3.3 shows the redshift distribution of ASAGAO sources. As a comparison, we also plot the
results of ALESS (da Cunha et al., 2015), ALMA detected sources with rest-frame optical/near-IR coun-
terparts obtained by HUDF (Dunlop et al., 2017), and ALMA non-detected ZFOURGE sources within
the ASAGAO field (Straatman et al., 2016). The median redshift of 66 ASAGAO sources is estimated
t0 be Zmedian = 1.77 £ 0.232. Although this median redshift is similar to that in Dunlop et al. (2017,
Zmedian = 2.04 £ 0.29), it is lower than that of ALESS (zmedian = 2.83 &£ 0.22; da Cunha et al., 2015).

Many previous studies on “classical” SMGs (S1.2 mm =, @ few mJy), including ALESS, report that
median redshifts of “classical” SMGs are z ~ 2.1-3.1, with a putative tail extending out to z ~ 6 (e.g.,
Chapman et al., 2005; Simpson et al., 2014; da Cunha et al., 2015; Strandet et al., 2016). On the other
hand, Aravena et al. (2016b) suggest that their faint ALMA sources with optical/near-IR counterparts
(S1.2 mm ~ 50-500 tJy) reside in a lower redshift range than “classical” SMGs, although they only have
small samples. The redshift distribution of ASAGAO sources (S12 mm < 1 mJy) is consistent with their
results. Although we have to note that the difference of redshift distributions between (sub-)millimeter
bright and faint sources can be caused by our sample selection (completeness of optical/near-IR sur-
veys drop significantly at high redshift), the difference is consistent with phenomenological models by
Béthermin et al. (2015), which suggest that the median redshift of (sub-)millimeter sources declines with
decreasing flux densities. According to Koprowski et al. (2017), the fact that lower redshift sources tend
to have lower (sub-)millimeter flux densities can be a direct consequence of the redshift evolution of the

IR luminosity function.

2The median redshift of ALMA non-detected ZFOURGE sources iS Zmedian = 1.45 + 0.04.
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Table 3.2. ASAGAO sources with the Chandra counterparts

ID ID X-ray ID ID X-ray
(ZFOURGE)  (ASAGAO)  counterpart?  (ZFOURGE) (ASAGAO)  counterpart?

(1) () 3) “) (5) (6)
18658 1 Y 20728 178 -
17856 2 Y 17785 185 -
13086 3 Y 21368 186 -
18645 4 — 21702 188 —
18701 5 Y 15919 196 —
22177 6 Y 12904 210 -
20298 7 - 16977 236 -
19033 8 21193 243 -
21234 9 - 16522 260 Y
18912 10 — 13876 264 Y
21730 11 Y 13269 276 Y
16952 12 - 17959 282 -
17733 13 - 16040 289 Y
18336 14 Y 14901 290 —
15702 15 Y 12682 328 -
19487 16 Y 20008 338 -
12438 18 Y 16562 366 -
14580 19 Y 19915 371 -
22760 21 - 14407 375 -
18270 23 Y 12998 380 -
14146 26 Y 15617 382 —
14419 29 Y 16874 417 -
13714 31 Y 22495 418 -
14122 33 - 17465 424 -
14700 44 - 15768 437 Y
15752 47 — 18476 460 —
20550 98 — 20073 487 -
22905 102 — 18096 497 -
19490 108 Y 18813 502 Y
20394 121 - 18047 505 -
19903 142 — 23130 517 —
20694 146 — 17007 524 Y
12763 167 Y 21317 531 -

Note. — (1) ZFOURGE ID. (2) ASAGAO ID. (3) Based on cross-matching with the
Chandra catalog (Luo et al., 2017);*Y” is assigned if the angular separation between
the ALMA and Chandra sources is less than three times their combined 1o positional
error (see also Ueda et al., 2018). (4) ZFOURGE ID. (5) ASAGAO ID. (6) Based on
cross-matching with the Chandra catalog.
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3.2 SED fitting from optical to millimeter wavelengths

3.2.1 ASAGAO photometry at mid-IR to far-IR wavelengths

In order to investigate the properties of dusty star-formation among ASAGAO sources, we have to
estimate dust-obscured SFRs. Therefore, we compile photometries from mid-IR to far-IR wavelengths in
addition to ZFOURGE photometries and millimeter photometries by ALMA to estimate IR luminosities
accurately. Photometries at Spitzer/MIPS/24 um, Herschel/PACS/100 um, and 160 um are performed by
Straatman et al. (2016) and available at the ZFOURGE website>.

The beam sizes of Herschel/SPIRE bands are large compared with other wavelengths (the mean
FWHM values of 18”.1, 25”.2, and 36”.6 at 250, 350, and 500 um, respectively; Griffin et al., 2010).
Therefore, we estimate de-blended flux densities obtained from de-blended SPIRE images based on the
24 um sources position as a potential prior catalog. We use the de-blended technique in a similar manner
as in Liu et al. (2018). In their methods, they run the SED fitting to predict the flux density of each prior
sources for each band, moving from less to more confused bands. Then, they determine the critical flux
value for choosing an actual prior source list at each band by considering both the number density and
the expected flux density limit. The detail of the de-blending procedure in the ASAGAO field will be
explained by T. Wang et al. (in preparation).

3.2.2 SED fitting by MAGPHYS

In this study, we perform the bayesian-based SED fitting from optical to millimeter wavelengths using
the Multi-wavelength Analysis of Galaxy Physical Properties (MAGPHYS; da Cunha et al., 2008, 2015)*
to estimate the physical properties of the ASAGAO sources. In this code, they compare luminosities of

observed galaxies in all the observed bands with the each model model galaxy. The least x> against the

http://zfourge.tamu.edu/ (see also Section 2.2.1).
*MAGPHYS is available at http://www.iap.fr/magphys/
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Jj-th model is calculated as folloews;

Nobs qus — W X Lr_n_od 2

_ i J i,j

XJZ o Z ( 5°bs ) ’ (.7
i=1 !

where N, 1s the number of observed bands, L?bs and a?bs is the observed luminosity and the observed
uncertainty at the i-th band, and L™°¢ is the estimated luminosity at the i-th band by the j-th model.

Ly

According to da Cunha et al. (2008), w; is the model scaling factor that minimizes )(]2 described by

—1
Nobs 1 obs y mod Nobs / pmod 2
o (B ()] »
i i

i—=1 i=1

Then, the MAGPHYS calculates the probability density functions for physical parameters of galaxies by
weighting the value of that parameter in the j-th model by the probability exp(— ij /2). The MAGPHYS
adopts the median values if the resulting probability density functions as the “best estimates” and the
associated confidence interval to be the 16th—84th percentile range, which corresponds to £ 1o range in
a Gaussian distribution. The more details of SED fitting by MAGPHYS are explained in (da Cunha et al.,
2008).

In this thesis, we adopt the SED templates of Bruzual & Charlot (2003) and the dust extinction
model of Charlot & Fall (2000). In the SED fitting, we fixed the redshift of the ASAGAO sources to the
best-fit photometric redshift or spectroscopic redshift if available (see Table 3.1). Even if we consider
the redshift uncertainties, our conclusions do not change significantly. For example, the changes in the
estimated physical parameters are within ~ 0.3 dex when we consider the relatively large photometric
redshift uncertainties of ID102. Although we consider photometry errors in each band, we do not consider
systematic uncertainties (e.g., absolute flux calibration errors)®, which does not affect our SED fitting
results significantly. For ASAGAO sources at z > 1, we use the MAGPHYS high-z extension version.

This code uses priors which are optimized for IR luminous dusty star-forming galaxies at high redshift

SFor example, according to ALMA Cycle 3 proposer’s guide, the absolute flux calibration uncertainty of Band
6 data is expected to be < 10%.
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(da Cunha et al., 2015). On the other hand, we use the MAGPHYS original package, whose priors are
calibrated for local galaxies of typically lower IR luminosities and SFRs (da Cunha et al., 2008), for
ASAGAO sources at z < 1.

We have to note that MAGPHYS ignores any contribution by an AGN. Although Hainline et al. (2011)
suggest that the near-IR continuum excess can be caused by the AGNs, only 11% of their samples (~
70 bright SMGs from Chapman et al., 2005) show stronger AGN-contribution than stellar-contribution
at near-IR wavelengths. They also suggest that nearly half of their samples has less than 10% AGN-
contribution to the near-IR smissions (the median value seems to be ~ 10-20%, according to Figure 6
of Hainline et al. 2011). Dunlop et al. (2017) suggests that an AGN component in faint (sub-)millimeter
sources would contribute only ~ 20% to the IR luminosity and near identical values are obtained by simply
fitting the star-forming component to the ALMA data points. Michatowski et al. (2014) also suggest that
the contribution of the AGNs does not have any significant impact on the derived stellar masses of (sub-
)millimeter sources. In the case of ASAGAO detected sources, Ueda et al. (2018) suggest that majority of
X-ray detected ASAGAO sources appear to be star-formation-dominant populations. Therefore, ignoring
the AGN-contribution seems not to affect our results strongly.

The results of SED fitting are shown in the Table 3.3 and the figures in Appendix C. In Table 3.3,
we add a flag to distinguish whether a source has a good (flag = 1) or unreliable fit (flag = 0). Some
sources with flag = 0 show significant discrepancies between predicted SEDs and ALMA photometries
(Figure C.1 in Appendix C). Although these discrepancies seems to be caused by miss identifications,
there is a possibility of being affected by gravitational lensing effect. In our analysis, we exclude sources
with flag = 0, although we note that it does not affect our results significantly (including their redshift

distribution).
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3.3 Star formation properties of ASAGAO sources

3.3.1 Stellar masses & SFRs

We estimate stellar masses and SFRs of ASAGAO sources to discuss star formation properties. First,
we calculate the stellar masses by using MAGPHYS. Second, we compute SFRs by summing the ultraviolet

(UV) SFRs and IR SFRs based on the work of Bell et al. (2005) scaled to a Chabrier IMF:
SFRuv41R/(Me yr 1) = 1.09 x 1071 Lig + 2.2Lyv)/Lo. (3.9)

Here, Lir is the IR luminosity obtained by using MAGPHYS®. The total UV luminosity, Lyy, is defined
as Lyy = 1.5vL,pg00 as described in Straatman et al. (2016), where vL,g00 is the rest-frame 2800 A
luminosity. The derived stellar masses and SFRs are summarized in Table 3.3.

In Table 3.3, we show the stellar masses and SFRs of ASAGAO sources obtained by Straatman et al.
(2016). They used the FAST code (Kriek et al., 2009), which is compatible with EAZY, to derive stellar
masses. For estimating UV+IR SFRs, they used IR luminosities obtained by the IR SED template of
Wuyts et al. (2008) and UV luminosities from the rest-frame 2800 A luminosity. We compare our results
with the ZFOURGE to check consistency in Figure 3.4. Although the SFRs estimated as with MAGPHYS
and ZFOURGE are consistent, the stellar masses obtained by using MAGPHYS are systematically higher
than that of FAST by = 0.2-0.5 dex. A similar offset is also reported by Michatowski et al. (2014)
and they suggest that it can be explained by the difference of the assumed star formation histories. de
Barros et al. (2014) suggest that nebular emission lines at near-IR wavelengths, which are not included
in MAGPHYS, can lead to an overestimation of the stellar masses. Here, we use stellar masses obtained
with FAST to compare our results with the ZFOURGE results (estimated by FAST) directly. In this paper,

we compare the derived stellar masses of ASAGAO sources with stellar masses of other (sub-)millimeter

6 Although MAGPHYS provides IR luminosities in the range of 3—1000 um in the rest-frame, the IR luminosities
by MAGPHYS can be directly compared with other estimates referring to the commonly used wavelength range
8—1000 um in the rest-frame. This is because the contribution of dust to the emission in the range of 3—8 um is very
small, as discussed in Clemens et al. (2013).
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Figure 3.4 Left) Comparison of stellar masses obtained by MAGPHYS and FAST. The black dashed
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selected samples obtained by previous studies. Therefore, we have to note the differences of stellar mass
modeling. For example, Yamaguchi et al. (2016) also used FAST to estimate stellar masses. However, da
Cunha et al. (2015) used MAGPHYS, and Dunlop et al. (2017) estimate stellar masses of ALMA sources
by their SED fit using Bruzual & Charlot (2003) evolutionary synthesis models.

Figure 3.5 shows the stellar mass distribution of ASAGAO sources. We only include ASAGAO
sources with SED fitting flag = 1. There are some flag = 1 sources with p > 0.05 (red open circle in
following figures), but our results do not change significantly, even if we exclude all of these sources
from our results. Here, we divide ASAGAO sources into three redshift bins (i.e.,z < 1.5, 1.5 <z < 2.5,
and 2.5 < z < 5.0). In each redshift bin, there are 26, 18, and 15 ASAGAO sources. The median
stellar masses of each redshift bin are log(M,. /M) = 10.00 & 0.22, 10.62 £ 0.11, and 10.53 + 0.19 for
z<1.5,1.5<z<25,and 2.5 < z < 5.0, respectively. The estimated stellar masses are consistent with
previous studies on ALMA continuum sources at similar redshift range and with Sops ~ 1 mJy such as

Tadaki et al. (2015) or Dunlop et al. (2017). As shown in Figure 3.5, the ASAGAO sources have typically
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higher stellar masses than ALMA non-detected ZFOURGE sources’, whose median stellar masses are
log(M,/Mg) = 8.65 £+ 0.04,9.06 £+ 0.04, and 9.3 £ 0.04 forz < 1.5,1.5 <z < 2.5,and 2.5 <z < 5.0,
respectively. This trend can be clearly observed when we plot the ALMA detection rate (i.e., ALMA-
detected ZFOURGE sources per all ZFOURGE sources within the ASAGAO field) as a function of their
stellar masses (Figure 3.5). The trend is also shown in previous ALMA survey such as Bouwens et al.
(2016). Figure 3.5 shows the SFR distribution of ASAGAO sources in three redshift bins. The median
SFR of each redshift bin is log(SFR/[M, yr~!]) = 1.16 £0.20,2.07 - 0.12, and 2.11 £ 0.18 forz < 1.5,

1.5 <z<2.5,and 2.5 < z < 5.0, respectively.

3.3.2 Star formation properties

In Figure 3.5, we plot the ASAGAO sources on the M,—SFR plane. In addition, we show the ALMA
non-detected ZFOURGE sources within the ASAGAO field (Straatman et al., 2016), ALESS sources (da
Cunha et al., 2015), ASPECS sources (Aravena et al., 2016b), faint SMGs in SXDF-UDS-CANDELS
(Yamaguchi et al., 2016), and ALMA sources with optical/near-IR counterparts by Dunlop et al. (2017).
For comparison, we also plot the position of the main sequence of star-forming galaxies at each redshift
(z=1.06, 2.01, and 2.77; median redshifts of each redshift bin) compiled by Schreiber et al. (2015).

As shown in Figure 3.5, the ASAGAO sources primarily lie on the main sequence of star-forming
galaxies, although some ASAGAO sources shows starburst-like features. This is consistent with previous
ALMA results (e.g., da Cunha et al., 2015; Aravena et al., 2016b; Dunlop et al., 2017). Figure 3.5 also
suggests that ASAGAO sources at z > 1.5 mainly trace the high-mass end of the main sequence of star-
forming galaxies. When we compare ASAGAO sources with ALESS sources (i.e., single-dish selected
galaxies), ASAGAO sources tend to have systematically lower SFRs for a similar stellar mass range. Here
we need to note that da Cunha et al. (2015) used MAGPHYS to estimate stellar masses of ALESS sources.
When we consider the systematic offset of stellar masses estimated by MAGPHYS and FAST, differences

between ASAGAO sources and ALESS sources on the M,-SFR plane become even larger. This result

"Herein we only use the star-forming galaxies selected by the UV.J-technique, as presented by Whitaker et al.
(2011).
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Figure 3.5 Comparison of the stellar masses and SFRs of ASAGAO sources with the “main sequence of
star-forming galaxies”. ASAGAO sources are plotted as red circles. The gray crosses, green squares,
orange triangles, black diamonds, and magenta inverse-triangles represent the ALMA non-detected
ZFOURGE sources (Straatman et al., 2016), ALESS sources (da Cunha et al., 2015), ASPEC sources
(Aravena et al., 2016b), faint SMGs of Yamaguchi et al. (2016), and ALMA selected sources by Dunlop
et al. (2017). The blue solid lines indicate the position of the main sequence of star-forming galaxies at
z = 1.06, 2.02, and 2.77 as predicted by Schreiber et al. (2015). The blue dashed lines indicate a factor
of 4 above or below this main sequence. In addition, we show the histograms of stellar masses and SFRs.
The blue circles in the stellar-mass distributions are ALMA detection rates as a function of their stellar
masses. The error bars show simple Poisson uncertainties.
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implies that an ALMA continuum survey at a 1o depth of a few tens of uJy can unveil galaxies which
are more likely the normal star-forming galaxies than “classical” SMGs since they show more quiescent
star-forming activities than “classical” SMGs for a similar stellar mass range. However, the ASAGAO
sources at z < 1.5 have wide stellar masses and positions with respect to the main sequence of star-
forming galaxies. This may suggest that these ASAGAO sources consist of a heterogeneous population

as suggested by the recent hydrodynamical simulations of Hayward et al. (2012).

3.4 The infrared excesses (IRX) of ASAGAO sources

As shown in Figure 3.5, there are ALMA non-detected ZFOURGE sources within the ASAGAO
field even though they show similar star-forming properties to ALMA detected sources on the M,—SFR
plane. In this section, we focus on IRX (i.e., Lir /Lyv) as a key parameter to distinguish between ALMA
detected sources and non-detected sources. Although many previous studies on IRX of galaxies use rest-
frame 1600 A luminosities, we note that we adopt Lyy = 1.5vL,3300 to obtain Lyy (see Section 3.3.1),

which are supposed to be approximately equivalent (Kennicutt, 1998; Whitaker et al., 2014).

3.4.1 The IRX-M, and IRX-SFR relations

Several studies have shown a correlation between the IRX and stellar masses, in the sense that massive
star-forming galaxies show larger IRX (e.g., Reddy et al., 2010; Whitaker et al., 2014; Bouwens et al.,
2016; Dunlop et al., 2017). We plot the IRX of ASAGAO sources as a function of their stellar masses in
Figure 3.6. For comparison, we also show the ALMA detected sources (da Cunha et al., 2015; Dunlop
et al., 2017) and ALMA non-detected ZFOURGE sources (Straatman et al., 2016) within the ASAGAO
field. We also show the consensus IRX-M, relation compiled by Bouwens et al. (2016). They derive
stellar masses using FAST and their estimated consensus relationship is consistent with the results of
three separated studies (Reddy et al., 2010; Whitaker et al., 2014; Alvarez-Marquez et al., 2016).

As shown in Figure 3.6, the ALMA detected sources tend to have larger IRX compared to the ALMA

non-detected sources. This trend becomes more visible for higher redshift sources; most of the ASAGAO
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sources at z < 1.5 are above the IRX-M, relation of UV-selected galaxies (Bouwens et al., 2016), with
a typical offset between them of 1 dex for log(M,/My) = 9-10. A significant fraction of ALMA non-
detected ZFOURGE sources also coexist with ASAGAO sources in this plot. However, the IRXs of
ASAGAO sources at z > 1.5 are systematically larger than those from the IRX-M, relation of UV-
selected galaxies, with an offset of 1-2 dex; in contrast, no ALMA non-detected ZFOURGE sources
exhibit such elevated IRX values. When we derive the IRX-M, relation of ALMA detected sources by
assuming a linear relationship®, the offsets from the relation of Bouwens et al. (2016) are estimated to be
~10+01,1.1 £0.1,and 1.2 £ 0.1 atz < 1.5, 1.5 < z < 2.5, and 2.5 < z, respectively. This can
imply a weak evolution of the IRX-M, relation of ALMA detected sources, although more samples are
needed to confirm this.

When we plot the IRX-SFR relation of ASAGAO sources for three stellar mass bins (i.e., log(M, /M)
< 10, 10 < log(M./My) < 11, and 11 < log(M./My); Figure 3.7), the offset from ALMA non-
detected ZFOURGE sources also become evident, particularly at z > 1.5. Atz < 1.5, the ALMA
detected sources tend to have higher IRX than those of ALMA non-detected sources for a similar SFR

range even with log(M,. /M) > 10, although the typical offset is smaller than that of z > 1.5.

3.4.2 The IRX-fy relation

An useful relation to study the properties of dust is the relation between the UV spectral slopes (Byy)
and IRX, because this relation reflect the effect of dust attenuation. Therefore, we examine the IRX-fy,
relation of ALMA detected sources for further discussion on the difference between ALMA detected
and non-detected sources. The IRX-fy;y relation has been calibrated using local star-burst galaxies (e.g.,
Meurer et al., 1999; Takeuchi et al., 2012).

In this study, Sy is calculated by fitting a power law f; o< 2 over the rest-frame wavelength range
of 1500-2500 A using ZFOURGE photometies. Figure 3.8 shows the IRX-f;y relation of ASAGAO
sources. We also plot the ALMA non-detected ZFOURGE sources within the ASAGAO field, along with

8We only adopt y-intercepts as free parameters and all ALMA sources in Figure 3.6 (i.e., ALESS sources and
HUDF sources as well as ASAGAO sources) are included in the least-square fit.
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the relation given in Meurer et al. (1999) and Takeuchi et al. (2012). Figure 3.8 shows that ASAGAO
sources tend to have larger IRX values compared to the ALMA non-detected ZFOURGE sources, as well
as the local starburst relations as provided by Meurer et al. (1999) and Takeuchi et al. (2012). This trend
is consistent with the results of Casey et al. (2014), which suggest that dusty star-forming galaxies show
bluer colors in the IRX-f;y; plane.

Then why do dusty star-forming galaxies lie above the local IRX-fy relations by Meurer et al.
(1999) and Takeuchi et al. (2012)? Casey et al. (2014) suggested that the difference in a starburst time-
scale can be a key; specifically, dusty star-forming galaxies have short-timescale starburst (10-300 Myr).
Short-lived burst events produce many young O and B-type stars that are not entirely enshrouded in
thick dust cocoons yet. This can make their colors bluer. However, dust radiative transfer on a suite
of hydrodynamical simulations by Safarzadeh et al. (2017) suggests that the dust composition (i.e., the
difference of the chemical composition or/and the grain size distribution; see Galliano et al., 2018, for
details) might be more important than the star-formation timescale. For example, when Small Magellanic
Cloud-type dust is assumed, By, becomes larger (i.e., the SED is redder) than in the case of Milky Way-
type dust (Safarzadeh et al., 2017). The differences of dust composition may strongly affect the way a
galaxy evolves in the IRX-f;y plane (Safarzadeh et al., 2017). Our result prefers their scenario, because
ASAGAO sources lie primarily on the main-sequence of star-forming galaxies, which do not show short-
lived starburst features as suggested by Casey et al. (2014).

Safarzadeh et al. (2017) also suggest that in simulated star-forming galaxies at z ~ 2—3, the different
dust attenuation properties, such as dust geometries (i.e., the difference of spatial distribution between
stars and dust) dominate the dispersion in f;y,, Whereas the contribution of star formation history and dust
geometry variations are similar at z ~ 0. Similar results are also implied by a simple model by Popping
et al. (2017). From the point of view of the ALMA observation, the conclusions of Chen et al. (2017)
imply that the different spacial distribution between dust and stellar emission is partially responsible for
the deviation from IRX—,;y relation based on the high-resolution observation of an ALESS source atz =
2.12 (ALESS67.1). Hodge et al. (2015) and Tadaki et al. (2017) also suggest that the spatial distribution

of ALMA detected dusty regions are different from the stellar emitting regions. In the ASAGAO sur-
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Figure 3.8 The IRX of the ASAGAO sources as a function of £y (red circles). Black crosses indicate
ALMA non-detected ZFOURGE sources (Straatman et al., 2016) within the ASAGAO field. The blue
solid and dashed lines are the IRX-f;y, relations of Meurer et al. (1999) and Takeuchi et al. (2012),

respectively.
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vey, Fujimoto et al. (2018) obtain an average rest-frame far-IR profile of ASAGAO sources and suggest
that half-light radius at ALMA wavelength of ASAGAO sources tend to be smaller than that at optical

wavelengths. This can be consistent with the hypothesis of Chen et al. (2017).

These results imply that the ALMA detected sources and non-detected sources have different dust
properties, such as dust compositions or spatial distribution, even if they show similar properties on
the M,-SFR plane. Therefore, this implies the consensus stellar-mass versus IRX relation, which is
known to be tight among rest-frame-UV-selected galaxies (i.e., LBGs), cannot fully predict the ALMA
detectability of stellar-mass-selected galaxies. However, in this section, we only use spatially integrated
ALMA continuum data. As shown in figures in Appendix A, some ASAGAO sources are more extended
at near-IR wavelengths than at 1.2 mm. When we consider the spatial offsets between 1.2 mm detected
regions and estimated UV luminosities of 1.2 mm detected regions like Chen et al. (2017), IRXs of these
ASAGAO sources can be 2 1 dex larger than we estimated in this section. Therefore, we discuss the
effect of the difference in spattial distribution between dust and stars using the ASAGAO high-resolution

map (=~ 0”.2 resolution; see Section 2.1) in the next section.

3.5 Thespatially resolved IRX—f;y, relation of ASAGAO sources

3.5.1 Motivation

Recent far-IR/(sub-)millimeter observations using Herschel or ALMA have suggested that dusty star-
forming galaxies at z ~ 2-3 show the bluer IRX-f;y, relation than that of the local IRX-f;y, relation, and
have large dispersion on the IRX-f;y; plane (e.g., Casey et al., 2014; Fudamoto et al., 2017). As shown
in Figure 3.8, ASAGAO sources show similar properties on the IRX-f;y; plane. From a theoretical point
of view, some theoretical/semi-analytical models (e.g., Safarzadeh et al., 2017; Popping et al., 2017;
Narayanan et al., 2018) indicate that dust geometries (i.e., the difference of spatial distribution between
stars and dust) can be responsible for the bluer IRX-f;y, relation as we mentioned in Section 3.4.2. Figure

3.9 is one of the results of simulations by Popping et al. (2017) and show how different physical properties
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Table 3.4. ASAGAO sources with S/N > 4.5

ID ID S250k2 Suntapered FIR UV Buv
(ZFOURGE)  (ASAGAO) (mly) (mJy)

) (2) 3) “4) &) (6) (7)
18658 1 0.9854+0.036 0.877+0.032 0.886 0.013 —1.534+0.07
17856 2 1.973+0.075 1.996+0.057 1.007 0.049  0.1440.27
13086 3 1.748+0.070 1.816+0.054 1.033 0.074 —0.4340.16
18645 4 0.906+0.041 0.761+0.040 0.833 0.229 —
18701 5 0.735+£0.039 0.634+0.035 0.851 0.039 —1.4540.14
22177 6 0.9224+0.074 0.7354+0.043 0.770 0.000 —0.5140.18
20298 7 0.778+0.086 0.593+0.065 0.715 0.003 -
19033 8 0.610+0.072 0.618+0.057 0.951 0.012 —0.4340.09
21234 9 0.457+0.055 0.945+0.106 1.936 0.008 —0.6140.80
18912 10 0.261+0.031 0.350+0.039 1.259 0.097 -
21730 11 0.635+£0.078 0.5874+0.051 0.866 0.122 -
16952 12 0.376+0.049 0.190+0.035 0.466 0.031 —0.5940.37
17733 13 0.400+0.053 0.2274+0.034 0.521 0.069 —2.0340.02
18336 14 0.238+0.035 0.2244+0.026 0.865 0.056 -
15702 15 0.416+0.064 0.166+0.032 0.362 0.018 —1.384+0.19
19487 16 0.488+0.065 0.106+0.022 0.197 0.033 —0.05+0.61
12438 18 0.9754+0.172  0.353+0.094 0.324 0.000 -
14580 19 0.3874+0.073  0.345+0.051 0.795 0.079 —0.6940.16
22760 21 0.8954+0.178 0.356+0.057 0.352 0.043 —1.7740.27
18270 23 0.182+0.037 0.135+0.020 0.655 0.213 —0.6440.60
14146 26 0.2224+0.052 0.286+0.037 1.126 - -
14419 29 0.197+£0.046 0.551+0.084 2.427 0.144 —0.41£0.65
13714 31 0.73340.158 - - 0.032 —1.07+1.04
14122 33 0.3184+0.079 0.283+0.042 0.773 0.120 -
14700 44 1.768+0.447 0.107+0.025 0.052 0.093 —1.9440.76

Note. — (1) ZFOURGE ID. (2) ASAGAO ID. (3) Integrated flux density in the 250-kA4
tapered map. (4) Integrated flux densities in the ASAGAO untapered map. (5) Flux ratios
at 1.2 mm between 250-k4 tapered map and original ASAGAO map. (6) Rest-frame UV
luminosity ratio between ALMA-detected dusty regions and spatially integrated lumionsi-
ties. (6) Sy see also Table 3.3.
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Figure 3.9 A schematic figure summarizing how different physical properties affect the IRX-f,y, relation
(referred from Figure 11 in Popping et al., 2017).

of galaxies affect the IRX-f;y, relation.

In order to estimate an impact of dust geometries on the IRX-fy;y relation, high-angular-resolution
observations by ALMA are useful. However, there are only a few studies focusing on the spatially re-
solved IRX-f;y relation (e.g., Chen et al., 2017). Therefore, in this section, we estimate the impact of
dust geometries on the IRX-fy;y relation (i.e., the difference between the IRX-f;y relation at ALMA
detected dusty region and ALMA non-detected less dusty regions) based on ASAGAO high-resolution

data.

3.5.2 Methods

ASAGAQO sources using this analysis
In this analysis, we use the untapered ASAGAO map with the synthesized beam size of ~ 0”.2 (see
Section 2.1.2) to make use of the high-resolution of ALMA. However, higher angular resolutions are

realized at the expense of the surface brightness sensitivities. Therefore, we only focus on the ASAGAO
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Figure 3.10 The multi-wavelength postage stamp of ASAGAO ID3. From left to right: ALMA 1.2 mm
(untapered), ALMA 1.2 mm (250-kA tapered), HST/F606W, FI125W, F140W, F160W, and the 3 color
image (R: untapered ASAGAO image, G: HST/F160W, B: HST/F606W), respectively (5" x 5”). The
cyan and magenta circles indicate our 0.4 diameter aperture. We have to note that PSFs of HST images
in this figure are not matched to the PSF of F160W.

sources with S/N > 4.5 in the 250 kA tapered image for this analysis. In Table 3.4, we show the ASAGAO
sources which we use in this section. As shown in Table 3.4, some ASAGAO sources have much small
flux errors in untapered ASAGAO map than 250 k4 tapered map, although this does not affect our follow-
ing interpretations significantly. This can be originated our flux estimation. Here, we also include source
fitting errors in addition to rms noise in the image (see, Hancock et al., 2012, 2018, for details). Details
of our error estimation is explained in Hatsukade et al. (2018). Some ASAGAO sources have rr >~ 2
(ID9 and ID29), which can be caused by wrong source fitting in untapered ASAGAO map. Therefore,

we remove these sources from our analysis.

HST photometry

We need high-resolution images at rest-frame UV wavelengths to estimate the rest-frame UV flux
densities emitted from ALMA detected dusty regions. Therefore, we use HST/ACS/F606W, F435W,
F775W, F814W, WEC3/F125W, F140W, and F160W images. The point spread function (PSF) of these
images are matched to the WFC3/F160W image whose PSF has the FWHM of ~ 0”.16 to account for the
PSF deference between images. This resolution is comparable with that of the ASAGAO non-tapered
image. We used the Image Reduction and Analysis Facility (IRAF; Tody, 1993) to measure the flux
densities emitted from ALMA detected dusty regions. We performed the HST photometry with a 0”.4
diameter aperture at the ALMA detected positions using the IRAF task APPHOT. Figure 3.10 shows a the
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ASAGAO and the HST images of one of the ASAGAO sources (ID3). We defined flux densities within
the cyan circle, shown in Figure 3.10, as flux densities at HST wavelengths emitted from ALMA detected

dusty regions.

Estimation of UV and IR luminosities at ALMA detected dusty regions

In order to estimate UV luminosities at ALMA detected dusty regions, we first performed the SED
fitting by EAZY using HST photometries to estimate flux densities at rest-frame 2800 A at ALMA de-
tected dusty regions. For ZFOURGE sources, Straatman et al. (2016) estimated spatially integrated flux
densities at rest-frame 2800 A by their SED fitting using EAZY. Therefore, we then calculate the ratios be-
tween rest-frame 2800 A luminosities densities at ALMA detected dusty regions and spatially integrated
ones. Finally, we multiply these luminosity ratios to spatially integrated UV luminosities calculated in
Section 3.2.2 (see also Table 3.3). Here, we define these values as the UV luminosities at ALMA detected
dusty regions.

In the case of IR luminosities, we calculate the ratio between ALMA 1.2 mm flux densities in the
untapered ASAGAO map and that of the 250-kA tapered ASAGAO map (see Table 3.1 and Table 3.4).
As is the case with UV luminosities, we multiply these flux ratios and spatially integrated IR luminosities
(Section 3.2.2 and Table 3.3) to get the IR luminosities at ALMA detected dusty regions. In case that a

flux ratio is larger than unity, we treat it as unity.

3.5.3 Results & discussions

In Figure 3.11, we plot the spatially integrated IRX-f;y, relation of ASAGAO sources with S/N >
4.5 (Left) and the spatially resolved IRX-fy;y relation (right). In this analysis, we use the same Sy
values as we obtained in Section 3.4.2 for both ALMA detected dusty regions and non-detected less
dusty regions learned from Chen et al. (2017). Due to the lack of photometry points at HST bands, it
is difficult to estimate the spatially resolved fyy. If we were able to estimate the spatially resolved Sy
values, ALMA detected regions could have larger (i.e., redder) By, values and ALMA non-detected less

dusty regions could have smaller (i.e., bluer) By, values. The left panel of Figure 3.11 suggests that
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the spatially integrated IRX-f;y; relation of ASAGAO sources are bluer than that of the local relation as
mentioned in previous studies (e.g., Casey et al., 2014; Fudamoto et al., 2017)°. On the other hand, the
right panel of Figure 3.11 implies that IRXs of ALMA detected dusty regions are = 1-dex larger than
that of ALMA non-detected less dusty regions. The IRX-f;y relation of ALMA non-detected less dusty
region seem to be close to that of the local relation and ALMA non-detected ZFOURGE sources (the
right panel of Figure 3.11). These results indicate that the different distribution between dust and stars is
partly responsible for the bluer IRX-f;y relation and large dispersions of high redshift dusty star-forming
galaxies. Similar results are also shown by the the spatial resolved observation toward the local merging
galaxy, Mrk 848 (Yuan et al., 2018) in the right panel of Figure 3.11. Yuan et al. (2018) suggest that the
IR bright core regions of Mrk 848 show the bluer IRX-f;y relation than that of tail regions of Mrk 848.

We have to note that differences between the IRX-f;y; relations of high redshift dusty star-forming
galaxies and the local relation cannot be explained only by the different distribution between dust and stars.
As shown in Figure 3.11, ALMA non-detected regions of some ASAGAO sources still show the bluer
IRX-Byy relation. In addition, the ALMA non-detected ZFOURGE sources also have large dispassion.
Therefore, other dust properties also can affect the IRX-f;y, relation of galaxies. The bluer IRX-fy
relation of these sources can be caused by their other dust properties except for dust distributions. For
example, dust temperature can also affect IRX values of duty sources (e.g., Faisst et al., 2017; Narayanan
et al., 2018). If we assume a maximally warm IR SED, the IR luminosity increase more than 0.6 dex
(Faisst et al., 2017). In Figure 3.12, we plot dust temperatures of ASAGAO sources with S/N > 4.5 as a
function of their IR luminosities. As a comparison, we also show JCMT/SCUBA?2 sources obtained by
Zavala et al. (2018). As shown in Figure 3.12, their dust temperatures roughly follow the well-known
temperature-luminosity relation found in previous studies (e.g., Chapman et al., 2005; Swinbank et al.,
2014). Dust temperatures of ASAGAO sources are consistent with the results of Zavala et al. (2018) in the
similar redshift and IR luminosity range. Therefore, they do not show the extremely high dust temperature
as suggested by Faisst et al. (2017), and the effect of dust temperature to the IRX-f;y; relation seems not to

be significant at least as for ASAGAO sources. However, we have to note that dust temperatures in Figure

Note that they estimate the spatially integrated IRX-f,;y relation.
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Figure 3.12 Dust temperatures versus IR luminosities. ASAGAO sources with ALMA S/N > 4.5 are
plotted as black circles. Cyan squares indicate JCMT/SCUBA2-detected sources at 1 < z < 3 (Zavala
et al., 2018).

3.12 are spatially averaged values. To estimate the effect of dust temperatures to IRX-f;y, accurately,
we have to calculate dust temperature of “ALMA detected regions” instead of spatially averaged dust
temperature. After all, additional observations, such as higher-resolution or spectroscopic observations,

are necessary to settle this issue.

3.6 Contributions of ASAGAO sources to the cosmic SFRD

In this section, we again focus on 66 ASAGAOQO sources (Table 3.1 and Table 3.3) and discuss their
contribution to the cosmic SFRD. Because of the high sensitivity and high angular resolution of ALMA,
we can resolve the contribution of dusty star-forming sources to the cosmic SFRD down to log(Lir /L) ~

11, which is ~ 0.5-1 dex lower luminosity range than previous Herschel observations at z = 2 (e.g.,
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Gruppioni et al., 2013).

We estimate the contribution of the ASAGAO sources with the K-band counterparts to the cosmic
SFRD. In Figure 3.13, we plot their contribution as a function of redshift. Here, we simply sum up the
SFRs of the ASAGAO sources with the K-band counterparts and divide them by the co-moving volumes.
Note that we can estimate their contribution to the cosmic SFRD by resolving individual sources instead
of integrating luminosity functions whose faint-end slopes are fixed to the local values even in high
redshift cases (e.g., Burgarella et al., 2013). This is one of the strong points using the high sensitivity
and high angular resolution ALMA map by ASAGAO. Although we do not consider the completeness
and false-detection rate here, our results are consistent with the results by Hatsukade et al. (2018). They
estimate the cosmic SFRD by integrating the IR luminosity functions obtained by ASAGAO including
completeness and false-detection rate.

As a comparison, we plot the recent parametric descriptions of the redshift evolution of the cosmic
SFRD obtained by Madau & Dickinson (2014). Their results are based on the previous observations at
UV-to-IR wavelengths. We also show the evolution of the cosmic SFRD atz=0-3.5 derived by Burgarella
etal. (2013). They use UV and IR luminosity functions estimated by VIMOS-VLT Deep Survey (VVDS;
Le Fevre et al., 2005), Herschel/PEP (Lutz et al., 2011; Magnelli et al., 2013), and HerMES (Oliver
et al., 2012) to estimate the cosmic SFRD. Atz = 3.8 and 4.9, we plot results of Bouwens et al. (2015).
They assume UV luminosity functions estimated by HS7 data and dust correction based on the IRX-fy
relation of Meurer et al. (1999). We also plot results of Rowan-Robinson et al. (2016), which are based
on Herschel-SPIRE 500 um sources. We also show the results of the JCMT/SCUBAZ2 large survey by
Cowie et al. (2017), the contribution of bright ALESS sources by Swinbank et al. (2014), and the results
from ALMA continuum surveys estimated by Dunlop et al. (2017).

As shown in Figure 3.13, the shape of the contribution of the cosmic SFRD from the ASAGAO
sources is similar to that of the previous observations; it has a peak level at z ~ 23, and then it declines
toward z = 0, although Rowan-Robinson et al. (2016) claimed almost constant SFRD at z = 1-5. Figure
3.13 shows that our results are ~ 1-dex smaller than the cosmic IR SFRD obtained by Burgarella et al.

(2013) at z < 2. The contribution of ASAGAO sources is only ~ 5-30% of the cosmic IR SFRD by
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Burgarella et al. (2013) at z ~ 0-2. At these redshifts, galaxies with log(Lir /L) < 9-10 (i.e., fainter
population than our ALMA detection limit) seems to be the main contributors to the cosmic IR SFRD.
On the other hand, our results are consistent with the cosmic IR SFRD by Burgarella et al. (2013) at
z ~ 2-3 as shown in Figure 3.13. The contribution of ASAGAO sources reaches ~ 60% of the cosmic
UV + IR SFRD and ~ 80% of the cosmic IR SFRD obtained by Burgarella et al. (2013). This implies
that the ASAGAO sources are the main contributors to the cosmic IR SFRD at z ~ 2-3. This can be
a consequence of the evolution of the characteristic luminosities (L{z) of IR luminosity functions (i.e.,
at high redshift, Lj; becomes higher; Hatsukade et al. 2018). Although we have to concern about the
completeness and large errors, the contributions of ASAGAO sources to the cosmic SFRD at z 2 3 can
be consistent with, or greater than that of bright ALESS sources (= 10% of previous studies; e.g., Madau
& Dickinson 2014). We also have to note that the K-band completeness drops significantly at the high
redshift. This seems to be one of the reasons why the contributions of ASAGAO sources to the cosmic

SFRD drops significantly comparing to constraints obtained by Madau & Dickinson (2014) atz 2 3.

3.7 Conclusions of millimeter properties of K-selected galaxies

In this chapter, we report results of multi-wavelength analysis of ALMA 1.2-mm detected ZFOURGE
sources using ASAGAO data to study millimeter properties of K-band selected galaxies. We find that 66
ZFOURGE sources have ALMA counterparts with ALMA S/N > 3.5 (ASAGAO sources). Their flux
densities at 1.2 mm tend to be fainter than that of “classical” SMGs (S} 2 mm < 1 mJy). The estimated
median redshift of ASAGAO sources iS Zyedian = 1.77 & 0.23. This value is consistent with that of faint
SMGs with Sgps < 1.0 mly, although this value us lower than that of “classical” SMGs, whose median
redshift is estimated to be zyegian =~ 2.1-3.1. This difference can be caused by the redshift revolution
of the IR luminosity function, although we have to note that this also can be caused by selection effect
(completeness of K-selected galaxies drop significantly at high redshift).

We estimate physical parameters of ASAGAO sources by the SED fitting from optical to millimeter

wavelengths using MAGPHYS. Their stellar masses and SFRs suggest that they mainly line on the high-
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mass end of the main sequence of star-forming galaxies, although ~ 10% of ASAGAO sources show
starburst-like features on the M,-SFR plane. On the other hand, the IRX-M,, IRX-SFR, and IRX-f;y
relations of ASAGAO sources may imply that ALMA detected sources and non-detected sources have
different dust properties (i.e., dust compositions of dust distributions) even if they show similar properties
on the M,-SFR plane. Therefore, the consensus M, versus IRX relation, which is known to be tight among
UV-selected galaxies, cannot fully predict the ALMA detectability of stellar-mass-selected galaxies.

Using untapered ASAGAO map with ~ 0”.2 resolution, we obtain the spatially resolved IRX-fy
relation of ASAGAO sources with ALMA S/N > 4.5. Our results indicate that IRX values of ALMA
detected dusty regions tend to be 2 1-dex larger than that of ALMA non-detected less-dusty regions and
the IRX-f;y relation of ALMA non-detected less dusty regions is close to the local relation. Therefore,
the different distribution between dust and stars is at least partly responsible for the bluer IRX-f;y; relation
and large dispersions of high redshift dusty star-forming galaxies.

We resolve the contribution of dusty star-forming sources to the cosmic SFRD down to log(Lir /L)
~ 11, because of the high sensitivity and angular resolution of ALMA. Here, we can estimate their con-
tribution to the cosmic SFRD by resolving individual sources instead of integrating luminosity functions
whose faint-end slopes are fixed to the local values even in high redshift cases. We find that the ASAGAO
sources with K-band counterparts are main contributors to the cosmic SFRD at z ~ 2-3 (~ 60% of the
cosmic UV + IR SFRD and ~ 80% of the cosmic IR SFRD), and their contributions are ~ 1 dex smaller
than that of previous studies at z < 2 (only ~ 5-30% of the cosmic IR SFRD). Although we have to
concern about the completeness and large errors, the contributions of ASAGAO sources to the cosmic
SFRD (2 10% of previous studies) can be consistent with, or greater than that of bright ALESS sources

atz 2 3.
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Near-infrared-dark millimeter sources

In this chapter, we report detections of 1.2 mm continuum sources without any counterparts in the deep
H- and/or K-band image (i.e., K-band magnitude = 26 mag), which are detected by ASAGAO. Here,
we adopt the S/N threshold of 5.0 to avoid spurious sources, because we have to treat sources which are

purely selected by ALMA without using multi-wavelength information.

4.1 Identifications of near-IR-dark ASAGAO sources

We examined 25 secure ALMA sources with S/N > 5 in the 26 arcmin? map of the ASAGAO (Section
2.1.3 and Figure 2.3, see also Hatsukade et al., 2018). As we discussed in Section 3.1, 20 of 25 ASAGAO
sources candidates have been listed in K-band selected counterpart in the ZFOURGE catalog (Straatman

etal.,2016). However, we still have 5 sources without ZFOURGE counterparts with S/N > 5.0, which are
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Figure 4.1 K-dropout ASAGAO sources positions. The cyan symbols indicate the position of 5 K-
dropout ASAGAO sources. The red enclosed region indicate the observed area by ASAGAO. The orange
enclosed region indicates observed area by Dunlop et al. (2017). See also Figure 3.1.

undetected in K-band. We summarize the ASAGAO sources without ZFOURGE counterparts (hereafter,
K-dropout ASAGAO sources) in Table 4.1 and show the positions of K-dropout ASAGAO sources in
Figure 4.1. The multi-wavelength postage stamps of these 5 K-dropout ASAGAO sources are presented
in Figure 4.2.

We check the reliability of K-dropout ASAGAO sources using two independent methods. First, we
apply the same source finding algorithm to the negative map in order to estimate the degree of contam-
ination by spurious sources. The number of negative sources is 1 with S/N > 5.0 to be compared with
the 25 positive sources with S/N > 5.0. This means that the spurious source rate, which is defined as

the ratio of negative to positive source numbers, is small (0.04) in the range of S/N > 5.0 (see Figure
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Figure 4.2 Multi-wavelength images of ASAGAO sources without K-band counterparts. From left to
right: ALMA 1.2 mm (5" x 5”), IVLA 5 cm, Spitzer IRAC/4.5 um, IRAC/3.6 um, VLT HAWK-T/Kj,
and HST WFC3/F160W images (10” x 10”). Cyan circles are 1” apertures. The inserted S/N values are
those of ALMA data. The magenta symbol is the synthesized beam of ALMA and JVLA.
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Table 4.1. K-dropout ASAGAO sources

ID R.A. Dec. SALMA S/Npeak Zradio/mm
(ASAGAO)  (deg.) (deg.) (mJy)

1) @ ) @) 5 ©

17 53.206042 —27.819166 0.564 +£0.090 6.078 >4.14
20 53.120445 —27.742093 0.614 £0.109  5.565 >4.39
22 53.171662 —27.817153 0.612 +£0.101  5.446 > 4.26
24 53.183284 —27.755207 0.446 £0.082  5.022 > 3.70
25 53.201002 —27.789483 0.858 +0.223  5.020 > 4.93

Note. — (1) ASAGAO ID. (2) Right ascension (J2000). (3) Declination (J2000).
(4) Spatial integrated flux density (de-boosted). (5) Peak S/N. (6) The lower limit
of photometric redshifts estimated by the flux ratios between radio and millimeter
wavelengths. Here, we assume the average SED of ALESS sources with Ay > 3.0
(see Section 4.3.1).

2.3). The semi-analytical model by Casey et al. (2018) also suggests that the contamination rate is small
in the range of S/N > 5.0. Second, we split the ASAGAO visibilities into two polarization components
(i.e., XX and YY polarization images) and create two XX and Y'Y images, which are purely independent.
With these two images, we find that all 5 sources are detected with S/N ~ 3-5 in both XX and YY. This
is the behavior expected for > 5o detections. Therefore, it is likely that almost all sources with S/N >

5.0 can be real detections even though they have no counterparts in the ZFOURGE catalog.

4.2 Multi-wavelength pictures of K-dropout ASAGAO sources

In this section, we describe multi-wavelength pictures of K-dropout ASAGAO sources individually:

— IDI17: This object is detected at 3.6 and 4.5 um bands of Spitzer/IRAC by the Spitzer-Cosmic
Assembly Deep Bear infrared Extragalactic Legacy Survey (S-CANDELS; PI G.Fazio; Ashby
et al., 2015, see Figure 4.2). Its apparent magnitudes at 3.6 um and 4.5 ym are 25.38 + 0.30 and
25.00 £ 0.27 mag (Ashby et al., 2015).
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— ID20: This object is detected at JCMT/SCUBA2 and ALMA Band 7 (Cowie et al., 2018). The
observed flux density is 1.35 4= 0.24 mJy at 870 um (Cowie et al., 2018).

— ID22, ID24, and ID25: Theses objects are not detected at any wavelengths except for 1.2 mm.

All sources are not detected at the JVLA 6 GHz (5 cm).

4.3 Physical properties of K-dropout ASAGAO sources

4.3.1 Estimation of redshifts

The extremely red colors of K-dropout ASAGAO sources can be reproduced by the high-redshift
sources of highly-reddened low-redshift cases. In this section, we use the shape of optical-to-radio SEDs
of galaxies as important clues to estimate their redshifts. In Figure 4.3, We plot optical to radio SEDs of
these K-dropout ASAGAO sources. As a comparison, we also show the average SED of ALESS sources
with visual extinction (4y) > 3.0 (the reddest case; hereafter we call this SED as the average SED of
ALESS SMGs) obtained by da Cunha et al. (2015). Even with the highly-reddened SED, upper limits at
the Spitzer/IRAC wavelengths suggest that all K-dropout ASAGAO sources can lie at z = 3-5 (Figure
4.3).

The fact that all K-dropout ASAGAO sources are not detected by the JVLA C band (5 cm) deep
observation (¢ ~ 0.35 uJy beam™!; Rujopakarn et al. in preparation) can help to estimate their redshift.
As shown in Figure 1.2 flux densities at radio wavelengths of a galaxy decrease significantly as a func-
tion of redshift. This effect is called the positive k-correction against the negative k-correction at (sub-
)millimeter wavelengths. Therefore, the flux ratio between radio and (sub-)millimeter wavelengths can
be an indicator of redshift (e.g., Carilli & Yun, 1999; Dunne et al., 2000; Rengarajan & Takeuchi, 2001).
Although precision accuracy of the indicator is dependent on the intrinsic variation in SED types for
the given galaxy populations, indicator is useful to roughly estimate redshifts of sources without any

optical/near-IR information.
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Figure 4.4 The redshift dependence of Ss¢m/S1 2mm flux ratios. The blue dashed line, green dot-dashed
line, and orange dotted line indicates the average SED of ALESS sources with Ay > 3.0 (da Cunha et al.,
2015), Arp 220, and M82 (Silva et al., 1998), respectively. Gray solid lines are local ULIRGs compiled
by Vega et al. (2008) and the black solid line is the median of these ULIRGs. Brown chain double dashed
line is SED templates of Dale & Helou (2002) with dust temperature, Tqust = 25, 35, and 45 K. Horizontal
red lines are the upper limit of Sscy, /S| 2mm flux ratios of ASAGAO K-dropout sources.

In Figure 4.4, we show the redshift dependence of the flux ratio between radio and millimeter wave-
lengths (Sscm/S1.2mm)- Considering the intrinsic variation in SED types, we show the redshift dependence
of the flux ratio of Arp 220, M81 (Silva et al., 1998), local ULIRGs (Vega et al., 2008), and mid-IR-to-
radio SED templates with dust temperature (Tgy) = 25, 35, and 45 K (Dale & Helou, 2002)!, in addition
to the average SED of ALESS SMGs (da Cunha et al., 2015). When we compare the upper limits of the
flux ratio of K-dropout ASAGAO sources with these redshift dependence in Figure 4.4, the estimated

redshift of K-dropout ASAGAO sources are z 2 3—5. In Table 4.1, we show the estimated lower limits of

'The SED templates are based on the observations of local star-forming galaxies by ISO and IRAS and have
been used for dusty star-forming galaxies detected by such as Herschel (e.g., Chapman et al., 2010; Magnelli et al.,
2014). Dale & Helou (2002) express the SED dispersion by Tg, as the parameter o which is defined as dMyys (U)
o U=*dU. Here, dMayst(U) is the dust mass heated by a radiation field at intensity U. The relation between a and
Taust 1S obtained by Magnelli et al. (2014).
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photometric redshifts when we assume the average SED of ALESS SMGs. Daddi et al. (2009) and Wang
et al. (2009) report that one extremely red bright SMG, GN10 (also known as GOODSS850-5), lie at z 2>
4. This can imply that K-dropout ASAGAO source are scaled-down version of GN10 if they lie at z ~ 4.
However, as shown in Figure 4.4 a low redshift case (i.e., z < 2-3) is also possible if dust temperature of

these galaxies are low (Tyyse < 25 K).

4.3.2 Estimation of stellar masses and star formation properties

We estimate stellar masses of K-dropout ASAGAO sources assuming a mass-to-light ratio obtained at
the rest-frame H-band as done in previous works (e.g., Hainline et al., 2011; Wardlow et al., 2011; Simp-
son et al., 2014; Yamaguchi et al., 2016). There are some benefits to use rest-frame H-band luminosities
instead of rest-frame K-band luminosities, which has been used in previous works (e.g., Borys et al., 2005;
Michalowski et al., 2011). In addition to the fact that the cooler low-mass stars dominating the stellar
mass of a galaxy emit most of their light at red optical and near-IR wavelengths, the rest-frame H-band is
less sensitive to dust extinction than rest-frame optical bands and is less affected by thermally pulsating
asymptotic giant branch stars than the rest-frame K-band (Hainline et al., 2011; Henriques et al., 2011).
Hainline et al. (2011) estimate the mass-to-light ratio of SMGs assuming the SED template of Bruzual
& Charlot (2003) with the Chabrier IMF and find that M, /Ly =0.17 and 0.13 M, Lél for constant and
single-burst star formation histories, respectively (L is the rest-frame H-band luminosity without extinc-
tion correction). Here, we adopted the average value M, /Ly =0.15 M, Lgl of these two extreme cases.

Therefore, the stellar masses of K-dropout ASAGAO sources are calculated as follows;
M, /Mg, = 10704Mu=471) 0 15, (4.1)

where My is absolute AB magnitude at rest-frame H-band.
In the high-redshift case, the 3o upper limits of stellar masses of K-dropout ASAGOA sources are
estimated to be log(M.. /M) < 10.4 using Spitzer/IRAC 8.0 um data (30 limiting magnitude of 24.3 mag;

Dickinson et al., 2003) if they lie at z ~ 4. We also estimate their IR luminosities by integrating the SEDs
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presented in Figure 4.3 and find that log(Lir /L) ~ 12.0 which correspond to log[SFR/ (Mg yr~!)] ~
2. These results indicate that they are on the main-sequence of star-forming galaxies at high redshift and
can represent the early phase of formation of massive galaxies, which are difficult to be observed using
rest-frame UV selected galaxies such as LAEs or LBGs as discussed in Wang T. et al. (2016).

In the low-redshift case, on the other hand, the estimated stellar mass of ID17 is log(M, /M) =~
9.4 using Spitzer/IRAC 4.5 ym data. According to Straatman et al. (2016), a completeness limit of the
ZFOURGE survey is log(M, /M) ~ 9.0 at z = 2, which implies that ID17 prefers the high-redshift
case rather than the low-redshift case. For other 4 K-dropout ASAGAO sources, their 3¢ upper limits
of stellar masses are estimated to be log(M,. /M) < 8.8 when we consider the 3¢ limiting magnitude of
S-CANDELS (26.5 mag)?. These upper limits are consistent with their non-detections at K-band. Thus,
we cannot exclude the low-redshift case for these 4 K-dropout ASAGAO sources. If they lie at z ~ 2,
their IR luminosities are estimated to be log(Lir /L) ~ 11.6 when we assume the SED template of Dale
& Helou (2002) with Tyt = 25 K. Therefore, in this case, they seem to be extremely low-mass starburst

galaxies, which have been missed in previous deep surveys at optical/near-IR wavelengths.

4.4 Contributions to the cosmic SFRD

In the case that we detect ALMA sources with S| ymm =~ 0.5—1 mJy and search for K-band counterparts
using a deep (i.e., 5o limiting magnitude of K; ~ 26 mag) image, the estimated surface density of K-band
drop sources is ~ 0.2 arcmin~2. Although it is difficult to study these objects without multi-wavelength
information, we will discuss their impact to the cosmic SFRD at high redshift in this section.

Many previous studies predict that the contribution of dust-obscured star-forming activities to the
cosmic SFRD have a peak level at z ~ 2-3 and decline toward z = 3—4 based on, for example, IR
luminosity functions obtained by Herschel (e.g., Burgarella et al., 2013) or dust attenuation-corrected
ultraviolet (UV) observations (e.g., Bouwens et al., 2015). On the other hand, Rowan-Robinson et al.

(2016) predict that the contribution seems to be constant at z = 1-5 based on the integrated SFR functions

2For ID20, it is difficult to use Spitzer/IRAC photometries because of heavy confusions (Figure 4.2)

74



"TINT Io1IqeY)) Y} 01 PALIDAUOD I SINSAT IS Jey) Aj0u dp “(£107) ‘T& 12 dojungy
Aq paurejqo $a0In0s YIN'TY Y1 JO uonnqLiuod ay} ajedipur spuowerp uado umorg (107 “[8 10 JueqUIMG) $92IMO0S SSHTV
JY3LIq JO UONNQLIUOD Y} 918 J[SUBLN-ISIOAUI ABID) (£ 1()7) ‘T8 10 91M0)) AdAINS 9318l TV HNDS Y Aq paureIqo (A4S orusod
o 9yeorpur soduers) dpdimg “(91(07) ‘[ 10 UOSUIqOY-ULMOY JO Synsa1 axe s9[2110 uado anyg “(S107) ‘1e 10 suomnog £q paurelqo
QYAS P9I921I09- puB Pa3oLIodun-isnp e sorenbs umoiq pue onpg “(£107) ‘e 10 e[[o1esing Aq paurelqo (IAS I pue ‘aQdAS
AN ‘@IS (A1 + AN ©2°1) [8I103 33 MOYS 2UI] POOP 23ULBIO PUB ‘QUI] PAYSEP-10P UBAD ‘QuI] Paysep uaai3 oy, “(f1(7) UosurdI(]
29 NEPRIA AQ PaUTRIqO (TYAS OTWS09 3y} JO UONNJOAD PIYSPAI Y} JO SINSIT JUIII ) dJBIIPUT AUI| PI[OS JOB[q AL, *(9°€ UO199S
00s) A[9Anoadsal ‘wns 1oyl pue ‘poy OVOVSY UM S0IN0s gOYNOAZ PI0ep-uou YVINTY ‘siediojunod pueq-y s
S90IN0S OOV SV JO SUONNGLIUO0d Y} I8 S[OqUIAS JoR[q puk ‘Bjuadew ‘93uri() '$90In0s OVHYSY doip-y Jo uonnqrnuod ay)
SO1BOIPUI BAIE PIPBYS Pal Y], “PIYSPaI JO UONIUNJ B SB (TYJS OIWS0d 3y} 0] S90IM0S QOYHYSY JO uonnquiuo)) Gy I3

HIYspay
€ é I 0

OVDVSY + dDYNO0AZ

o

(syredIoyumod pueq-37 /m)

OVDVSY | .
(PPY OVHVSY) 4DYN0IZ Fe-0T
L 1+dorun(g

T+ uRquING

LT+o1mop)
9T +UOSUIOY-TTeMOY]

(pa3001100) GT+suamnog

=8 od4qpOF

(payoa1100UN) GT+SUIMNOL

(syredIoyunod pueq-3yy o/m)
OVOVSV

(eT+ereredmg) VYIS

—

[g_:)d]/\[ I_M O] HdSd

(e1-+erpresmeg) AMQYAS
(e1+erpresmg) MIqyds -—-—
710G UOSUDPI( 29 NPRIY =

75



estimated by Hershel/SPIRE-500 um sources.

According to Simpson et al. (2014), their optical/near-IR-dark SMGs are located in the redshift range
of z ~ 3-5. Thus, in this section, we assume the case that all of K-dropout ASAGAO sources lie some-
where in the redshift interval of z ~ 3-5. When we use the average SED of ALESS sources, their contri-
bution to the cosmic IR SFRD is estimated to be pgpg ~ 1-3 x 1072 M, yr~! Mpc~—2 (corresponding to
~ 10-30% of previous studies; e.g., Madau & Dickinson 2014). Here, we simply sum up the SFRs of K-
dropout ASAGAO sources and divide them by the co-moving volume and we also consider the reliability
of K-dropout ASAGAO sources®. As shown in Figure 4.5, their contributions to the cosmic SFRD can be
comparable with, or greater than that of bright ALESS SMGs (Sg70um > 4.2 mJy; Swinbank et al. 2014).
Therefore, the non-negligible contribution of dust-obscured star formation activities to the cosmic SFRD
at high redshift could have been missed in previous surveys. This result shows the importance of ALMA
deep contiguous survey to study the evolution of the cosmic SFRD. However, we cannot exclude the case
that K-dropout ASAGAO sources lie at z < 2-3. Therefore, follow-up observations to get spectroscopic

redshifts of these sources are needed.

4.5 Follow-up observations of near-IR-dark ALMA sources

In spite of the importance of getting the spectroscopic information of near-IR-dark ALMA sources,
such kind of spectroscopic observations can be time-consuming even with ALMA. In this section, we
introduce one example of the spectroscopic-scan observation by ALMA for getting spectroscopic redshift
of the near-IR-dark ALMA source named SXDF-ALMA3 (see also Figure 1.5). SXDF-ALMAS3 was
detected by SXDF-ALMA survey (Kohno et al., 2016). Yamaguchi et al. (2016) report that it can lie at
z ~ 2—4 based on optical/near-IR information and its IR luminosity is estimated to be log(Lir /Le) ~ 12.
We carried out the spectroscopic-scan observation of SXDF-ALMA3 using ALMA Band 3 as a Cycle
3 program (Project ID: 2015.1.01222.S, PI: Y. Yamaguchi). The frequency setup covered the redshift

3If only two sources (i.e., ID17 and ID20) are real, pgpg ~ 1 x 107> Mg, yr~=! Mpc™2. If all sources are real,
Pspr ~ 3 x1073 Mg, yr=! Mpc—3
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Figure 4.6 Upper) Results of the spectroscopic scan observation by ALMA Band 3 toward SXDF-
ALMA3. Lower-left) The spectrum of SXDF-ALMA3 with 30-MHz frequency binning. Lower-right)
The spectrum of SXDF-ALMA3 with 60-MHz frequency binning.

range of z ~ 1.00-1.68 and 2.00—4.00 using the CO(2-1), CO(3-2), or CO(4-3) line. Even though the
total observation time was ~ 8.5 hours, we could only obtain a very tentative detection of a line emission
with S/N ~ 2.5-3.5 (Figure 4.6). Therefore, they can be good targets for the next generation telescopes.

For example, the Next Generation Very Large Array (ngVLA) is going to reach = 10 times more
sensitive than ALMA Band 3 at similar frequencies (Casey et al. 2015; see also Figure 4.7). Therefore,
it will be much easier to detect CO rotational transition lines from near-IR-dark ALMA sources by only
a few hours integration. In addition to the (sub-)millimeter emission lines, bright emissions at rest-frame
mid-IR wavelengths such as the Polycyclic Aromatic Hydrocarbon features at 3.3, 6.2, 7.7, and 11.3
um (e.g., Weingartner & Draine, 2001; Lagache et al., 2004) can also be detected by James Webb Space
Telescope (JWST) or Space Infrared Telescope for Cosmology and Astrophysics (SPICA).
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Figure 4.7 The projected sensitivity limits of the proposed ngVLA core. The blue solid lines indicate
ngVLA sensitivities. Red and green solid line is the current VLA and ALMA sensitivity, respectively.
This figure is referred from Figure 4 of Casey et al. (2015).

4.6 Conclusion of the near-IR-dark ASAGAO sources

In this chapter, we report detections of 5 ASAGAO sources with peak S/N > 5 (S1.2mm = 0.45-0.86
mlJy) without any counterparts in the deep H- and K-band image. One of the sources has a red IRAC
counterpart at 3.6 and 4.5 yum. Another one has been independently detected at 850 and 870 um. The
others have no countarpet except for ALMA 1.2 mm. Their optical to radio SEDs and the flux ratios
between radio and millimeter wavelength suggest that they can lie at z = 3-5, although they can also
be relatively low-redshift sources (i.e., z < 2-3) with low dust temperature (Tgust S 25 K). We estimate

stellar masses and SFRs of these K-dropout sources and find that these sources represent the early phase
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of formation of massive galaxies if they lie at z = 3-5. In the case that they lie at z < 2-3, they can be
low-mass starburst galaxies with log(M, /M) < 9.0 and log(SFR/[Mg, yr~!]) ~ 2.

We derive the contribution of K-dropout ASAGAO sources to the cosmic SFRD. If they lie some-
where in the redshift range of z ~ 3-5, the contribution is estimated to be ~ 1-3 x 1073 M, yr—! Mpc—3
(corresponding to ~ 10-30% of previous studies; e.g., Madau & Dickinson 2014). This value can be con-
sistent with, or greater than that of bright SMGs with Sg70,m > 4.2 mJy detected at z ~ 3-5. These results
suggest that an unbiased ALMA survey can reveal the dust-obscured star formation activities, which have
been missed in previous deep optical/near-IR surveys. However, follow-up observations to get spectro-
scopic redshifts are time-consuming even with ALMA. Therefore, these sources are good target for next

generation telescopes such as ngVLA, JWST, and SPICA.
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Blind millimeter line emitter search using

ALMA toward gravitational lensing clusters

In this chapter, we present our results of a blind millimeter line emitter search using ALMA Band 6
data with a single frequency tuning toward four gravitational lensing clusters (RXJ1347.5—1145, Abell
S0592, MACS J0416.1—-2403, and Abell 2744). As discussed in Chapter 1, constraining the luminosity
functions of (sub-)millimeter line emitters via unbiased (sub-)millimeter line emitter surveys is necessary
to unveil the cosmic star formation history. This chapter is based on the published paper written by the
author of this thesis (Yamaguchi et al., 2017).

In this study, we search for millimeter line emitters using ALMA Band 6 data with only a single
frequency tuning (i.e., observed frequency range ~ 7.5 GHz) toward four gravitational lensing clusters;

images of these gravitational lensing clusters obtained by the HST are displayed in Figure 5.1. From our
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search, we constrain the CO luminosity functions at z < 1 and the [C1] luminosity function at z ~ 6.
According to the predictions of semi-analytical models (e.g., Obreschkow et al., 2009a,b; Lagos et al.,
2012; Popping et al., 2016), the number density of CO line emitters (i.e., CO luminosity function) evolve
significantly atz < 1, which is in marked contrast to the weak evolution atz = 1-4 (Popping et al., 2016).
Because of the magnification effect of gravitational lensing clusters, we can constrain the fainter end
of the CO luminosity function, which is difficult to observe previous unlensed blank field observations.
Constraining the faint-end of CO luminosity functions (L < 10° K km s~! pc?) is particularly important
because it is dominated by non-starburst galaxies, which are the main contributors to the cosmic SFRD.
The faint-end of the CO luminosity functions are also affected by the CO spectral line energy distributions
of galaxies, which reflect the density and temperature of the interstellar medium (e.g., Lagos etal., 2012;
Popping et al., 2016). Furthermore, the [Ci] luminosity function can be a useful tool to estimate the
cosmic star formation rate density at z ~ 6, where the contribution from dusty galaxies to the cosmic

SFRD is still uncertain.

5.1 ALMA data toward gravitational lensing clusters

Here, we present the ALMA data. Our ALMA Band 6 continuum observations were carried out as
an ALMA Cycle 2 program (Project ID: 2013.1.00724.S, PI: H. Ezawa) on April 9 and 10, 2015, toward
two gravitational lensing clusters (RXJ1347.5—1145 and Abell S0592). For the ALMA observation,
35-38 antennas were employed. The minimum and maximum baselines were 15.1 and 348.5 m, respec-
tively. For RXJ1347.5—1145 (for Abell S0592), the phase calibrator was J1337—1257 (JO608—5456),
the bandpass calibrators were J1337—1257 and J1256—0547 (J1107—4449 and J1058—0133), and the
flux calibrators were Titan and Ganymede (Ganymede). The observed area, observed frequency, fre-
quency setting, achieved continuum sensitivities, and synthesized beams are summarized in Table 5.1.

We used additional Band 6 continuum observations toward another two gravitational lensing clusters
(MACS J0416.1—-2403 and Abell 2744) to expand our survey volume. These observations were also
carried out as an ALMA Cycle 2 program (Project ID: 2013.1.00999.S, PI: F. Bauer). All data sets
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Figure 5.1 Images of 4 lensing clusters obtained by HST. From the upper left panel to the lower right
panel, the HST/WFC3 F160W image of RXJ1347.5—1145, the HST/ACS F606W image of Abell S0592,
the HST/WFC3 F160W image of MACS J0416.1—2403, and the HST/WFC3 F160W image of Abell 2744,
respectively. Yellow solid lines are critical lines at z = 1.0 obtained by Kitayama et al. in preparation,
Oguri et al. in preparation, and Kawamata et al. (2016).

are public in the ALMA science archive. In Table 5.1, we summarize the results of these continuum

observations.

From the calibrated measurement sets of clusters, we create three-dimensional (3D) data cubes against

each spectral window with two different frequency resolutions, i.e., 60 and 100 MHz (corresponding to
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Figure 5.2 The S/N distribution of 3D data cubes with 60 MHz binning. The red dashed line shows a
Gaussian function. Black dotted lines indicate S/N = £ 5.

about 66.7 km s~ and 111 km s~! at 270 GHz, respectively). The calibrated visibilities are Fourier
transformed using the task CLEAN in the Common Astronomy Software Application (CASA; McMullin
et al., 2007). In this study, we use cubes without beam deconvolution employing the CLEAN algorithm
(Hogbom, 1974), i.e., “dirty cubes”, to search for line emitters, because no strong emission above 6o
is found in these cubes (see Figure 5.2). The achieved angular resolutions of the 3D data cubes are
approximately 1”—1.”5. Note that the frequency resolutions of the original data are about 35 km s—!, 35
kms™!, 18 kms~! and 18 km s™! for RXJ1347.5—1145, Abell S0592, MACS J0416.1—2403, and Abell

2744, respectively.
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5.2 Methods of our millimeter line emitter search

5.2.1 CLUMPFIND

We use CLUMPFIND software presented by Williams et al. (1994) to search for millimeter line emit-
ters. In this section, we summarize CLUMPFIND algorithm as follows:

CLUMPFIND directly reads a 3-dimensional data cube into a 3-dimensional array. Therefore, it can
search for “3-dimensional clumps” (i.e., x-axis, y-axis, and frequency-axis). First, it contours the data
cube and finds peaks. Then, it follows them down through sequentially lower contour levels. Note that
the contours are in the full 3 dimensions of the cube. In the case that pixels belonging to a clump detected
at a certain contour level and they do not belong to another clump which is detected at higher contour
level, the clump is recognized as a new clump. In Williams et al. (1994), they call this algorithm as

“friends-to-friends” algorithm.

5.2.2 Methods of our millimeter line emitter search
We search for millimeter line emitters as follows:

1. We calculate the standard deviations in each channel and examine 3-dimensional signal-to-noise
ratio cubes (S/N cubes) by dividing each data cube channel with its standard deviation. Note that
we use the data cubes before the correction of the primary beam attenuation pattern to calculate
the standard deviations. In Figure 5.2, we present the S/N distributions of the 3-dimensional data
cube with 60 MHz binning.

2. We apply CLUMPFIND software, which is explaned in Section 5.2.1 to the 3-dimensional S/N cubes
to search for line emitter candidates with a peak S/N > 5. We adopted the following parameters
of CLUMPFIND: AS = 20 and Ssiary = 40, where AS is the contouring interval and Sg,y 1S the
starting contour level as discussed in Williams et al. (1994).

3. We remove spurious detections by eye; specifically, we deem line emitter candidates that were not
detected with a S/N > 3 in any channel adjacent to their peak channel as spurious and exclude

them.
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5.3 Results of our millimeter line emitter search

We do not detect any significant line-emission in our search. The S/N distributions are well fitted by
Gaussian functions, which also support non-detections (Figure 5.2). The typical apparent 1o noise levels
of the data cubes are ¢ ~ 1.4, 1.2, 0.73, and 0.95 mJy beam~! with 60 MHz binning and ¢ ~ 1.2, 1.0, 0.56,
and 0.77 mJy beam ! with 100 MHz binning for RXJ1347.5—1145, Abell S0592, MACS J0416.1—2403,
and Abell 2744, respectively (Table 5.1). Thus, if we assume AV = 200 km s~ as presumed in Decarli
et al. (2016), the 3o limiting apparent CO luminosities are estimated to be uLq ~ 5.5 x 108, 1.8 x 10°,
and 2.9 x 10° K km s~! pc? for CO(3-2) at z ~ 0.3, CO(4-3) at z ~ 0.7, and CO(5-4) at z ~ 1.2,
respectively. Note that AV and p are the velocity-width and the gravitational lensing magnification factor,
respectively. For the [Ci1] 158 um line at z ~ 6, the 3¢ limiting apparent [C1r| luminosities are estimated
to be uLicm ~ 1.0 x 10%, 8.5 x 10%, 4.7 x 10%, 6.5 x 10® L. In the case of the [C1] 158 um line, we
assume AV =300 km s~! as explained in Aravena et al. (2016a).

If we adopt a detection threshold of S/N = 4.0, there is a tentative detection of a line emitter at (a2000,
d1000) = (13147™30%.13, —11°4526".59) in RXJ1347.5—1145 (see Figures in Appendix D; hereafter
RXJ1347-emitterl). RXJ1347-emitter] is detected with 4.5¢ at the peak channel in the 60 MHz-binning
data cube and detected with 4.3¢ at next to the peak channel. RXJ1347-emitterl is also detected with
5.80 in the 100 MHz-binning data cube, but only detected at the peak channel. RXJ1347-emitter] has
no optical/NIR counterpart (see Figures in Appendix D). RXJ1347-emitter]1 is not detected in ALMA
continuum map. However, the negative tail of the noise distribution of the 60 MHz-binning data cubes
also extends to S/N = —4.5 (see Figure 5.2) and is only detected at the peak channel in the 100 MHz-
binning data cube. Thus, we treat RXJ1347-emitter] as the “line emitter candidate” in this paper. Further
details of RXJ1347-emitter] will be provided in Appendix D.

Gonzalez-Lopez et al. (2017) also search for line emitters using MACS J0416.1—2403 and Abell
2744 data, and report some detections (6 in MACS J0416.1—-2403, 3 in Abell 2744). This discrepancy is

simply because our criterion are more conservative than their criterion.
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5.4 CO and [C11] luminosity functions

We define luminosity bins to range from our 3¢ limiting apparent luminosity (see Section 5.3) to
a 0.5-dex higher luminosity. Because of the magnification due to gravitational lensing, we can search
for lower line luminosities than the 3o limiting apparent line luminosities. Accordingly, we adopt three
intrinsic (i.e., demagnified) luminosity bins as displayed in Table 5.2. Note that for CO(3-2), we define
two intrinsic luminosity bins, because the survey volume for the lowest intrinsic luminosity bin becomes
very small as explained later in this section.

To constrain the CO and [C11] luminosity functions, it is necessary to estimate the co-moving survey
volume. For this purpose, we used gravitational lensing models constructed with the GLAFIC software,
which adopt a standard y* minimization to determine the best-fit mass model (see Oguri, 2010, for details).
For MACS J0416.1—-2403 and Abell 2744 we use public GLAFIC mass models (version 3.0) that are
available at Space Telescope Science Institute (STScI) website! (Kawamata et al., 2016). For the other
two clusters, we use mass models obtained by Kitayama et al. in preparation (for RXJ1347.5—1145) and
Oguri et al. in preparation (for Abell S0592). These models are constructed in a similar way to Kawamata
et al. (2016).

In Figure 5.3 and Figure 5.4, we plot the effective (i.e. real) co-moving survey volume as a function
of magnification factors and intrinsic 1o sensitivities, respectively. For CO(3-2), the demagnified survey
volume is small, especially in the high magnification area. This is because the CO(3—2) emitters atz ~ 0.3
are located in front of the gravitational lensing clusters atz < 0.3 and are thus not affected by gravitational
lensing. This means that the non-null contribution at # > 1 values only comes from Abell S0592.

We use Markov Chain Monte Carlo (MCMC) methods to estimate model uncertainties as with the
case of Kawamata et al. (2016). For MACS J0416.1—2403 and Abell 2744, results of MCMC methods
are also available at STScl website. In MCMC methods, we change following parameters; virial mass,
positions, ellipticity, position angle, concentration parameters, velocity dispersion, truncation radius, di-

mension less parameter #, and redshifts of lensed galaxies (see Kawamata et al., 2016, for details). The

Thttps://archive.stsci.edu/prepds/frontier/lensmodels/
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Table 5.2. The constraint on densities of line emitters

Line Redshift range log L, . Veom Density
[K km s~ pe?] [Mpc?] [Mpe—3]
¢y ) (€) (4) 5)
coGa =~ 0257-0276,0.335-0357"  83-83 0.6778703555 <2772
0.286-0.271, 0.346-0.361>  8.8-9.3 285.515¢ < (6.4199) x 1073
. +1.16 +0.4 —1
Cows 06770701 0.780-0.808" 8.3-8.8 10'943-692 < (1'718-? 10 3
- 8.8-9.3 31687250 < (5.8703) x 10”
_ _ b —27.0 —0.5
0.695-0.714, 0.794-0.815 ) Py o B
9.3-9.8 768.5T30 < (2.4701) x 10
5.35 0.7 -
110-1.13, 1.22-1.26° 8.5-9.0 47427050 < (3.9%)4) x 1072
COG-4) o114 1241 27b 9.0-9.5 64257308 < (2.0%02) 1073
’ 9.5-10.0 11027120 < (1.7192) x 103
5.91-6.01. 634-6.45° 8.2-8.7° 21607547 < (8.57%) x 1073
[CoJ 158 pom 87-92°  189671% < (9.75)9) x 107
5.99-6.07, 6.40-6.48° T 178 03
9.2-9.7° 25321330 < (7.3F ) x 1074

Note. — (1) Observed line. (2) Observed redshift range. (3) Intrinsic (i.e., demagnified) line
luminosities. (4) Co-moving survey volume. (5) The 1o confidence upper limits on the densities of
line emitters, which are calculated by using the Poisson statistics by Gehrels (1986).

20bserved redshift range of RXJ1347.5—1145 and Abell S0592.

bObserved redshift range of MACS J0416.1—2403 and Abell 2744,
°For [C11] 158 um line, units of line luminosities are L,.
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Figure 5.3 The effective (i.e. real) co-moving survey volume as a function of magnification factors (u).
Blue shaded regions indicate model uncertainties (see Section 5.4 for details).
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Figure 5.4 The effective (i.e. real) co-moving survey volume as a function of intrinsic 1o sensitivities.
Blue shaded regions indicate model uncertainties (see Section 5.4 for details).
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resulting MCMC chain typically consists of hundreds of thousands of points. From the MCMC chain
we randomly pick 100 parameter sets to estimate the error in our volume estimate from the mass model
uncertainty. Specifically, we estimate the co-moving volume for each parameter set, repeat it for the 100
parameter set, and derive the model uncertainties. Here, we define the range between the maximum and
minimum co-moving survey volume as the model uncertainty. Our co-moving survey volume of each
luminosity bin and the 1o confidence upper limits on the densities of line emitters, which are calculated
by using the Poisson statistics by Gehrels (1986) are summarized in Table 5.2. Note that our estimated
errors can be underestimated because we do not include systematic errors between different lens mod-
els. For example, the area with magnification between 5 and 10 in Abell 2744 can change by almost ~
20% between different lens models released in STScl website (Wang et al., 2015; Kawamata et al., 2016;
Priewe et al., 2017).

Note that the limiting luminosities do not depend on the assumed line profiles. For instance, if we
adopt the limiting luminosities following our detection criterion explained in Section 5.2.2 (i.e., it is
detected with 5o flux density in one channel, and 3¢ in a neighboring channel), results do not change.
For example, for CO(4-3), the apparent limiting luminosity is estimated to be ,uLEO( 43) = 10°2 K km
s~! pc? (in 60 MHz-binning cubes), which is comparable with the limiting luminosity presented in Section
5.3. In this case, the typical magnification factor corresponding to the faintest luminosity bin in the Table
5.2 (i.e., Loq 3y 1033 K km s~! pc?) is u ~ 5. According to Figure 5.3, the co-moving survey volume
corresponding to this case (i.e., # ~ 5) is estimated to be Vom =~ 14 Mpc?, which is comparable with

Table 5.2.

5.4.1 CO luminosity functions

In Figure 5.5, we show our constraints on the CO luminosity functions (red symbols). In order to
avoid CO excitation uncertainties, we do not convert LE:O(3—2)> L’CO( 4.3y and Lé:o(s- ) into Llco(l-o) in this
paper. In gravitational lensing clusters, the effective survey volumes with a large magnification factor is
small as shown in Figure 5.3 and Figure 5.4. This is the reason why our constraints on the CO luminosity

functions at the faintest intrinsic luminosity bins are not strong. We only plot the best-fitting case in
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Figure 5.5, because model uncertainties on luminosity functions are small (see Table 5.2).

In the same plot (Figure 5.5), we also show the predictions based on semi-analytical cosmological
models by Obreschkow et al. (2009a,b), Lagos et al. (2012), and Popping et al. (2016). As shown in
Figure 5.5, our constraints are consistent with their predictions.

We also plot the latest results of the ALMA SPECtroscopic Survey in the Hubble Ultra-Deep Field
(ASPECS Walter et al., 2016; Decarli et al., 2016, cyan shaded regions). However, they only use peak
values to identify line emitters. To make a fair comparison, we reanalyze their ALMA Band 6 data
(Project ID: 2013.1.00718.S, PI: M. Aravena) following our procedure, which is explained in Section
5.2.2. In our procedure, we detect two emission lines, which are detected in ASPECS as lmm.1 and
Imm.2 (Walter et al., 2016; Decarli et al., 2016). According to Decarli et al. (2016), these two lines
represent the CO emission from one line emitter at z = 2.54. Therefore, we can only place upper limits
on the CO luminosity functions atz < 1 (yellow symbols in Figure 5.5) from the ASPECS data. As shown
in Figure 5.5, our constraints on the CO luminosity functions are consistent with the ASPECS results at
similar luminosity ranges (L{-o ~ 10° K km s~! pc?). Although the upper limit is about 1-2 orders of
magnitude larger than the predictions of semi-analytical models, we can expand the range of luminosity
to 2 0.5-dex lower than previous observations, although the current constraints are very coarse.

Based on our upper limits, we constrain the density evolution of the CO luminosity functions between
z = 0and z ~ 1. As shown in Figure 5.5, the evolution of the CO luminosity functions between z = 0
and z ~ 1 are consistent with the predictions of semi-analytical models by Obreschkow et al. (2009a,b),

Lagos et al. (2012) and Popping et al. (2016), although the constraints to date are not stringent yet.

5.4.2 [Cia] luminosity function

We display our constraints on the [Cir] luminosity function at z ~ 6 in Figure 5.6. As with the
case of CO luminosity functions, we only plot the best-fitting case. In the same plot, we also show the
predictions based on semi-analytical cosmological models with radiative transfer by Popping et al. (2016)
and observational results of ASPECS (Aravena et al., 2016a) and Hayatsu et al. (2017). As with the case

of the CO luminosity functions, we show the results of the ASPECS data reanalysis (see Section 5.4.1
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for details). We also plot the observed [Ci1] luminosity function at z = 0 observed by the Herschel Space
Observatory (Hemmati et al., 2017).

Although the upper limits are significantly higher than the prediction of Popping et al. (2016), our
results are still consistent with previous observational results (Figure 5.6). Indeed, recent observations
suggest that the semi-analytical models underestimate the number density of [Cr1] emitters (e.g., Swin-
bank et al., 2012; Aravena et al., 2016a; Miller et al., 2016; Hemmati et al., 2017; Hayatsu et al., 2017)
at the luminosity range of Licyy 2 103 L. One of the reasons of this discrepancy might be explained
by semi-analytical models’ difficulty in the AGN feedback that affects the inflow/outflow of gas in the
largest and most massive galaxies (e.g., Vallini et al., 2016; Hemmati et al., 2017; Lagache et al., 2018).
Our results support previous observations at the luminosity range of Licyy ~ 10%-10'° L,

Popping et al. (2016) predict that the [Ci] luminosity function at z = 6 returns to a level similar to
that of z = 0, which reflect the evolution of the cosmic SFRD. This is also suggested by observational
studies (e.g., Aravena et al., 2016a; Hemmati et al., 2017), regardless of [C1r] luminosity function shape.

As shown in Figure 5.6, our results are also consistent with the prediction.

5.5 Conclusions of our millimeter line emitter search

We carried out a blind search for millimeter line emitters using ALMA band 6 data with a single
frequency tuning toward four gravitational lensing clusters. We did not detect any line emitters with a
peak S/N > 5, although we did find one line emitter candidate (RXJ1347-emitterl) with a peak S/N =
4.5 in the 60 MHz-binning data cube.

We placed upper limits on the CO(3-2), CO(4-3), and CO(5—4) luminosity functions atz ~ 0.3, 0.7,
and 1.2, respectively. Because of the magnification effect of gravitational lensing clusters, the new data
provide the first constraints on the CO luminosity functions at unprecedentedly low luminosity levels, i.e.,
down to < 1073-10~! Mpc—3 at Lo ~ 103-10'" K km s~! pc?. These results are consistent with the
predictions of semi-analytical models. Our constraint is comparable with the latest results of the ALMA

spectroscopic scan observation of ASPECS at similar luminosity ranges (Lo ~ 10° K km s™! pc?).
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Figure 5.6 Comparison of our blind line emitter search with the empirically derived [Crr] luminosity
functions and previous observations. Our results are presented as red symbols. The black solid line, the
dashed line and the dot-dashed line is empirically derived [Ci1] luminosity functions at z = 6, z = 2,
and z = 0 from Popping et al. (2016), respectively. The cyan triangle and the magenta circle indicates
the observational results of the ASPECS (Aravena et al., 2016a) and Hayatsu et al. (2017), respectively.
The yellow symbol is result of our reanalysis of ASPECS data. Blue squares represent the observed [Cir]
luminosity function at z = 0 (Hemmati et al., 2017).

However, we can expand the range of luminosity to = 0.5-dex lower than previous observations. Our
constraint on the evolution of CO luminosity function between z = 0 and z ~ 1 are consistent with the
predictions of semi-analytical models by Obreschkow et al. (2009a,b), Lagos et al. (2012) and Popping
et al. (2016), although the constraints to date are not stringent yet.

We also placed upper limits on the [C1] luminosity function at z ~ 6 (< 10731072 Mpc 3 dex™')
in the luminosity range of Ly ~ 103-10'° L,,. Although the upper limits are significantly higher than
the prediction of the semi-analytical model, our results are still consistent with previous observational

results. Our results are consistent with the scenario that the [Cir] luminosity function returns to a level
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similar to that of z = 0 atz ~ 6.

The total observation time of our data is comparable with ASPECS (~ 20 hours at Band 6). Therefore,
this study demonstrates that not only the spectroscopic scan observations, but also the wide observations
with a single frequency tuning toward gravitational lensing clusters are useful for constraining the CO
and [C11] luminosity functions. We will also be able to apply stronger constraints by adding more ALMA

Cycle 3 or 4 data toward gravitational lensing clusters, which will become public soon.
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Summary

One of the main goals in astronomy is unveiling the cosmic star formation history. In order to understand
the cosmic star formation history comprehensively from the point of view of the dusty star-forming activ-
ity itself and material of star formation, we put constraints on the evolution of the cosmic SFRD by the
direct observations of dusty star-forming galaxies at z ~ 0—5 (Chapter 3, Chapter 4) and CO and [Ci11]
luminosity functions at z ~ 1 and 6, respectively (Chapter 5) using unbiased ALMA data. Our results

and conclusions are explained in following sections.

6.1 The multi-wavelength analysis of 1.2 mm continuum sources

We extract 1.2 mm continuum sources using the deep continuum observations of a 26 arcmin? region

in the GOODS-S obtained with ALMA Band 6, named ASAGAO. In conjunction with ALMA archival
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data of the same field the final ASAGAO map reaches a typical noise level of & ~ 30 uJy beam™! at the
central ~ 4 arcmin’ and ~ 70 um beam~! at the remaining area with the synthesized beam of 0”.59 x
0”.53 (position angle = —83°). Our main results of the multi-wavelength analysis of ASAGAO sources

are as follows:

— We find that 66 ASAGAO sources with the peak S/N > 3.5 have K-band counterparts in the
ZFOURGE catalog. These ASAGAO sources tend to have fainter flux densities (S 2mm < 1.0

~

mlJy) than bright SMGs (S} 2mm = 1.0 mJy). Their median redshift is estimated to be zpegian =
1.77 4+ 0.23, which is consistent with the results of faint (sub-)millimeter sources detected in re-
cent ALMA deep continuum surveys, although this value is lower than that of bright SMGs (Zmedian

~2.1-3.1).

— We perform the bayesian-based SED fitting from optical to millimeter wavelengths using MAG-
PHYS to estimate the physical properties of the ASAGAO sources. The estimated stellar masses
and SFRs of ASAGAO sources suggest that they mainly lie on the high-mass end of the main
sequence of star-formation galaxies on the M,-SFR plane, although ~ 10% of ASAGAO sources
show starburst-like features in the relatively small stellar mass range.

— The IRX-M,, IRX-SFR, and IRX-f;y relations of ASAGAO sources show offsets from ALMA
non-detected ZFOURGE sources even if they show similar star-forming properties on the M,.-SFR
plane. This implies that ALMA detected and non-detected sources have different dust properties

(e.g., dust compositions or dust distribution).

— We obtain the spatially resolved IRX-fy relation of ASAGAO sources by using the ALMA image
with 0”.2 resolution and find that the different distribution between dust and stars is at least partly
responsible for the bluer IRX-f;y relation and large dispersion of high redshift dusty star-forming
galaxies.

— We resolve the contribution of ASAGAO sources to the cosmic SFRD at z = 0-5. The shape of
the contribution of ASAGAO sources to the cosmic SFRD is similar to the previous studies; it has
apeak level at z ~ 23, and then it declines toward z = 0. We find that the ASAGAO sources with
K-band counterparts are main contributors to the cosmic SFRD at z ~ 2-3 (~ 60% of the cosmic
UV + IR SFRD and ~ 80% of the cosmic IR SFRD), and their contributions are ~ 1 dex smaller
than that of previous studies at z < 2 (only ~ 5-30% of the cosmic IR SFRD). The contributions
of ASAGAO sources to the cosmic SFRD can be consistent with, or greater than that of bright
ALESS sources at z 2 3.
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We also find 5 ASAGAO sources (S/N > 5 at 1.2 mm) without any counterparts in the deep H-
and K-band image. One of these K-dropout ASAGAO sources is also detected at Spitzer/IRAC
3.6- and 4.5-um band and another one has been independently detected at 850 and 870 um using
JCMT/SCUBA2 and ALMA Band 7, respectively. The others have no counterparts.

The optical to radio SEDs and the flux ratios between radio and millimeter wavelength of the K-
dropout ASAGAO sources suggest that they can be at z > 3-5, although we can not exclude the
case that they are relatively low-redshift (i.e., z < 2-3) sources with low dust temperature (7 gy
< 25K).

The stellar masses and SFRs of K-dropout ASAGAO sources suggest that they can be the early
phase of the formation of massive galaxies at high redshift or low-mass sturburst sources at low
redshift.

We derive the contribution of K-dropout ASAGAO sources to the cosmic SFRD. If they lie some-
where in the redshift range of z ~ 3-5, the contribution is estimated to be ~ 1-3 x 1073 M, yr~!
Mpc =3 (> 10% of previous studies). This value can be consistent with, or greater than that of
bright SMGs with Sg70um > 4.2 mJy detected at z ~ 3-5. These results suggest that an unbiased
ALMA survey can reveal the dust-obscured star formation activities, which have been missed in

previous deep optical/near-IR surveys.

6.2 Blind millimeter line emitter search

We carry out a blind search for millimeter line emitters using ALMA Band 6 data with a single-

frequency tuning toward four gravitational lensing clusters (RXJ1347.5—1145, Abell S0592, MACS

J0416.1—-2403, and Abell 2744). We do not detect any line emitters with a peak S/N > 5, although

we do find one line emitter candidate (RXJ1347-emitter]) with a peak S/N ~ 4.5 in the 60 MHz binning

data cube. Our main results are as follows:

— We place upper limits on the CO(3-2), CO(4-3), and CO(5—4) luminosity functions at z ~ 0.3,
0.7, and 1.2, respectively. Because of the magnification effect of gravitational lensing clusters,

the new data provide the first constraints on the CO luminosity functions at unprecedentedly low
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luminosity levels, i.e., down to < 1073-10~" Mpc™ dex™! in the luminosity range of Lo ~
103-10'" K km s—! pc2.

— Our constraint is comparable to the latest results of the ALMA spectroscopic surveys. However,
we can expand the range of luminosity to = 0.5 dex lower than previous observations. Although
the constraints to date are noy yet stringent, our constraint on the evolution of CO luminosity
function between z = 0 and z = 1 is consistent with the predictions of semi-analytical models.

— We also put upper limits on the [Crr] luminosity function atz ~ 6 (< 1073-1072 Mpc—> dex ') in
the luminosity range of Ljcyy ~ 103-10'" L.,. Although the upper limits are significantly higher
than the prediction of the semi-analytical model, our results are still consistent with the evolution

scenario suggested by semi-analytical models.

— The total observation time of our data is comparable with ASPECS (~ 20 hours at Band 6). There-
fore, this study demonstrates that not only spectroscopic scan observations, but also observations
with a single-frequency tuning toward gravitational lensing clusters are useful for constraining the
CO and [Ci1] luminosity functions. We will also be able to obtain stronger constraints by adding
more ALMA Cycle 3 or 4 data toward gravitational lensing clusters, which will become public

Soon.

The results in this thesis demonstrate that we have resolved the contributions of faint (sub-)millimeter
sources to the cosmic SFRD in the redshift range of z ~ 0-5. In addition, our constraints on millimeter
line luminosity functions by our blind millimeter line emitter search are consistent with semi-analytical
model which suggest that the evolution of the cosmic SFRD is caused by the lack of the molecular gas
content in the universe. We also find that we have missed non-negligible contributions of near-IR-dark
faint (sub-)millimeter sources to the cosmic SFRD in the high redshift universe. As a next step, obtaining
the spectroscopic redshifts of these near-IR dark faint (sub-)millimeter sources via spectroscopic scan
observations, which is time-consuming even with ALMA, is necessary. Therefore, these sources are
good target for next generation telescopes such as ngVLA, JWST, and SPICA.

In the near future, we will get ALMA data obtained by an ALMA large program, ALMA Lensing
Cluster Survey (ALCS; Project ID: 2018.1.00035.L, PI: K. Kohno). The observation will cover ~ 88

arcmin’ apparently (33 massive galaxy clusters) and reach the apparent sensitivity of & ~ 0.08 mly at
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1.2 mm. The data will be able to provide a significant number of near-IR-dark faint millimeter sources
as well as near-IR detected millimeter sources. The magnification effect of gravitational lensing clusters
help to study multi-wavelength properties of such near-IR-dark faint millimeter sources. In addition to
that, the data can also be used for a blind millimeter line emitter search as suggested in Chapter 5. The
wide observation area (2 5 times wider than that of this study) and frequency range (~ 2 times wider

than that of this study) will enable us to put stronger constraints on CO and [C11] luminosity functions.
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Multi-wavelength postage stamps

In Figure A.1, we show multi-wavelength postage stamps of ASAGAO sources with K-band coun-

terparts.
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Figure A.l Multi-wavelength images of ASAGAO sources with K-band counterparts. From left to
right: ALMA 1.2 mm, JVLA 6 GHz, Spitzer IRAC/4.5 um, IRAC/3.6 um, VLT HAWK-I/K, and HST
WFC3/F160W images. The field of view is 5 x 5”. Blue and magenta crosses mark the ALMA positions
and ZFOURGE positions, respectively. Cyan circles are 17 apertures.
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104



J

VLA C

Ll AR LR |

ID16

IRAC ch2

IRAC chl

HAWK-I1 K

HST F160W

| A

IIIlLL.I.IIIIIIIlIIF

A LARRBRRRANREREN RN

AL EANRENAAURT,
L2 LLLLY RLLLY LR R

ﬁ_é

w1 VTP I A P v

bl omleg

iI-I_I'IIT |.[||||-||l

LB

P
G e by

| AR L

4

el s Ly L v [

el bifn e

TTLRLTTTTTT

1D23
L

I
a

LU LR LA
3
=

TTTTT

=

"l".u""I'T"'TT”'I

"?I"";P'rl'

o

|||L|J_||llt,1||||-

"T-

T T o

|r'|||||||n’.1n T
=

IH..I.- {

IIIIIIIIIIIIHII
|

ULEEA R LAY A

\,

L]
A

vi |'

Illllllllllllllll_tIIIIIIIIIIIIIIIII_tIrIIIIIEIIIIII’I’II Illlﬁl‘llllll.lll_t
E3 3 . s TR
228 =+ = e iE ot oy i 3
E3 g ES a T, @ a E
_:-_Illllllllllllll :-_IIIIIIIIIIIIIII ?!ILIIIIIIIIlllII_IleIJIII.IIIllllII_

Figure A.1 (Continued.)

105



JVLA C IRAC ch2 IRAC chl HAWK-I1 K HST F160W

||||I|—|||.Iil_ﬂ
ga  EEINNEY 1%
. o
a .
1

LI:IIJ_.IIL'IIIL’II

-

3

g
NI b

L]
Ll

u o

b bl
A

Llll_l:ll

:TUNR FRRwa AUNRY FNC. JUUTE ST FEved I

U"Ii‘"'

EIIIIIIIIIIIIIIIIIIEEIIIIIIIIIIIIIIIIIIEEIIIII‘IIII.IIIIIIII:

T

—”lI”J-IHHPI:I

1

LA
"
B
v badlinl

LLL) LLLLY LA LU

L
fe
T

]
T "
' FEERE FRATE A TR P I (A Rawl ATn i et ploiag ey o 159

(D102 3
3 3 3
() E
E L : : [ E
b - L [ | -
TSI TN ITOT- PO PL TP LAY B L = O P IO T “ T v PP O N i oS PP DALY

LARRY LERRY RRRRE NI LARRY LERRY RRRRE NI T

Vi fod a3y

Figure A.1 (Continued.)

106



ALMA JVLA C IRAC ch2 IRAC chl HAWK-I1 K HST F160W

- 2

T[T TITT 7T TIT T [TITT 7T ||l|rl|r|||ulrrl_
] =

T
T

TIT T [TCTTT
s =

Bl LA

L TN

i izgs 3

-

N .d

& %

ulig

-
-
-
+ ELAAY LLLL) L L
! |
& AL LU L L
|
Ll L Lt e |
jmh!mpmpu”“u
.L

?IL

=

- 1
st rertrr a9

'-lll

H

Figure A.1 (Continued.)

107



IRAC ch2 IRAC chl HAWK-I1 K

HST F160W

i pulinlunlinl

II'IIIIIIII’I‘I}__J::I.I:IIII.IIIIIII'I_-l

----- » . 1 J-Il
: ’ E-

o
LU LLERY LLRRT LLRR) LARA)

todi Tl

llllllhllLlli_

kL

TTT[TTTTJTTTIT|TITT TFTTT
ETTTTTRERTT T

L1}

(=)

ROpS

L

! wudoo by bl

AN R B
©
el b by

A
ilrnlll:rrlnllll

E
=

o)

E
F

:_tl||||||||||||||||'I
ol by

T[T
1D210

il bl

ol bl

T[T TTTTT

AN RRRLERRRRE L IIIIIIIIIIIIII: IIIIIIIII.IFIIII

L

4

=
-
N
O
o
S

,
4%

+
IIIIIIIIIIIIIIIIIIIII

LLA) LLLLY AL LA Lt
‘IIIIIIlIlllIIIIJJI1

b b

IT“IIIII‘IIIIII
||
-

E
t

]
‘1l||ul|lullutu|l‘

T TP T

LLLRN EERE SRREEIRE:
= -

+
wlooloo bl

LLRN ALY LN ALY R b
L
Y Y YR IT I
LLL) LAY LLLL L LS
w
ol bl

= 1 " -
plia gl vdaaielin | e ligl

PN T I |

Figure A.1 (Continued.)

108



ALMA JVLA C IRAC ch2 IRAC chl HAWK-I1 K HST F160W

¥ I I EET e

LLRRN RERRN RRRRY | LR LARRN LRRRY | LR LERRN LRLES | LRRRN LLRRY RRRLE R
. Ll

:

L5

#

wolenddyin i

-. -@ - @269'. ]

E
=
E g

!

- 3
X = L
FRETY SETEE FETTE - = FETTI FETT) Pt Pr= = Sre TA S A was el 3 IlIlLlIlLIIILIIii:-l

ITI“I_I’IIIIIIIIII:—IlTﬂ_rllllIllllI:_Ililllllllllllil:

:IIIIIIITIIIIIIII:

179598

Al
llllllllllllllllllll
+

é!—li_lllllIIIIILOE-EFIIEIIIIIIIIILLI:

wilidy

vl R b g B

Bl Livaaloaaalii | L Y O Lo loanaloiss

LR LR LRk N RRRRE LRRRN LARR |

llllll|IIIIIIllll_:'—_lllllllllllllllll_;_llll||1|||J..L.l.-l|'_;_
Illll‘ll‘lllh’lll.l' [N L LR = -1 [LLLILY LRLLE LARLY R

LLRRE LR R R < RRRRE RRRRE AR

T
T
Ll

| LALL LU
-

[FPrTd Pt |

«

AT |

1

1|||!|||l||||||||l'

TTTT[FPTT[TTTIT[T,
E I I [BSRRR

‘l"linlllllplll

ul vl ol PRRNE FERTE ANRRE F= A I ETI FURT KRET)

ARNRRRRNLRRRN AR : RN LR RN RN RARR | N LRRLY R mllllllllllllll_l:

IIIIIIIIIIIIII
L]
lllllll*lllllllll

LLT IIlIIIJ.ILlﬂI!LL N T P

Figure A.1 (Continued.)

109



ALMA JVLA C IRAC ch2 IRAC chl HAWK-I1 K HST F160W

T [ TTT T[T [TT e T[T T [TI T [TTT T T T TR T [ TT T [T oY

T
=
=

Lol

e
wulingd
IIIIII*IIIIII‘III1III

ii-
3

— L -
| PRR R SENEY FENE: AT PRR U2 TYRG Py 0 SRS Fra £l FRnes 0w

b

.
i bl lnblend

H Byl

|||l||1d|‘l||.|*|| ,1|A;|’ml|‘l||“h|| ! b bl

=
[ ¥Re F¥ i Frvin AR

_0_-r||ll|r||1]'||ll|(-_|1

1D375 ('l - L —t. T i L B
. AL P i R SR -

2 i) R ab7= 3

Y- >;U“ NE i ++ o e,

e +- -

ol ) ST S E

' , Illll||||||||||||7|||||||||||||||||7El-lILIIIJ.I.‘III-IEI-:lIIIIIIIIItll-ll:

ol b

"""" ' I ; E - SRR A
[ ] '

Figure A.1 (Continued.)

110



IRAC ch2 IRAC chl

JVLA C

HAWK-I1 K

HST F160W

I L RN RAEE S RRR Y

©

= 3

LLLLY AL LU L

L]
T8 RRRTE PRRET O

qlllllllldl]llhmllL‘

A

||||I||||I||—_||"|ITTIl[.ll'l—_llllllllllllllll ¥ llllllllllllllll'—a_l|||I|||1Trr|||| ':J_IIIIIIIII'F‘IIIII_
EWNE e Ed raf 3
s R Fge E o agoos 3
ot ) V& #  FTupd - iwm ¥ E

- =F. 1 LY s =5 =2 J E _'—_ 3
£y "® ! I k3 3
IlJIIIIIIIIIIIII_-_IIIIIH.III'!HJ[J_-— d llJd—lJul—hllJ—l_._ll_llJllllllllll_l_-

||||||||||I1iTIIII'E

B EF [ L " u
WW{%IHIIIIIllllllll_-_lllllllllllllIlll_r__llllIIIIIIIIIIll_l_:_IIIIIIIIIIIIIIII
E Y = Y

E ' ¥ P = = = = 47

' E‘ 1,} ’ S 2 =3 (ML '
E - = -_ = =+ =+

r | A3 = E3 i
_IIIILLIIIIIIIIII- Illllllllll_llll -—Illllllllllllllll-—IIIIIIIIIIIIIIII-_IlIJIIIIIlJJIIII-_IIIIIIIIIIIIIIIII

Figure A.1 (Continued.)

111



ALMA JVLA C IRAC ch2 IRAC chl HAWK-I1 K HST F160W
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The correspondence of IDs in previous

papers to ASAGAO IDs

Ueda et al. (2018) and Fujimoto et al. (2018) also report results of ASAGAO continuum sources.
Aravenaetal. (2016b), Dunlop etal. (2017), Franco etal. (2018), and Cowie et al. (2018) also observed the
similar region of ASAGAO. In this section, we present the correspondence of their IDs to our ASAGAO
IDs in Table B.1. There are no ALESS sources within the ASAGAO field.
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Table B.1. The correspondence to previous ALMA surveys in GOODS-S

ASAGAO ID ID in previous studies
(1) (2)
1 UDF1, AGS6, SGS22, U3, F3
2 AGSI1, SGS5, Ul, F1
3 AGS3, SGS9, U2, F2
4 UDF2, AGS18, SGS25, U6, F6
5 UDF3, ASPECS/C1, AGS12, SGS48, U8, F8
6 SGS20, U4, F4
7 SGS29, U5, F6
8 AGS13, SGS40, U12, F10
9 F9
10 UDF4, F132
11 F7
12 UDF5, F322
13 UDF6, F26
14 UDF7, U7
15 UDF11, F73
16 UDFS8, ASPECS/C2, F90
17 Ull
19 Ul10, F11
23 UDF13
26 SGS54, F103
29 F148
31 F113
33 F30
44 SGS63, F66
102 SGS72
167 F52
178 F60
236 F260
380 F129
502 F180

Note. — (1) ASAGAO IDs (2) Source IDs of ASPECS (Ar-
avenaetal.,2016b), UDF (Dunlop etal., 2017), AGS (Franco etal.,
2018), SGS (Cowie et al., 2018), U (Ueda et al., 2018), and F (Fu-
jimoto et al., 2018).
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The best fitting SEDs of ASAGAO sources

In Figure C.1, we plot our resilts of SED fittings estimated by using MAGPHYS. Procedures of our
SED fit are explained in Section 3.2.2.
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Figure C.1 (Continued.)
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A line emitter candidate; “RXJ1347-emitter]l”

We find a line emitter candidate at (R.A., Dec.) = (206.8755 deg, —11.7574 deg). In Figure D.1,
we display the spectrum of RXJ1347-emitter]l. RXJ1347-emitter] is detected with S/N = 4.5 at the peak
channel and with S/N = 4.3 at next to the peak channel in the 60-MHz-binning data. In the 100-MHz-
binning data, it is detected with S/N = 5.8 at the peak channel. Although negative tail of the noise
distribution of the 60-MHz-binning data extends to S/N = —4.5, we do not detect any pixels with S/N <
—5.8 in the 100-MHz-binning data. We have no atmospheric absorption lines around the peak frequency
of RXJ1347-emitter]l. There are no astronomical absorption features in the 3D data cubes of bandpass
calibrators.

As shown in Figure D.2, RXJ1347-emitter]l has no counterpart at optical/NIR wavelengths. Thus,
RXJ1347-emitterl can be a [CII] 158 um emitter at z = 5.95 rather than a CO emitter at z ~ 1, if it is
a real line emitter. To confirm whether RXJ1347-emitter] is a real detection or a spurious detection and

determine redshift, future ALMA follow-up observation is needed.
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Figure D.1 From left to right, the spectrum of RXJ1347-emitter] with 60 MHz binning and 100 MHz
binning with 1o errorbars, respectively. The gray shaded regions indicates the frequency range of an
atmospheric absorption line caused by ozone.

Subaru V HST F814W  HST F160W Spitzer 3.6 um ALMA

S

Figure D.2 From left to right: Subaru/Suprime-Cam V band, HST/ACS F814W, HST/WFC3 F160W,
Spitzer/IRAC 3.6 um, and ALMA velocity-integrated images of RXJ1347-emitterl, respectively. The
magenta cross indicates the peak position of RXJ1347-emitter]l. The white contour shows the 4o level
of the ALMA velocity-integrated image. The black symbol is the synthesized beam of ALMA. Insert
magnitudes are apparent 3¢ limiting magnitudes obtained by Postman et al. (2012), Umetsu et al. (2014),
and Huang et al. (2016).
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