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ABSTRACT

In hierarchical structure formation, low-mass galaxies play a key role as the building
blocks of the galaxy assembly. It is therefore important to reveal the physical processes
that regulate low-mass galaxy formation. To this end, we investigate stellar mass
functions (SMFs), rest-frame far ultra-violet (UV) luminosity functions (LFs), and
Lyman-o (Lyca) emission radial profiles and their redshift evolution at z ~ 0 — 9,
exploiting large observational data sets over the UV to mid-infrared (MIR) wavelength
range. Estimating these three quantities help to understand the galaxy formation
processes in a comprehensive way, because the stellar mass M,, UV magnitude Myy,
and Lya emission reflect the completed, ongoing, and future star formation activities,
respectively.

First, we estimate SMFs at z ~ 6 —9 and z ~ 0 using optical to MIR data
of the Hubble+Spitzer Space Telescopes and the Sloan Digital Sky Survey (SDSS),
respectively. To derive SMFs at z ~ 6 — 9, we use the very deep optical to MIR
images of the Hubble Frontier Fields (HFF; ~ 28 — 29 and ~ 25 — 26 mag at 50 in
the optical and MIR bands, respectively) and 453 dropout galaxies that are strongly
magnified by the foreground galaxy clusters. We investigate the stellar populations
of the dropouts to estimate their M, by fitting a stellar population synthesis and
photoionization model to the observed photometries. For z ~ 0, we use the latest
SDSS spectroscopic survey data over the very wide fields (~ 9400 deg?). We apply the
1/Vinax method to 651202 galaxies at z = 0.003 — 0.2 to derive the SMF. We find that
the SMF's reach down to M, ~ 10— 107 M, both at z ~ 6 —9 and 0, with the flatter
low-mass-end slopes «, toward low redshifts (from ~ —1.8 to —1.5). A turnover is
identified in the very low-mass end of our z ~ 0 SMF (M} = 6.71755) x 10% M),
while no clear turnovers are found at z ~ 6 — 9.

Second, we discuss UV LFs at z ~ 0 — 9. We estimate a UV LF at z ~ 0 with
the Galazxy Evolution Ezplorer (GALEX) survey data. We choose 67277 galaxies at
z = 0.003 — 0.2 over the very large area of > 10* deg? from the latest GALEX catalog
cross-matched with the SDSS spectroscopic catalog. We derive the UV LF down to
Myy ~ —10 mag with the 1/V},.x method, finding that the faint-end slope is very flat
(ayy = —1.30+0.01). Comparing our UV LF with those at high redshifts taken from
the literature, we identify an increasing trend of ayy toward low redshifts. We also

find a tentative turnover at M{y, ~ —11 mag in our ~ 0 UV LF, while turnovers at
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z > 6 are controversial due to the observational limits and lens model uncertainties.

Third, we probe extended diffuse Ly« emission around Ly« emitters (LAEs) at
z ~ 2 —7. We use the deep (~ 26 mag at 50) and large-area (~ 4.5 deg?) data
of the Subaru Telescope/Hyper Suprime-Cam (HSC) Strategic Program (SSP) and
the Cosmic HydrOgen Reionization Unveiled with Subaru (CHORUS) project. We
apply the intensity mapping technique to the narrow-band (NB) images and 1781
LAEs at z = 2.2, 3.3, 5.7, and 6.6, deriving the average Lya surface brightness
(SBLya) radial profiles around the LAEs. By carefully estimating systematics, we
detect diffuse Lya emission (~ 1072 —107'% erg s7! em™2 arcsec™2) at ~ 100 — 1000
comoving kpc around z = 3.3 LAEs at the 4.10 level and tentatively (~ 20) at
the other redshifts, beyond the virial radius R,; of a dark-matter halo with a mass
of 10! M. We tentatively identify a decreasing trend SBpy, toward low redshifts
when we correct SBry, for the cosmological dimming effect. This result may be due
to the decreasing cosmic hydrogen gas density according to the cosmic expansion.
Comparisons with theoretical models suggest that extended Ly« emission outside
Ry is produced by Lya photons that are resonantly scattered in the circum- and
inter-galactic medium (CGM and IGM, respectively), and/or that are emitted from
surrounding dwarf galaxies outside Ryj,.

Based on these results, we discuss the galaxy formation processes. We find that
both low-mass ends of the SMFs and faint ends of the UV LFs are steep at high
redshifts, which implies that low-mass galaxies are abundant in the early universe.
The low-mass- and faint-end slopes become flatter toward low redshifts as galaxies
become massive through merging processes. At the lowest mass limits, star forma-
tion is strongly suppressed, which appears as turnovers in SMFs and UV LFs. We
compare our estimation of M and M, with theoretical predictions, finding that
the turnovers can be explained by the atomic gas cooling limit, supernova feedback,
and/or photoionization due to the UV background (UVB) radiation. We also find
that our z ~ 0 SMF is similar to that of the local satellite galaxies. This may sug-
gest that the local satellite galaxies form in the physical process same as the central

galaxies.
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CHAPTER 1
INTRODUCTION

1.1 Role of Low-Mass Galaxies in Galaxy Formation History

In the frame of the standard cold dark matter (CDM) model, primordial perturba-
tion in the very universe grows large to create the density fluctuation through the
gravitational instability (e.g., Mo et al. 2010; Loeb & Furlanetto 2013). Once the
amplitude of the fluctuation exceeds a threshold, it collapses into a gravitationally
bounded object, which is called a dark-matter halo (DMH). A DMH is filled with
ionized hot gas just after the collapse. The gas releases its energy as radiation via
the atomic and/or molecular gas cooling processes (e.g., Barkana & Loeb 2001; Nishi
2002). They fall into the central part of the DMH, subsequently forming a galaxy. In
this picture, low-mass galaxies form first, and then merge to build massive ones (e.g.,
Press & Schechter 1974; Lacey & Cole 1993; Hopkins et al. 2008, see Figure 1.1). This
formation scenario is called “hierarchical galaxy formation.” Low-mass galaxies are
important in studying galaxy formation processes, since they are the very “building

blocks” in the hierarchical formation scenario.

Low-mass galaxies are important also in that they may be predecessors of present
Milky Way-like galaxies. Galaxies with stellar masses (M,) of ~ 10¢ — 107 M, at
redshift z ~ 6 grow up to have M, of ~ 10 — 10* M, at z = 0, according to the
models of Behroozi et al. (2013) and Behroozi et al. (2019; in the case of a DMH
mass My, of ~ 1012 M; e.g., Sakamoto et al. 2003; Xue et al. 2008). That M, value
is similar to that of the Milky Way (e.g., Licquia & Newman 2015),

Low-mass galaxies are worth investigating also as sources of the cosmic reion-
ization. Indeed, observational studies identified a large number of intrinsically faint
galaxies in the reionization epoch with the intrinsic rest-frame ultra-violet (UV)!
magnitudes Myy of < —21 mag (detailed in Section 1.3.1). Because the escape frac-
tion (fesc) and production rate (&) of ionizing photons are larger in fainter galaxies
(e.g., Matthee et al. 2017; Nakajima et al. 2020), faint galaxies are likely to largely

contribute to the reionization.

Throughout the thesis, “UV” refers to far UV (~ 1500 A), unless otherwise specified.
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Figure 1.1 Schematic illustration of the hierarchical structure formation. Each branch
represents a DMH, whose halo mass corresponds to the branch width. Time ¢ goes
from top to bottom, where ¢; is the epoch when the halo mass exceeds half of the final
halo mass, and t, is the present. Small halos (narrow branches) merge into larger
ones as time passes. Adopted from Figure 6 of Lacey & Cole (1993).



1.2 Feedback Process Regulating Galaxy Formation

1.2.1 Theoretical Backgrounds

One of the fundamental physical quantities useful to understand galaxy formation is a
number density distribution of the galaxies versus their masses, i.e., a mass function.
Figure 1.2 compares a stellar mass function (SMF) and a DMH mass function (HMF)
at z ~ 6. The black data points and solid line show the SMF and the best-fit Schechter
(1976) function taken from the observational study of Song et al. (2016), while the
gray line is the Sheth et al. (2001) HMF arbitrarily scaled to match the SMF at
M, ~ 101 M. As illustrated by the blue arrow, the SMF lies much below the HMF
particularly in the low-mass regime, which indicates that the star formation activity is
suppressed. Theoretical studies suggest that this is caused by stellar feedback, such as
radiation from stars and supernovae (SNe; e.g., Dekel & Silk 1986; Read & Trentham
2005; McKee & Ostriker 2007; Somerville & Davé 2015; Naab & Ostriker 2017). The
discrepancy between SMFs and HMF's is larger in the local universe than in the early
universe. Indeed, the SMF and HMF at z ~ 0 roughly follow oc M %® (e.g., Baldry
et al. 2012) and oc M ! (e.g., Sheth et al. 2001), respectively. In particular, the deficit
of satellite galaxies around the Milky Way compared to the expectation by the CDM
model is known as the “missing satellite problem” (e.g., Klypin et al. 1999; Moore
et al. 1999; Tollerud et al. 2008; Tanaka et al. 2018, see also reviews by Bullock 2010;
Kravtsov 2010). In summary, investigating the low-mass regimes of SMFs sheds light
on the physical processes regulating star formation in low-mass galaxies.

Given that the star formation is strongly suppressed in low-mass galaxies, then a
natural question that comes to our minds is about the minimum M, value of galax-
ies. Indeed, theoretical studies predict that star formation almost completely halts
below some critical M,, which is attributed to several physical mechanisms, such as
the atomic gas cooling limit (e.g., Barkana & Loeb 2001; Jaacks et al. 2013), pho-
toionization by the UV background (UVB) radiation (e.g., Efstathiou 1992; Quinn
et al. 1996; Gnedin 2000; Kitayama et al. 2001; Susa & Umemura 2004; Okamoto
et al. 2008; Finlator et al. 2012; Katz et al. 2020), and stellar feedback (e.g., Faucher-
Giguere et al. 2011; Wyithe & Loeb 2013; Dayal et al. 2014; Yung et al. 2019b; Ocvirk
et al. 2020; Qin et al. 2021).

e Atomic gas cooling limit. As touched above, baryons in a DMH start to collapse
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Figure 1.2 Mass functions at z ~ 6. The black circles are the observed SMF taken
from Song et al. (2016), while the black solid and dotted lines represent the best-fit
Schechter (1976) function and its extrapolation. The gray line represents the HMF
of the Sheth et al. (2001) model arbitrarily scaled to match the SMF. The SMF falls
below the HMF in the low-mass regime. The red solid lines show the model SMF of
Yung et al. (2019b). Although the model predicts an inversion of the slope, i.e., a
turnover, at M, ~ 10* — 10> M., the insufficient survey depths have prevented its
observational identification. The HMF is drawn with the Colossus toolkit (Diemer

2018).
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when the gravity exceeds the internal pressure of the baryons. Star formation
takes place when the baryons lose their energy via cooling. Cooling via hydrogen
and helium atoms is effective at the virial temperature Ty, of > 10* K, which
corresponds to M, of ~ 10° M, (Barkana & Loeb 2001). Below this threshold,

cooling becomes insufficient, which prevents star formation.

e Photoionization by the UVB. When the UVB penetrates a DMH, it heats the
baryons and prevents their accretion. This suppresses star formation in low-
mass DMHs, say, of M, < 10'° M, (Okamoto et al. 2008). Massive DMHs can
protect themselves against penetration of the UVB by the self-shielding effect

(e.g., Susa & Umemura 2004), enabling star formation to take place.

o Stellar feedback. Strong stellar feedback can suppress star formation completely
by expelling the baryons via outflows. The cosmological hydrodynamical (HD)
simulation of Faucher-Giguere et al. (2011) predicts that the gas accretion rate

is strongly suppressed due to outflows at M, < 10! M.

The halting of star formation in low-mass galaxies should appear as a rapid drop of
an SMF at its extremely low-mass end, which we hereafter refer to as a “turnover.”
For example, the semi-analytic model of Yung et al. (2019b) predicts turnovers in
SMFs at M, ~ 10* — 10° M, taking into account the cooling limit, photoionization,
and stellar winds (the red line in Figure 1.2). Observing the lowest stellar-mass limit
of an SMF is thus crucial to identify a turnover, and consequently to investigate the
physical process regulating the formation of the minimum-mass galaxies. Given the
strength of the effects above are expected to change along the cosmic time, due to,
for example, the change in the intensity of the UVB and the depth of the potential
wall of a halo, it is worth investigating turnovers both in the early and local universe,

to understand the redshift evolution.
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1.2.2 Previous Observations

Contrary to theoretical predictions, observational studies have failed to identify turnovers
so far. At z > 4, observed near- to mid-infrared (NIR to MIR) photometric data
help to estimate M, via the amplitude of the 4000 A /Balmer break. For example,
Song et al. (2016) used ~ 4500 galaxies over the wide fields of the Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011;
Koekemoer et al. 2011) and the Great Observatories Origins Deep Survey (GOODS;
Giavalisco et al. 2004) to derive SMFs at z ~ 4 — 8. Although they found that the
SMFs continue monotonically increasing down to M, ~ 107 M, no feature of the

turnover was identified.

At z < 0.3, Panter et al. (2004), Baldry et al. (2008), and Rodriguez-Puebla
et al. (2020) used the optical spectroscopic data over the extremely wide fields of
the Sloan Digital Survey (SDSS; e.g., Eisenstein et al. 2011; Blanton et al. 2017) to
derive SMFs. They found that the SMFs are very flat at the low-mass ends (roughly
oc M%), Similar results were obtained also in the Galaxy And Mass Assembly
(GAMA) survey (e.g., Baldry et al. 2012; Wright et al. 2017). However, no turnovers
have been identified down to M, ~ 107 M in any work.

In summary, the current observational limits (M, < 107 M) are insufficient to
identify turnovers both at high and low redshifts. Because the critical halo masses
mentioned above (M, ~ 10° — 10 M) correspond to M, ~ 10° — 10" Mg, at z ~ 0
assuming the M, to M, ratios (SHMRs) of Behroozi et al. (2019), we need to advance

the current observational limits down to much lower M,, say, of < 107 M.

1.3 Observing Galaxy Formation from Multiple Aspects

The stellar mass of a galaxy is an indicator of the masses that are aggregated through
the completed star formation. For a comprehensive understanding of galaxy formation,
we also need to investigate young stars and gas, which are the proxies for ongoing
and future star formation, respectively. We will inspect these factors by estimating
rest-frame UV luminosity functions (LFs) and Lyman-a (Ly«) emission profiles, in
addition to SMFs.



1.3.1 Ongoing Star Formation

A rest-frame UV LF is a number density distribution versus the rest-frame UV abso-
lute magnitudes Myy of the galaxies. Ongoing star formation can be estimated with
a UV LF, because the UV light is emitted mainly from young O- and B-type stars
contained in galaxies.

At z > 6, deep optical and NIR data of the Advanced Camera for Surveys (ACS)
and the Wide Field Camera 3 (WFC3)-IR, respectively, on board the Hubble Space
Telescope (HST) enable us to identify Lyman break galaxies and to estimate their UV
LFs. For example, Ishigaki et al. (2018) derived UV LFs at z ~ 6—10 using the data of
the Hubble Frontier Fields (HFF; Coe et al. 2015; Lotz et al. 2017). HFF is one of the
most intensive surveys of the HST Treasury Programs (the 50 limiting magnitudes are
~ 29 mag), and focuses on the galaxy cluster fields causing the strong gravitational
lensing effect. Because the strong lensing effect magnifies the galaxies behind the
clusters, HFF is advantageous for identifying galaxies that are intrinsically faint but
magnified apparently brighter than observational limits. Ishigaki et al. (2018) found
that the z ~ 6 — 10 UV LFs monotonically increase down to Myy ~ —14 rapidly.

Local UV LFs have been obtained mainly with the extremely wide field survey
with the Galazy Fvolution Ezplorer (GALEX; Martin et al. 2005; Morrissey et al.
2005, 2007). For example, Budavéri et al. (2005) and Wyder et al. (2005) cross-
matched the GALEX sources with the spectroscopic survey data of the SDSS and the
Two-Degree Field Galaxy Redshift Survey (2dFGRS; Colless et al. 2001), respectively,
obtaining UV LFs at z < 0.2 down to Myy ~ —12 mag. Arnouts et al. (2005) derived
UV LFs down to Myy ~ —18 to —16 mag at 0.2 < z < 3.4. Their UV LFs exhibit
very flat faint-end slopes. More recent studies, such as Cucciati et al. (2012), Driver
et al. (2012), and Moutard et al. (2020), observed similar trends of the z ~ 0 UV LFs
in the faint ends, using ground-based survey data.

These efforts have revealed the redshift evolution of the faint ends of the UV LFs,
which becomes flatter toward low redshifts. Meanwhile, identification of turnovers has
been still controversial both at high and low redshifts. For example, although Ishigaki
et al. (2018) and Bouwens et al. (2017b) confirmed no turnovers down to Myy ~ —14
mag under multiple lens models (see Table 2 and Figure 8 of Bouwens et al. 2017b,
see also Yue et al. 2018), Atek et al. (2018) claimed a turnover at Myy = —14.9 mag.

The discrepancies are mainly due to the insufficient sensitivities of the observations,
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and uncertain lensing models. Also at z ~ 0, no previous studies have succeeded
in identifying turnovers. More effective constraints by observations are necessary to

settle these problems.

1.3.2 Fuel for Future Star Formation

The gas surrounding a galaxy, called the circumgalactic medium (CGM), falls onto
the galaxy and triggers future star formation activity (e.g., Tumlinson et al. 2017;
Péroux & Howk 2020). The hydrogen gas inside the CGM can be traced by Ly«
emission, which is observed as a Ly« halo (LAH).

Many studies have detected LAHs around nearby galaxies (e.g., Ostlin et al. 2009;
Hayes et al. 2013, 2014). At high redshifts, meanwhile, LAHs have been identified
mainly around massive galaxies, such as Lyman break galaxies (e.g., Hayashino et al.
2004; Swinbank et al. 2007; Steidel et al. 2011) and quasars (e.g., Goto et al. 2009;
Cantalupo et al. 2014; Martin et al. 2014; Borisova et al. 2016; Arrigoni Battaia et al.
2019; Kikuta et al. 2019; Zhang et al. 2020). However, it remains difficult to detect
diffuse emission around less massive galaxies, such as Lya emitters (LAEs), at high
redshifts, due to their faintness and sensitivity limits.

To overcome this difficulty, Rauch et al. (2008), for example, performed a very
deep (92 hr) long-slit observation with the ESO Very Large Telescope (VLT)/FOcal
Reducer and low dispersion Spectrograph 2 (FORS2) that reached a 1o surface bright-

ness (SB) detection limit of 8 x 1072° erg cm™2 s~! arcsec™2.

They investigated 27
LAEs at z = 2.67 — 3.75, identifying Ly« emission extended over 26 physical kpc
(pkpc) around one of their LAEs. Individual detection of many high-redshift LAHs
has been enabled by the advent of the Multi-Unit Spectroscopic Explorer (MUSE)
installed on the VLT (Bacon et al. 2010). Recently, Leclercq et al. (2017) identified
individual LAHs around 145 LAEs at z = 3 — 6 in the Hubble Ultra Deep Field
(HUDF) with the VLT /MUSE (see also Wisotzki et al. 2016). Their data reached a
SB limit of < 107! erg s7! em™2 arcsec™? at radii of > 10 pkpc.

A stacking method has been widely used to obtain averaged radial profiles of Ly«
emission with high signal-to-noise (S/N) ratios (e.g., Matsuda et al. 2012; Momose
et al. 2014, 2016; Xue et al. 2017; Wisotzki et al. 2018; Wu et al. 2020). For exam-
ple, Momose et al. (2014) stacked Subaru Telescope/Suprime-Cam (SC) narrow-band
(NB) images around > 100 LAEs at z = 2.2 — 6.6, obtaining Ly« radial profiles up to
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~ 50 pkpc scales. Matsuda et al. (2012) and Momose et al. (2016) investigated the
LAH size dependence on LAE properties, such as Lya luminosity, UV magnitude,
and overdensity, at z = 3.1 and 2.2, respectively. For example, Matsuda et al. (2012)
suggested that the Lya radial profiles become flatter as the surface number density
of the LAEs increase.

Despite these efforts, it is still not clear whether Lya emission continues to even
larger scales, i.e., outside the virial radius (Ry;;) of DMHs.

This question is motivated by the recent identification of Ly« emission over ~
1 physical Mpc (pMp) scales tracing the filamentary structure of the cosmic web
(Umehata et al. 2019; Bacon et al. 2021). Because they target Lya emission in
overdense regions at z ~ 3 — 4, we still need to investigate whether even field LAEs
harbor such extended Lya emission. In addition, no previous studies have investigated
such extended Ly« emission over a wide redshift range with a unified method, which
motivates us to reveal the redshift evolution of the Lya emission radial profiles.

Another open question is the physical origin of Ly« emission (see review by Ouchi
et al. 2020 and Figure 15 of Momose et al. 2016). Theoretical studies have suggested
several physical processes, which can be attributed mainly to 1) resonant scattering

and 2) in-situ production.

e Resonant scattering. Lya photons are produced in the interstellar medium
(ISM) of a galaxy, and then resonantly scattered by neutral hydrogen gas while
escaping the galaxy into the CGM and intergalactic medium (IGM; e.g., Laursen
& Sommer-Larsen 2007; Laursen et al. 2011; Steidel et al. 2011; Zheng et al.
2011; Dijkstra & Kramer 2012; Jeeson-Daniel et al. 2012; Verhamme et al. 2012;
Kakiichi & Dijkstra 2018; Smith et al. 2018, 2019; Garel et al. 2021).

e [n-situ production. Lya photons are produced not inside the galaxy, but in the
CGM. This can be further classified into three processes: i) recombination, ii)
collisional excitation, and iii) satellite galaxies. i) Recombination: ionizing ra-
diation from the galaxy or extragalactic UVB photoionizes the hydrogen gas in
the CGM, which in turn emits Ly« emission via recombination (“fluorescence”;
e.g., Furlanetto et al. 2005; Cantalupo et al. 2005; Kollmeier et al. 2010; Lake
et al. 2015; Mas-Ribas & Dijkstra 2016; Gallego et al. 2018; Mas-Ribas et al.
2017b). ii) Collisional excitation: hydrogen gas in the CGM is compressively
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heated by shocks and then emit Lya photons by converting its gravitational
energy into Lya emission while accreting onto the galaxy (“gravitational cool-
ing” or “cold stream”; e.g., Haiman et al. 2000; Fardal et al. 2001; Goerdt
et al. 2010; Faucher-Giguere et al. 2010; Rosdahl & Blaizot 2012; Lake et al.
2015). iii) Satellite galaxies: Ly« emission is produced by star formation in
unresolved dwarf galaxies (“satellite galaxies”) surrounding the central galaxy
(e.g., Mas-Ribas et al. 2017a,b).

Major mechanisms producing extended Lya emission have been controversial. For
example, Momose et al. (2016) suggest that the contributions of resonant scattering
in the CGM and satellite galaxies cannot be ruled out, and Leclercq et al. (2017)
admit the possibilities of all the processes above. Fluorescence is considered to play

a major role in quasars (e.g., Kollmeier et al. 2010; Kikuta et al. 2019).

1.4 Goals of the Thesis

Our goal in this thesis is to comprehend the formation of low-mass galaxies from
multiple aspects: stellar mass, UV light, and Lya emission. We stress again that
these three factors reflect completed, ongoing, and future star formation. We work
on the SMFs, UV LFs, and Lya emission profiles over a wide redshift range exploiting
various observational data sets. Our strategies and the thesis constitution (Chapters
2 to 4) are detailed below, and schematically summarized in Figure 1.3. Discussions

and a summary are given in Chapters 5 and 6, respectively.

1.4.1 SMFs

We study SMFs at z ~ 0 — 9 in Chapter 2. As touched in Section 1.2, the low-mass
end of an SMF sheds light on physical processes regulating the formation of low-mass
galaxies. Identifying a turnover is especially important to understand the complete
suppression of star formation. Therefore, our aim is to observationally put constraints
on the low-mass ends of SMF's, including turnovers, and to investigate their redshift
evolution.

Again, a stellar mass of a galaxy can be estimated with its Balmer break. Because
the break is observed in the infrared and optical wavelengths for galaxies at z > 6

and z ~ 0, respectively, we focus on SMFs at z > 6 and z ~ 0.
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SMFs UV LFs Lya
(Chapter 2) (Chapter 3) (Chapter 4)

High z

Low z

Completed Ongoing Future
Star Star Star
Formation Formation Formation

Figure 1.3 Overview of this thesis. We investigate SMFs, UV LFs, and Ly« emission
at z ~ 0 — 9 mainly using the observational data with the telescopes shown in the

grids. Illustrations/pictures: (€) NASA, SDSS, and NAOJ.
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At z > 6, we utilize the data of HFF. HFF provides very deep optical/NIR, and
MIR data taken with the HST and the Spitzer Space Telescope, respectively, over six
galaxy cluster fields and their parallel fields. We also utilize NIR observational data
of the VLT and Keck Telescope. The lensing effect caused by the galaxy clusters
helps to estimate M, with high S/N ratios. Our study is the first to use the latest
complete data sets of HFF to estimate SMFs, while previous studies were limited to
part of the fields.

At z ~ 0, we exploit the spectroscopic survey data of SDSS that spans an ex-
tremely wide area of ~ 9400 deg?. Owing to the extremely wide area, we anticipate a
large number of galaxies, including intrinsically faint ones. In the local universe, wide-
field surveys are more advantageous to identify intrinsically faint galaxies very close
to observers, while deep pencil-beam surveys are suitable for searching high-redshift

galaxies.

1.4.2 UV LFs

UV LFs at z ~ 0 — 9 are discussed in Chapter 3. We aim to study the faint ends
of UV LFs, and subsequently to reveal galaxy formation by comparing the UV LFs
with the SMFs.

At z > 6, again, rest-frame UV emission can be measured with the HST/ACS
and WFC3-IR. Thus we take the latest results of the HFF from Ishigaki et al. (2018),
since they have already reached the very faint ends (Myy ~ —14 mag).

At z ~ 0, we use the latest data release (GR6/7) of GALEX to derive a UV
LF. We use the GALEX source catalog cross-matched with the SDSS spectroscopic
catalog, which features an extremely wide area of 1.1 x 10* deg? (Bianchi & Shiao
2020). This area is much wider than those used in previous GALEX work (e.g., 43.9
and 56.7 deg? in Budavari et al. 2005 and Wyder et al. 2005, respectively).

1.4.3 Lya Emission Profiles

We address the Lya emission profiles at z ~ 2 —7 in Chapter 4. Our aim is to reveal

2 arcsec™!) Lya emission out to

averaged profiles of very diffuse (< 1071% erg s™! cm™
large scales (> Ryi), and to reveal the physical mechanism governing extended Ly«

emission.
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To this end, we utilize the intensity mapping technique (Kovetz et al. 2017 for a
review; see also Carilli 2011; Gong et al. 2011; Silva et al. 2013; Pullen et al. 2014;
Comaschi & Ferrara 2016a,b; Li et al. 2016; Fonseca et al. 2017), which is based on
cross-correlation functions between objects and their emission or absorption spectra.
This technique enables us to detect signals from targeted galaxies with a high S/N
ratio by efficiently estimating and removing contaminating signals from foreground
interlopers. For example, Croft et al. (2016, 2018) derived cross-correlation functions
between the Lya emission and quasar positions at z = 2 — 3.5 using the SDSS data,
detecting positive signals up to a ~ 20 comoving Mpc (cMpc) radial scale.

More interestingly, Kakuma et al. (2021) tentatively identified very diffuse (~

~2 arcsec™?) Lya emission extended around over the R,; scales.

1072 erg s7! em
They applied the intensity mapping technique to the NB816 and NB921 images of the
Subaru/Hyper Suprime-Cam (HSC) Strategic Program (HSC-SSP; Aihara et al. 2019)
and LAEs at z = 5.7 and 6.6. Their finding motivates us to investigate whether such
extended structures exist even at lower redshifts. We can now access Lya emission
at z < 4 owing to the advent of the Cosmic HydrOgen Reionization Unveiled with
Subaru (CHORUS; Inoue et al. 2020) project, whose NB387 and NB527 filters capture
Lya emission from galaxies at z = 2.2 and 3.3, respectively. In this thesis, we
systematically investigate Lya emission extended beyond R.,; around the LAEs at
z = 2.2—6.6, by taking advantage of the intensity mapping technique and ultra-deep

images of the HSC-SSP and CHORUS projects.

1.5 General Assumptions throughout the Thesis

Throughout the thesis, we adopt the concordance cosmology with Q,, 0 = 0.7, Qp ¢ =
0.3, and Hy = 70 km s~! Mpc~!. In this cosmology 1” corresponds to transverse
sizes of (8.3, 7.5, 5.9, 5.4) pkpc and (26, 32, 39, 41) comoving kpc (ckpc) at z =
(2.2, 3.3, 5.7, 6.6).

Magnitudes are given in the AB system (Oke & Gunn 1983). The conversion
between an apparent magnitude m and an absolute/intrinsic magnitude M for an

object at redshift z is given as

m = M + 5log[dy(2)/10 pc| + K(z) — 2.5log[u(z)], (1.1)
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where 5log[dy(z)/10 pc| and dp(z) are the distance modulus and luminosity distance,
respectively (Hogg 1999). The k-correction is termed as K(z). We assume flat UV
continua, i.e., K(z) = —2.5log(1 + z). When the object is magnified, —2.5log[u(z)]
is taken into account, where p(z) is the best-fit magnification factor at the position
of the object. An absolute magnitude refers to the magnitude of an object when
it is observed from 10 pc away, while an intrinsic magnitude means the absolute
magnitude that is corrected for the lensing effect. In short, an intrinsic magnitude is
a de-lensed absolute magnitude.

We adopt the Chabrier (2003) initial mass function (IMF) in a mass range of
0.1 — 100 Mg to estimate M,. All the M, values taken from previous studies are
converted to those estimated with the Chabrier (2003) IMF. For example, a M, value
estimated with the Salpeter (1955) IMF is divided by 1.64 to match to the Chabrier
(2003) IMF.



CHAPTER 2
STELLAR MASS FUNCTIONS

In this Chapter, we investigate the SMFs of galaxies at z ~ 6 — 9 (Section 2.1) and
z ~ 0 (Section 2.2) using the data mainly of HST+ Spitzer and SDSS, respectively.
The redshift evolution of the SMFs will be discussed in Section 2.3.

2.1 SMFs at z > 6

2.1.1 Data

HST Data and Samples

We make use of the image mosaics obtained in the HFF program, which targets
six cluster fields—Abell 2744, MACS J0416.1—2403, MACS J0717.54+3745, MACS
J1149.6+2223, Abell S1063, and Abell 370—and their accompanying six parallel
fields. We hereafter denote them as A2744C/P, M0416C/P, M0717C/P, M1149C/P,
A1063C/P, and A370C/P, respectively, where C/P indicates cluster/parallel field. All
of the 12 fields were observed with the three bands of the ACS and four bands of the
WFC3/IR; F435W (Byss), F606W (Vgoe), F81AW (ig14), F105W (Yi0s), F125W (J125),
F140W (JH149), and F160W (Higp). The throughputs of these filters are shown in
Figure 2.1. We utilize the drizzled and weight images that were produced by Shipley
et al. (2018) in the manner summarized below. ' First, the HFF v1.0 images were
downloaded from the MAST archive. > The point-spread functions (PSFs) of these
images were homogenized to those of the Higg images. The PSF full width at half
maximum (FWHM) of the homogenized images is ~ (18. Second, the bright cluster
galaxies (bCGs) were modeled and subtracted from the images to avoid the diffuse
intracluster light (ICL) in photometry of the background faint sources. The Galactic
extinction was also corrected. All of the images have a pixel scale of 0706.

We divide each image into 3 x 3 grid cells, and measure the limiting magnitude
in each cell (~ 1 arcmin?). This is because limiting magnitudes are not homogeneous
due to the ICL (e.g., Montes & Trujillo 2014; Ishigaki et al. 2015; Kawamata et al.

lhttp://cosmos.phy.tufts.edu/~danilo/HFF/Download.html
Zhttp://www.stsci.edu/hst/campaigns/frontier-fields/
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Figure 2.1 Filter throughputs in the Byss, Vo, and igy4 bands (HST/ACS; blue),
the Yios, Ji2s, JHi40, and Hiygp bands (HST/WFC3/IR; green), the K, band
(Keck/MOSFIRE and VLT/HAWK-I; orange), and chl and ch2 (Spitzer/IRAC; red).
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2016). The 50 limiting magnitudes in the Hjgy band images are ~ 28.4 — 29.2 mag
in a 0//35-diameter circular aperture.

We use the galaxy sample selected by Kawamata et al. (2018) and Ishigaki et al.
(2018), which consists of 350, 64, and 39 dropout galaxies (“dropouts” or Lyman
break galaxies, LBGs) at z ~ 6 — 7, 8, and 9, respectively, 453 in total. We estimate
their photometries as follows. First, we measure the aperture magnitude m,pe With
a diameter of D,,e, = 0735 at the position of the dropouts, using the IRAF task
phot (Tody 1986, 1993). Second, we apply an aperture correction. To evaluate the
aperture correction term caper, we create a median-stacked Jig5-band image of the
i-dropouts with PSF homogenization, and measure the aperture flux of the stacked
dropout with changing the aperture diameter. Because ~ 95 % of the total flux is
contained in a 1”72-diameter aperture, we take the magnitude within a 172-diameter
aperture as the total magnitude my,;. The magnitude within a 0”35-diameter aperture
is fainter than my. by 0.96 mag, so we define capey = 0.96 mag in the Jyo5 band.
Because the PSFs in the HST-band images are homogenized, we can apply the same
aperture correction to all the bands. Finally, we estimate the total magnitude my
as Mot = Maper(Daper) — Caper-

We take Jio5, JH149, and Higp band magnitudes as the rest-frame UV apparent
magnitudes myy of the dropouts at z ~ 6—7, 8, and 9, respectively. The mean values
of relative errors of myy estimated by either two of Kawamata et al. (2018), Ishigaki
et al. (2018), and this work are only ~ 1 %, implying a good consistency among the

three measurements.

VLT and Keck Data

We use the K band (A = 2.2 um) images obtained by the K-band Imaging of the
Frontier Fields (KIFF) program (Brammer et al. 2016). Ground-based observations in
the K band help to narrow down the position of the Balmer break with Spitzer data.
The deep images of the VLT /High Acuity Wide field K-band Imager (HAWK-I) are
available in A2744, M0416, A1063, and A370. Additionally, MO717 and M1149 are
observed with Keck-I/Multi-Object Spectrometer For Infra-Red Exploration (MOS-
FIRE). The HAWK-I and MOSFIRE images have the PSF FWHM of ~ (/4 — 0//5.
We utilize the drizzled and weight images of Shipley et al. (2018). The pixel scale of
the images is (706, which is matched to that of the HST images. Photometry and
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limiting-magnitude measurements are conducted in the same manner as for the HST
images, but with D,pe, = 076. Brammer et al. (2016) report the values of ¢,pe; in each
HFF field. Because the mean value of c,per weighted by the number of our dropouts in
each field is 0.74, we define caper = 0.74 in the K band. The 50 limiting magnitudes

are ~ 25.3 — 26.2 mag in a (/6-diameter circular aperture.

Spitzer Data

We utilize the drizzled and weight images of chl (A = 3.6 pm) and ch2 (A = 4.5 ym) of
the Infrared Array Camera (IRAC). The images are reduced by Shipley et al. (2018),
who combine the photometric data by 2016 December, subtract bCGs, and correct
for the Galactic extinction. In both chl and ch2, the PSF FWHM is ~ 177 — 270, and
pixel scales are (/3. Photometry and limiting-magnitude measurements are conducted
in the same manner as for the HST images, but with (D,per, Caper) = (370, 0.52) and
(370, 0.55) for chl and ch2, respectively (Ono et al. 2010). The 50 limiting magnitudes

are ~ 24.7 — 25.4 mag in a 3”0-diameter circular aperture.

Lens Models

To estimate the intrinsic photometries of the dropouts, we adopt the best-fit mag-
nification factors pipesy from the glafic (Oguri 2010) parametric models derived by
Kawamata et al. (2018, see also Kawamata et al. 2016). * Although the uncertainties
of fipesy are not considered to derive the M,-myy relations here (Section 2.1.2), the
uncertainties propagate from the UV LFs of Ishigaki et al. (2018) to the SMFs.

We should also pay attention to the systematical discrepancy among lens models.
Priewe et al. (2017) estimate the uncertainties of the eight mass models of M0416,

using a fractional normalized median absolute deviation, which is defined as
fNMAD = 1.4826 x median|ju,(0) — 1]/ (2.1)

Here 11,,(0) is the magnification factor calculated with a given model m at a given
position 8, and i is the median of the magnification factors. They find that INMAD ~
0.3 (0.7) at i ~ 2 (40) in M0416, which implies that magnification factors of different

3https://archive.stsci.edu/prepds/frontier/lensmodels/
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models differ only by a factor of ~ 2 (Meneghetti et al. 2017, see also). Therefore,
the model discrepancy is unlikely to affect our main results. Indeed, Ishigaki et al.
(2018) confirm that their UV LFs are robust against the lens model discrepancy (see
their Figure 7).

2.1.2 Methods

We find that the detection of the individual dropouts in the NIR to MIR bands is
very ambiguous (the median S/N ratio in chl is ~ 1.1). This prevents us directly
measuring M, of the individual dropouts. To avoid this observational difficulty, we
first stack the image in each band to improve the S/N ratios, and derive the averaged
value of M, for each Myy. Then we apply the M,-Myy relations to UV LFs to derive
the SMF's.

Stacking

First, we calculate the intrinsic magnitude Myy of a dropout using Equation (1.1).
We divide our dropouts into subsamples by the values of Myy at z ~ 6 —7, 8, and 9.
A summary of the subsamples is shown in Table 2.1.

In each band, we cut out images centered at the positions of dropouts, and divide
the pixel counts by the magnification factors of the dropouts. We then median-stack
the images of the dropouts for each subsample with iraf task imcombine. We do not
consider the stretching effect by lensing, because the apparent sizes of our dropouts
are very small.

Because of the poor spatial resolution of the IRAC, our dropouts may be blended
with other nearby sources. However, based on our visual check on the IRAC images
of the dropouts, we find that 384 dropouts (~ 85 % out of the total sample) have no
nearby bright sources within a 3”0-diameter aperture. Additionally, we adopt median
stacking to suppress the effects of outliers. These facts imply that contamination does
not significantly affect the resulting photometry of the stacked dropouts. Even when
we use these 384 dropouts and perform stacking analysis and photometry, the SEDs
do not change beyond the uncertainties. We thus use the full sample of 453 dropouts
hereafter for statistical accuracy.

Figures 2.2 and 2.3 show the stacked images of the z ~ 6 — 7, 8, and 9 subsamples.
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Magnitudes for the subsamples are measured in the same manner as those for the
individual dropouts in Section 2.1.1. To estimate uncertainties of the total fluxes
(or the total magnitudes), we follow the three steps; 1) randomly selecting positions
in the grid cell where the subsamples are located, 2) generating median-stacked sky
noise images, and 3) performing aperture photometry on the sky noise images with
the aperture correction to obtain the total flux f;. The steps 1)-3) are repeated for
100 times. We make a histogram of f;, and fit the histogram with a Gaussian profile.
We regard the standard deviation divided by the median magnification factor of the

subsample as the uncertainty of the total flux.

SED Fitting

To investigate the typical M, for a given Myy, we conduct the SED fitting method
based on the Markov Chain Monte Carlo (MCMC) algorithm. We use the BEAGLE
tool (Chevallard & Charlot 2016), which is based on a recent version of the stellar
population models of Bruzual & Charlot (2003) and the photoionization models of
Gutkin et al. (2016) that are computed with CLOUDY (Ferland et al. 2013). The IGM
absorption follow the models of Inoue et al. (2014). We adopt the Calzetti et al.
(1994) law for dust attenuation.

There are five free parameters in the fitting: i) galaxy age tag, ii) galaxy-wide
ionization parameter U, iii) total mass of the formed stars M,, iv) stellar metallicity
Z, and v) Vgoe-band dust attenuation optical depth 7. We assume uniform prior

probability distribution functions (PDFs) in the range of

1 Myt < tage < tuniv(z = 20et™) — tuniv(z = 20), (2.2)
-3 <logUn < —1, (2.3)

6 < log(M,/My) < 11, (2.4)
—2<log(Z/Z5) <02, and (2.5)
0<logmy <2 (2.6)

median

phot - 1s the median of

for the parameters i), ii), iii), iv), and v), respectively. Here, z
the photometric redshifts z,n¢ of the subsample whose values are taken from Kawa-

mata et al. (2018). We do not use zppet less than 4 to derive zﬁﬁiia“ following their



Table 2.1 Summary of the subsamples.

Subsample Threshold N
2~6—7, Myy=—-21.3 Myy < —21.0 4
—20.6 —21.0< Myy <-205 9

—20.2 —20.5 < Myy < —20.0 24

—19.7 —20.0 < Myy < —-19.5 49

—-19.2 —19.5< Myy < -19.0 64

—188 —19.0 < Myy < —-185 091

—18.3 —18.5 < Myy < —18.0 43

—17.7 —18.0 < Myy < —175 25

—173 =175 < Myy < —-17.0 21

—-16.6 —17.0 < Myy < -16.0 17

—15.1 —16.0 < Myvy 9

z2~8, Myy=-204 Myy < —=20.0 13
—19.7 =200 < Myy < —19.5 14

—19.3 —19.5 < Myy < —19.25 10

—19.1 —19.25 < Myy < —19.0 11

—18.7 —19.0 < Myy 17

z 9, MUV =—-20.3 MUV —19.9 9
—-19.6 —-19.9< Myy <-195 9

—-19.3 —195< Myy <-—-19.1 11

—187 —19.1 < Myv 11

Columns: (1) Subsample name that indicates the redshift and the median value of Myy.

Threshold of the subsample. (3) Number of the dropouts in the subsample.

21

(2)
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Figure 2.2 Stacked images of the z ~ 6 — 7 subsamples for each band. The image size
is 4”7 x 4”.
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Figure 2.3 Same as Figure 2.2, but for z ~ 8 (top) and 9 (bottom) subsamples,
respectively.
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way. The age of the universe at z is represented by t.niv(2). The galaxy redshift is
fixed to zﬁﬁiia“. The gas metallicity is assumed to equal the stellar metallicity. The
dust-to-metal ratio is fixed to 0.3 (e.g., De Vis et al. 2017).

We assume a constant star formation history (SFH). Although we also test expo-
nentially rising and declining SFHs v (t) o exp(t/7) where the time scale 7 varies as
the sixth free parameter, we find that the best-fit 7 values are 2 1 Gyr in most of
the subsamples. This is much greater than their best-fit galaxy ages tage by 2 1 dex,
implying that their SFHs are approximately constant. We confirm that the choice of
SFHs does not significantly change the fitting results.

The posterior PDF P(©|D, H) of a given parameter set ©@ = {tage, Uion, My, Z, v }
of a model H is calculated based on the Bayes’ theorem

P(®|H)P(D|O®,H)

P(BIDH) = [d®P(6|H)P(D|®,H) (2.7)

(e.g., Jeffreys 1961), where D is the data set, i.e., the fluxes in the Byss, Vios, is14,
Yios, J125, JH140, Hi60, K5, chl, and ch2 bands. The likelihood function of ®, L(®) =
P(D|®,H), is defined via

In£(©) = —% > [f’“_a—i’“(@)] . (2.8)

Here f;, fk((a), and oy are the observed flux, the flux predicted by the parameter set
O, and the flux uncertainty, respectively. The subscript k runs over all of the bands.
We do not use the igi4, Y105, and Jio5 band for z ~ 6 —7, 8, and 9 subsamples, respec-
tively, because the photometries in these bands may be contaminated by unknown

Lya emission and IGM absorption effects. The value of oy, is defined as

o =/ (02)2 + (o0 fu)?, (2.9)

where 0P is the observational uncertainty, and oy is the relative systematical uncer-

tainty, e.g., errors in background subtraction, flux calibration, and model predictions
(Brammer et al. 2008; Dahlen et al. 2013; Acquaviva et al. 2015; Chevallard & Char-
lot 2016). We define oy = 0.04 (0.05) for the HST and K, (IRAC) bands, applying
the values recommended in the user manual of BEAGLE (Chevallard & Charlot 2016).
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The posterior PDF's are efficiently sampled by the Nested Sampling algorithm imple-
mented in the MULTINEST tool (Feroz & Hobson 2008; Feroz et al. 2009). We present
the best-fit SEDs with the data photometries for z ~ 6 — 7, 8, and 9 subsamples in
Figure 2.4.

We quickly test any potential biases in our sample and method here. This is
motivated by the fact that the shapes of the SMFs largely differ between the star-
forming and quiescent galaxies (e.g., Ilbert et al. 2013; Muzzin et al. 2013; Kelvin et al.
2014; Tomczak et al. 2014). Because our dropouts are selected with the Lyman break
technique, they are likely to be star-forming. We confirm that this is not affected by
the stacking analysis, because the star-formation rate (SFR) to M, relations derived
with the stacked photometries are on the track of the star-forming galaxy “main
sequence” (Figure 2.5). For example, we confirm that the SFR-M, relation of our
z ~ 6 — 7 dropouts agrees well with those of the star-forming galaxies taken from the
literature (Salmon et al. 2015; Santini et al. 2017). Additionally, our dropouts follow

the main sequence obtained with multiple observations (Speagle et al. 2014).

Stellar Mass to UV Luminosity Relations

Figure 2.6 shows the M,-Myy relations. Here, M, and Myy represent the median
value of the marginal posterior PDF and the median value of the UV magnitudes
of the dropouts in the subsample, respectively. The vertical error bars represent 68
% confidence intervals, while the horizontal bars show the minimum and maximum
values of Myvy of the dropouts in the subsamples. Figure 2.6 indicates that our results
are broadly consistent with the previous results.

We fit a linear function
log(M, /M) = ap + a1 (Myy + 19.5), (2.10)

where the intercept ag and the slope a; are set as free parameters, to our data in the
magnitude range of —21 < Myy < —16. The black solid lines in Figure 2.6 show the
best-fit relations. At z ~ 6 — 7, we find that the best-fit parameters are (ag,a;) =
(8.831012, —0.4810-12), which is comparable to those obtained in the previous studies
(e.g., Duncan et al. 2014; Song et al. 2016; Bhatawdekar et al. 2019).

At z ~ 8 and 9, we fix a; to the best-fit value at z ~ 6 — 7 (= —0.48), because the
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Figure 2.4 Intrinsic SEDs of the z ~ 6 — 7 (left), 8 (right top), and 9 (right bottom)
subsamples. The subsample names are denoted at the upper-left corner in each panel.
The red filled squares and down arrows show the photometric data points and 20
upper limits obtained in Section 2.1.2. The open arrows are not included in the
likelihood calculation (see text). The horizontal and vertical error bars represent
the wavelength range of the filters and the 1o uncertainties, respectively. The black
lines represent the best-fit SEDs, while the blue crosses show the bandpass-averaged
magnitudes predicted from the best-fit SEDs. The color shades denote the normalized
filter throughputs.
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Figure 2.5 SFR versus M, relations at z ~ 6 — 7 (left top), 8 (right top), and 9 (left
bottom). The red circles show our dropouts, while the green pentagons and blue
boxes are taken from Salmon et al. (2015) and Santini et al. (2017), respectively.
The solid gray line shows the best-fit relations derived by Speagle et al. (2014), who
compile multiple observational studies at z < 6 (the dotted is the extrapolation).
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Figure 2.6 Distribution of M, versus Myy of the z ~ 6 — 7 (left), 8 (middle), and 9
(right) subsamples. The red filled circles represent our results. The black lines and
the gray shades denote the best-fit relations and the 1o uncertainties, respectively.
The other data points are taken from the previous studies, Stark et al. (2013, orange
triangles), Duncan et al. (2014, cyan diamonds), Song et al. (2016, purple pentagons),
and Bhatawdekar et al. (2019, green boxes). In the left panel, the filled and open
symbols show the data at z ~ 6 and 7, respectively. The blue dashed and dotted
lines show the models of 10 and 100 Myr star formation duration time (Bouwens et al.

2017a).
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fitting is unstable due to the lack of data points. We find that the best-fit values are
ag = 8.97+ 0.21 and 8.99 £ 0.19 at z ~ 8 and 9, respectively. The best-fit values of
ag present no significant redshift evolution beyond the uncertainties, which indicates
that stellar populations of the dropouts do not significantly change at z ~ 6 — 9 in
the magnitude range considered here. When a; is not fixed in the fitting, aq slightly
becomes steeper especially at z ~ 8. This might lead to the flatter low-mass-end
slope of the SMF.

In Figure 2.6, the blue dashed and dotted lines denote the M,-Myvy relations that
are assumed in Bouwens et al. (2017a). These lines correspond to stellar populations
with star-formation duration times of 10 and 100 Myr, which correspond to (ag, a;) =
(8.0,—0.4) and (8.6, —0.4), respectively. We find that our best-fit M,-Myy relations
(the black solid lines) are comparable to the 100-Myr star formation model. The 10-
Myr model falls below our best-fit relation by ~ 5o difference. We use these models

in Section 5.3.

2.1.3 Results

We use the M,-Myy relations to derive the SMFs, following Song et al. (2016) and
Bhatawdekar et al. (2019). We apply the best-fit M,-Myy relations (Section 2.1.2) to
the LFs ®yy(Myy) of Ishigaki et al. (2018, Section 3.1) in the following way. For a
given data point (Myy, ®yv(Myy)) of the Ishigaki et al. (2018) LFs, we first derive
M, from the value of Myy using the best-fit M,-Myy relation and its uncertainty
(represented as the solid black line and the gray shade in Figure 2.6). We next
convert ®yy(Myy) value to @, (Myy) in the same manner but with accounting for
the uncertainties both from the best-fit M,-Myy relation and the LF. Repeating this
process for every Myy of the data point yields the SMF {(M,(Muyv), ®.(Myv))}. We
show our SMFs in Figure 2.7 with the red filled circles. The red open circles and the
arrows also represent our SMFs, but with the extrapolated M,-Myy relations (the
arrows represent the upper limits). The magnitude ranges of the M,-Myy relations
do not fully cover those of the UV LFs, presumably because we use only part of the
dropouts used for the UV LFs.

We confirm that our SMFs roughly agree with those of previous studies in the
range of M, ~ 107 —10% M, especially at z ~ 6 — 7. We note the slight discrepancies
in the SMFs at z ~ 8 and 9; for example, the z ~ 8 SMFs of Stefanon et al. (2021)
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and our work exceed that of Song et al. (2016), and our z ~ 9 SMF is larger than that
of Stefanon et al. (2021). These are possibly because of the difficulty in determining
photometric redshifts, and/or the contamination by strong nebular lines in IRAC
bands. In the low-mass end, our SMFs reach M, ~ 10° M, which is lower than
those of the previous studies by = 1 dex. Turnovers are not identified above the
current mass limits.

The error bars of our SMFs are smaller especially for z ~ 8 and 9 compared
to those of previous results. This is probably because the number of our dropouts is
larger than the previous work. For example, the number of dropouts at z ~ 9 is 39 and
9 in this work and Bhatawdekar et al. (2019, green boxes in Figure 2.7), respectively.
It may also be attributed to the systematic uncertainties of the magnification factors,
because our error bars represented here only include the statistical uncertainties in
the magnitude measurements.

We parametrize our SMFs with a Schechter (1976) function,

®, (log M, )dlog M,

* * (2'11>
_ hl(lo)(bilo(a*—i-l)(logM*—logM*) eXp(_lologM*—logM* )leg M*,

where the characteristic stellar mass M}, the low-mass-end slope «,, and the nor-
malization ¢ are free parameters. We estimate the best-fit values of the param-
eters of the Schechter functions by running the MCMC sampling. We limit sam-
pling space to the product space of 8 < log(M}/My) < 12, o, > =5, and —9 <
log(¢* /[dex ! Mpc?]) < —3. Because the high-mass ends of the SMFs are poorly con-
strained due to the lack of bright dropouts, we take a log-normal prior on log( M} /M)
with the mode of 10.75 and the standard deviation of 0.3, following the results of Song
et al. (2016) at z = 4 — 5. The posterior PDFs are sampled with the affine invari-
ant sampling algorithm implemented in the emcee package (Foreman-Mackey 2016).
To improve the statistical accuracy, we fit Schechter functions simultaneously to our
SMFs and the SMFs derived by Song et al. (2016) who use the CANDELS/GOODS
and the HUDF data, at z ~ 6 — 7 and 8. The sample of Song et al. (2016) is selected
with the photometric redshifts in Finkelstein et al. (2015) and our dropouts are se-
lected with the Lyman breaks. Nonetheless, these techniques produce similar sample
properties (Finkelstein et al. 2015; Stefanon et al. 2017), which allows us to combine
the data of Song et al. (2016) and ours.
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Figure 2.7 SMFs at z ~ 6 — 7 (left), 8 (middle), and 9 (right). The red filled circles
show our SMFs, reaching down to ~ 10°® My and 108 My at 2z ~ 6 — 7 and 8 — 9,
respectively. The red open circles and the red open down arrows also represent our
SMFs, but we extrapolate the best-fit M,-Myy relations to derive the SMFs. The
down arrows denote the upper limits of the SMFs. The other data points are taken
from the previous studies, Gonzilez et al. (2011, magenta triangles), Duncan et al.
(2014, cyan diamonds), Grazian et al. (2015, black crosses), Song et al. (2016, orange
pentagons), Bhatawdekar et al. (2019, green boxes), and Stefanon et al. (2021, blue
hexagons). In the left panel, the filled and open symbols show the SMFs at z ~ 6
and 7, respectively. The black curves represent the best-fit Schechter functions to our
SMFs at z ~ 6 — 7, 8, and 9, combined with those of Song et al. (2016) at z ~6 — 7

and 8.
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Table 2.2 summaries the best-fit parameters at z ~ 6 — 9. Our measurements of
log M} are broadly consistent with the previous work of Duncan et al. (2014), Grazian
et al. (2015), Song et al. (2016), Bhatawdekar et al. (2019), and Stefanon et al. (2021)
at z ~ 6 — 9. Our a4 value is shallower than those in the previous studies, which is

possibly attributed to the new constraints on the low-mass range of the SMFs.

2.2 SMF at z~0

2.2.1 Data

We focus on the local galaxies that are spectroscopically observed with the SDSS,
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013), and extended
BOSS (eBOSS; Ross et al. 2020). The values of M, are taken from the Firefly catalog
(Comparat et al. 2017), which is one of the Value-Added Catalogs included in the
SDSS Data Release (DR) 16. The catalog provides stellar population properties of
the sources, such as ages, metallicities, and M,, obtained by performing the FIREFLY
SED fitting code (Wilkinson et al. 2017).

We choose secure galaxies from the catalog by applying the following criteria:
e The morphological flag (type) indicates GALAXY.

e The spectral type flags (class and CLASS_NOQSO) indicate GALAXY.

e The spectra should be clean (clean = 1).

e The measurement of spectroscopic redshift z is reliable (z > zErr > 0 and

zWarning = 0).

These flags are defined in the SDSS reduction pipeline. This selection results in
2362018 galaxies, which we hereafter refer to as the spectroscopic galaxies. The
distribution of M, and z are shown with the small gray dots in Figure 2.8. We
particularly focus on the galaxies with 10% < M, /My < 10'? and at 0.003 < 2z < 0.2.
We choose 0.003 such that the cosmic expansion rate cz, where c is the speed of light
in vacuum, is large enough compared to galaxies’ peculiar motions. We arbitrarily
set 0.2 for fair comparisons with literature (Wright et al. 2017; Rodriguez-Puebla

et al. 2020), but this choice is unlikely to affect our main results, because most of our



Table 2.2 Best-fit parameters of the Schechter function of the SMFs.

Reference log M} iy o
[M] (1075 dex™" Mpc™?]
z~06
This work 9.807028  _1.88+0.07 12.8797
Duncan et al. (2014) 10.871152 —2.00194° 1.4t
Grazian et al. (2015) 10.49+0.32 —1.5540.19 6.1911%:50
Song et al. (2016) 10.72492 —1.9179:99 1.357558
Bhatawdekar et al. (2019)*  10.29+04 —1.93+5% 5.631512
Stefanon et al. (2021) 10.03199%  —1.88*0:0¢ 8.1373:53
z~T

Duncan et al. (2014) 10.51 (fixed)
Grazian et al. (2015), 10.69 £ 1.58

_1.89%L8
—1.88 £ 0.36

0.5770 57

Song et al. (2016) 10.78102% —1.95M01% 0.53% 538
Bhatawdekar et al. (2019)*  10.25704% —1.95%009 2.827048
Stefanon et al. (2021) 9.837015  —1.73+0.08 7.241508
z~8
This work 9677555 —L76704 13.21%39
Song et al. (2016) 10.721939 —2.251072 0.03570530
Bhatawdekar et al. (2019)*  10.48702 —2.2510-28 0.08910:59,
Stefanon et al. (2021) 9.771034 —1.82152¢ 2.04 1309
z~9
This work 10.11752 —1.81702 4,030
Bhatawdekar et al. (2019)*  10.4570:50 —2.331039 0.0619%
Stefanon et al. (2021) 9.29 (fixed) —2 (fixed) 0.76 & 0.20

* We take the “point source” results from Bhatawdekar et al. (2019).
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low-mass galaxies are at z < 0.1 (Figure 2.8). The galaxies with M, < 105 M, are

not used here, because the number is insufficient to accurately derive the SMF.

We note that some previous studies at z ~ 0 exclude galaxies whose M, is smaller
than the ~ 10 — 20 percentile mass at each z (e.g., Moustakas et al. 2013; Muzzin
et al. 2013; Tomczak et al. 2014). Because we confirm that this selection does not

largely affect our SMF, we do not apply this selection here.

2.2.2 Methods

Completeness

The completeness of the sample (Ciq) consists of the detection completeness (Cget)
and redshift (Cypec,) completeness via Ciop = Caet X Cypecs. These are measured as
functions of SDSS cModel apparent magnitudes in the r band (m,). We present the

completeness in Figure 2.9.

The detection completeness Cye; is taken from the SDSS homepage.* We show
Cget with the dotted line in the bottom panel. Since Cye; is ~ 100 % in the magnitude

range considered here, Ciy is almost equivalent to Cypec,-

To estimate Cypec,, We use the SDSS optical photometric catalog. We select secure
photometric galaxies such that they meet z > zErr > 0, 0.003 < z < 0.2, and
clean = 1 for a fair comparison to the spectroscopic galaxies. We define Cgpec, as the
number fraction of the spectroscopic to photometric galaxies, following Wyder et al.
(2005). The number distributions of these galaxies and Cypec, are shown in the top

and bottom panels, respectively.

We choose the spectroscopic galaxies brighter than m, = 17.8 mag to ensure high
completeness (Cior > 50 %). We note that this magnitude is much brighter than the

4 The galaxies brighter than m, = 11.5 mag are

detection limit (22.7 mag at 50).
also excluded, because Ci,; cannot be defined due to the insufficient number of the
photometric galaxies at m, < 11.5 mag. The final sample consists of 651202 galaxies,

which are shown with the black dots in Figure 2.8.

‘https://www.sdss.org/dr16/imaging/other_info/
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Figure 2.8 Center: M,-z distributions. The black dots show our final sample, which
is selected from the original secure galaxies (small gray dots). Our final sample is
defined as the secure galaxies meeting 0.003 < z < 0.2, 10 < M, /M, < 10'?, and
11.5 < 'm, < 17.8 (see text). Top and Right: z and M, histograms of the sample,
respectively.
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Figure 2.9 Top: Histograms of the spectroscopic and photometric galaxies (Ngpec and
Nphoto, respectively). We use Nypec/Nphoto t0 define Cypec,. Bottom: Completeness.
The black dotted, black dashed, and red solid lines show Clet, Cypecs, and Cioy, Te-
spectively. We note that the black dashed line is almost overlapped by the red solid
line, i.e., Ciot ~ Cspecs; because Cget is almost 100 % over the m, range here. The
gray shade represents the area where Cio; < 50 %.
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1/Vinax Method

We use the traditional 1/V;,., method (Schmidt 1968; Felten 1976; Steidel et al. 1999)
to derive the SMF. We derive the maximum cosmic volumes of the i-th object, Vijax.i,
via

dVv

Vmax,i(M'r,i) = Q/ Ct0t<m’f’(M7',i) Z))E

21

dz, (2.12)

where the object has the absolute magnitude M, ;. The angular area of the survey,
Q, is 9376 deg®.® The integral range is 21 < z < z,, where 2 = max(0.03, 2,;,) and

zy = min(0.2, 2pmax). We derive zpi, and zpax by solving
M'I‘,i + 510g[dL(me>/]_0 PC] + K(Zmin) =Mmy) (213>

and
M, ; + 5log[dr(zmax) /10 pc] + K (Zmax) = My, (2.14)

where m,; = 11.5 and m,, = 17.8 mag. Lastly,

dV !
dz (2.15)
dZ HOdZ \/QmO 1+Z’3 +QAO
is the differential comoving volume (Hogg 1999). The SMF ®, is derived as
®, (log M,) L ! (2.16)
*« 10, *x) = . .
8 A(log M*) i—1 V;nax,i

Here 7 runs over the galaxies in the stellar mass bin between log M, — A(log M,)/2
and log M, + A(log M,)/2. We assume the Poisson uncertainty:

(2.17)

2.2.3 Results

Figure 2.10 shows our SMF at z ~ 0 and those taken from the previous studies of
Baldry et al. (2012), Kelvin et al. (2014), Wright et al. (2017), and Rodriguez-Puebla

Shttps://www.sdss.org/dr16/scope/
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Figure 2.10 SMFs at z ~ 0. The red circles show our SMF, while the black symbols
are taken from the previous work of Baldry et al. (2012, hexagons and up arrows),
Kelvin et al. (2014, pentagons), Wright et al. (2017, diamonds), and Rodriguez-Puebla
et al. (2020, squares). The brown solid and dotted lines represent our best-fit double
Schechter function and its extrapolation, respectively.



39

et al. (2020). In the moderate stellar mass range (10® < M, /M, < 10'), our SMF
agrees well with those taken from the literature. In the high-mass range, our SMF
at M, < 10'"° M, agree with those of Baldry et al. (2012), Kelvin et al. (2014), and
Wright et al. (2017). There are slight discrepancies of the SMFs among the studies at
the massive ends (M, > 10" M) due to the lack of galaxies at this mass range. The
SMF of Rodriguez-Puebla et al. (2020) lies much above ours, probably because their
M, values are based on uncertain mass-to-light ratios. Additionally, the discrepancies
may also be caused by whether the samples include active galactic nuclei (AGNs) or
not; we explicitly exclude AGNs (Section 2.2.1), while no relevant descriptions are
found in the literature.

At the low-mass end, our SMF reaches M, ~ 10% My, for the first time. Although
the SMF of Baldry et al. (2012) also reaches ~ 10° M, including the lower limits,
their SMF at M, < 107 My, is based on only 28 galaxies (see their Table 1). We use
much more 995 galaxies in the same M, range. Thanks to the update of the mass
limit, we find a clear turnover at M, ~ 10¢ — 10" M, for the first time.

The turnover is reliable, because the data points in the three lowest-mass bins are
below the extrapolation from the massive side (the dotted brown line) by 29.3, 6.3,
and 2.40 levels. Although we use galaxies brighter than m, = 17.8 (Section 2.2.2), we
confirm that our sample recovers ~ 70 % of the sources with no magnitude cut. This
suggests that the turnover is also robust against the sample selection. We quantify
the turnover mass and discuss the physical origin in detail in Section 5.2.1.

We parametrize our SMF with a double Schechter function, which has often been
used for SMFs at z < 3 (e.g., Baldry et al. 2008; Pozzetti et al. 2010; Baldry et al.
2012; Bielby et al. 2012; Ilbert et al. 2013; Moustakas et al. 2013; Muzzin et al.
2013; Tomczak et al. 2014; Davidzon et al. 2017). A double Schechter function is
given as the sum of two single Schechter functions (Equation 2.11) sharing the same

characteristic stellar mass M}, i.e.,

®, (log M, )dlog M,

(2.18)
- (I)*,Sch(log M*§ M;ka Ay low ¢i,low) + (I)*,Sch(l()g M*; M:7 Oly high Qﬁ,high)'

Here, the two term of ®, gq, are single Schechter functions with a, 0w +1 < 0 and
Qynigh + 1 > 0. We refer to the first and second terms as the low- and high-mass

components, respectively. The high-mass component is implemented to reproduce
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the knee-like shape at M, ~ 109 — 10'* M, in the SMF. In fitting, we only use the
data points with M, larger than the turnover mass.

The best-fit parameters are compared with those obtained in the literature in
Figure 2.11 and Table 2.3. We find that our SMF has the best-fit oy 1oy as faint
as —1.54f8:8§, which is comparable to the previous studies (e.g., Baldry et al. 2012;
Kelvin et al. 2014; Wright et al. 2017).

The best-fit value of our M is 10.82 £ 0.01, which agrees with those of Wright
et al. (2017) and Rodriguez-Puebla et al. (2020). Our M} value is slightly larger than
those of Baldry et al. (2012) and Kelvin et al. (2014), which may be affected by our
new data points at M, > 105 M.

~

2.3 Redshift Evolution of SMF's

To investigate the redshift evolution of the SMFs, we compare our SMFs at z > 6
(Section 2.1) and z ~ 0 (Section 2.2), together with those taken from the literature,
in Figure 2.12. The SMFs at z = 1.2 and 2.2 are taken from Davidzon et al. (2017),
those at z ~ 4 and 5 from Song et al. (2016), and that at z ~ 10 from Stefanon
et al. (2021). We focus on these results because they reach the lowest M, at each
redshift among the existing literature. Our SMFs at z ~ 6 — 9 are only available in
low mass regimes, we complementarily show the SMFs of Gonzalez et al. (2011) at
z ~ 6 and those of Stefanon et al. (2021) at z ~ 8 and 9. These SMFs are shown
in the top panel. We also show the best-fit Schechter functions with the colored
lines, the redshift evolution of whose parameters are displayed with the filled circles
in the bottom panels. We also plot the results taken from Grazian et al. (2015) and
Bhatawdekar et al. (2019) with the open circles as references. The oy values at z < 3
are of the low-mass component of the double Schechter functions, and the ¢} at z < 3

refers to the sum of ¢ and @} 1., at each z.

*
*,low
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Figure 2.11 Confidence intervals of the parameters of the low-mass components of
the double Schechter functions at z ~ 0. The red contour and crosses show the 3o
confidence intervals of our SMF, while the other crosses represent the 1o confidence
intervals of the SMF's taken from the previous studies (Baldry et al. 2012; Kelvin et al.
2014; Wright et al. 2017; Rodriguez-Puebla et al. 2020). We note that Rodriguez-
Puebla et al. (2020) combines a modified Schechter function at the low-mass end
and a power law at the massive end; the intervals shown here are for the modified

Schechter function.
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We find that a, becomes linearly flatter toward low redshifts, which is consistent
with the trend found at z < 3 in the literature (e.g., Fontana et al. 2006; Mortlock
et al. 2011). We fit a linear function to the data points, finding that the best-fit
relation is

a, = —0.075(z — 3) — 1.6. (2.19)

This best-fit relation is shown with the red thick line in the left bottom panel. We
note that this fitting is a rough estimation just to illustrate the trend of the redshift
evolution. Accurate determination is difficult particularly at z > 6 due to the dis-
crepancies among the literature. For example, the «, values of Stefanon et al. (2021)
and our work are comparable, while those of Bhatawdekar et al. (2019) fall below our
estimation.

The large |on| values (i.e., steep faint ends) at high redshifts indicate that the
low-mass galaxies are the dominant population in the early universe. The flatter
o, toward low redshifts reflect the hierarchical structure formation, where the low-
mass galaxies undergo merging events and grow to be massive with cosmic time (e.g.,
Conselice et al. 2008; Mortlock et al. 2011). New formation of low-mass galaxies
are suppressed at low redshifts due to stellar feedback; indeed, « is flatter than the
low-mass-end slopes of the HMFs (cyan line) especially at low redshifts. The low-
mass-end slope discrepancy between the SMFs and HMF's is larger in lower redshifts,
implying that the stellar feedback is more effective in the later epoch.

There are increasing trends of M} at 3 < z < 10 and ¢} at 0 < z < 10. We model
M} with a quadratic function truncated at z = 3 and ¢} with a linear function,

finding that the best-fit relations are roughly given as

. 10.9 for z < 3,
log(M: /M) = | (220)
—0.03(z — 3)2 +10.9 otherwise,

and
log(¢*/[Mpc™ dex™']) = —0.25(z — 3) — 3.7, (2.21)

respectively. Our results at z ~ 0 and 6—9 roughly follow this relation. The increasing
trends of M} and ¢} indicate that the galaxies become massive with cosmic time.
At z < 3, however, M} ceases to increase at M ~ 10 M and only ¢* continues

increasing. Due to these behaviors a knee emerges in an SMF; consequently, the SMF
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Figure 2.12 Top: SMFs at z ~ 0 — 10. The data are taken from this work (z ~ 0,
6 — 7,8, and 9), Davidzon et al. (2017, z ~ 1.3 and 2.3), Song et al. (2016, z ~ 4
and 5), and Stefanon et al. (2021, z ~ 7, 8, and 10). The lines are the best-fit
double (z < 3) and single (z > 3) Schechter functions corresponding to the data
points with the same colors. Bottom: Redshift evolution of the parameters of the
Schechter functions. We add the data of Grazian et al. (2015) and Bhatawdekar et al.
(2019). For z < 3, a, and ¢, are of the low-mass components and the sum of low-
and high-mass components, respectively, of the double Schechter functions. The red
lines represent the best-fit models to illustrate the evolutionary trend. The cyan line
shows the low-mass-end slope of the Sheth et al. (2001) HMF. The upper and lower
horizontal axes represent the lookback time and redshift, respectively.
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agrees better with a double Schechter function rather than with a single Schechter
function at z < 3. These results are possibly attributed to the mass quenching
effect caused by AGN feedback or major mergers (Peng et al. 2010; Ilbert et al. 2013;
Muzzin et al. 2013). Mass quenching is likely to replace the dominant population from
star-forming galaxies to quiescent galaxies. For example, Ilbert et al. (2013) report
that the number fraction of quiescent to star-forming galaxies with M, ~ 10 M,
increases from ~ 30 % at z = 2.5 — 3.5 to ~ 80 % at z = 0.2 — 0.5 (see their Figure
6).

We quickly test whether our comparison of the SMFs at high and low redshifts
is fair. First, we need to check the types of the sample. Our z ~ 6 — 9 dropouts
are sorts of star-forming galaxies (see also Section 2.1.2). Although LBGs may be
biased toward evolved and red systems, Stefanon et al. (2017) confirm that LBGs at
z ~ 4 recover most of the sources selected with photometric redshifts. Given that
the fraction of evolved systems is lower at z > 6, our selection is likely to be only
marginal. At z ~ 0, although we do not recognize the galaxy types, our galaxies are
also likely to be star-forming, given the fraction of the quiescent galaxies is quite low
(< 20 %) particularly in the low-mass range (< 10'° M) as reported in Ilbert et al.
(2013, see their Figure 6). We quickly confirm this by visual inspection.

Papovich et al. (2018) suggest that an SMF may be affected by whether galaxies
reside in over- or under-dense regions, which indicates environmental effects in a over-
dense region. Binggeli et al. (1987) also find that their optical LFs present different
shapes between a field and the Virgo cluster. However, because our samples are
mainly field galaxies both at z > 6 and ~ 0, this effect is unlikely to affect our
results. Nonetheless, some of our galaxies reside in over-dense regions, which may
slightly affect the massive ends of the SMFs (e.g., A2744z80D at z ~ 8; Ishigaki
et al. 2016).



CHAPTER 3
UV LUMINOSITY FUNCTIONS

In this Chapter, we summarize the UV LF's of galaxies at z ~ 6 —9 (Section 3.1) and
investigate that at z ~ 0 (Section 3.2) using the data of GALEX, respectively. The
redshift evolution of the UV LF's is discussed in Section 3.3.

3.1 UV LFsat z>6

As mentioned in Section 1.3.1, UV LFs at z > 6 are well constrained by the HFF
program. HFF is advantageous owing to the combination of the very deep survey and
strong lensing magnification by the foreground galaxy clusters. We particularly focus
on the results of Ishigaki et al. (2018), who use the full data sets of HFF to reach the
faintest magnitudes ever (Myy ~ —14 mag). Their UV LFs are shown in Figure 3.1.
Because no z ~ 10 galaxies are identified in Ishigaki et al. (2018), only upper limits
are available at z ~ 10. For comparisons, we show the UV LFs at z ~ 7, 8, and 9
obtained by HST blank field surveys (Oesch et al. 2018; Bouwens et al. 2021c). As
shown in the Figure, the UV LFs of Ishigaki et al. (2018) agree well with these results
in each redshift at Myy < —17 mag, and reach the fainter Myy limits.

We also show the best-fit Schechter functions at z ~ 6 — 7, 8, and 9 obtained by
Ishigaki et al. (2018). A Schechter function is given as

Pyy (Myy)dMyy

3.1
= 0.41n(10) @iy, 107040V DMV =My) gy (=04 v =Mov))d My, (&1)

where the characteristic absolute UV magnitude My, faint-end slope ayy, and nor-
malization ¢f, are free parameters. Ishigaki et al. (2018) fit a Schechter function to
their UV LFs and those taken from the blank field studies (Ouchi et al. 2009; Bradley
et al. 2012; Oesch et al. 2013; Bowler et al. 2014; Bouwens et al. 2015; Calvi et al.
2016). They obtain that the best-fit values are My, = (—20.89701% —20.357020)
mag, ayy = (—2.1570% —1.965%018), and ¢%y, = (1.6675:99, 2.5171:936) 5 10~* Mpc 3
mag ! at z ~ (6 — 7,8). The best-fit value of @iy, at z ~ 9 is 1.327037 x 10~* Mpc 3
mag ! while they fix My, and ayy values at z ~ 9 to those at z ~ 8. At z ~ 10, we
show the best-fit Schechter function obtained by Oesch et al. (2018) instead of that

46
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Figure 3.1 UV LFs at z > 6. The green, yellow, orange, and red symbols show the
UV LFsat 2z ~6—7, 8,9, and 10, respectively. The filled circles and lines represent
the UV LFs and the best-fit Schechter functions of Ishigaki et al. (2018). The open
boxes are taken from blank field surveys (Oesch et al. 2018; Bouwens et al. 2021c¢).
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of Ishigaki et al. (2018). The best-fit parameters of the LF of Oesch et al. (2018) are
—21.19 mag (fixed), —2.387028 and 4.2755 x 1076 Mpc™ mag~".

It is controversial whether the UV LF's have turnovers or not among literature (e.g.,
Bouwens et al. 2017b; Livermore et al. 2017; Atek et al. 2018; Yue et al. 2018). This
is due to the insufficient observational depths and the large systematic uncertainties
of magnification factors among different lensing models. We address this problem in
Section 5.2.2 in detail.

3.2 UV LFatz~0

3.2.1 Data

To derive the UV LF at z ~ 0, we utilize the latest (GR6/7) observational data
of All-Sky Imaging Survey (AIS) of GALEX. We use the GUVmatch source catalog
constructed by Bianchi & Shiao (2020), who eliminated duplicated sources from the
GALEX original Merged catalog,! and cross-matched it with the SDSS DR14 spec-
troscopic source catalog. The magnitudes are measured as MAG_AUTO magnitudes with
the SExtractor software (Bertin & Arnouts 1996).

To remove stars and spurious sources, we require the sources to meet the following

criteria:
e The sources have counterparts in the SDSS spectroscopic catalog.
e The SDSS morphological flags (type) do not indicate UNKNOWN.
e The SDSS spectral type flags (class) do not indicate STAR.
e The spectroscopic redshift measurement is reliable (z > zErr > 0).

This selection leaves 644451 secure galaxies, including quasars, whose Myy-z distri-
butions are shown with the small gray dots in Figure 3.2. We conservatively choose
the galaxies that are brighter than the 50 limiting magnitude ms, of 19.9 mag (Mor-
rissey et al. 2005, 2007; Bianchi et al. 2017; Bianchi & Shiao 2020) in UV and are in
the ranges of —20 < Myy and 0.003 < z < 0.2. Our final sample consists of 67277

galaxies, which are shown with the black dots in Figure 3.2.

https://galex.stsci.edu/GR6/


https://galex.stsci.edu/GR6/
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Figure 3.2 Center: Myy-z distributions. The black dots represent our final sample,
which is selected from the secure galaxies (small gray dots). The final sample is defined
as the secure galaxies meeting 0.003 < z < 0.2, Myy > —20 mag, and myy < ms,
(see text). Top and Right: z and Myy histograms of the sample, respectively.
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3.2.2 Methods

Completeness

We define the total completeness C,; of the sample in the same manner as described
in Section 2.2.2. First, for Cye;, we assume that Cye; follows the same function as that
in Section 2.2.2, and shift it to ms, = 19.9 mag. Next, to estimate Cypec,, We choose
secure photometric sources from GUVmatch by removing the UNKNOWN-type sources.
We define Cgpee, as the number fraction of our sample to the photometric sources.
Lastly, Ciot is defined as Ciop = Cget X Cspecs-

1/Vinax Method

To derive a UV LF ®yy, we use the 1/V,.x method in the same manner as described
in Section 2.2.2 in detail. A UV LF is estimated by

1 XL

D
A]\4UV i—1 V;nax,i

Pyy(Myy) = (3.2)

where ¢ runs over the galaxies in the magnitude bin centered at Myy with the width
AMyy. Here

dVv

Vmax,i(MUV,i) = Q/ Ctot(mUv(MUv,z',Z))
2]

where Myvy, is the absolute UV magnitude of the i-th galaxy in the bin, Ciy is

the total completeness obtained above, dV//dz is the differential comoving volume

(Equation 2.15). We adopt the integral range as z = 0.003 and z, = 0.2. We use the

AREAcat tool (Bianchi et al. 2019) to calculate the area € occupied by the galaxies,

obtaining that Q = 1.11 x 10* deg? (see also Bianchi & Shiao 2020). The Poisson

errors are adopted as the uncertainties of ®yy.

3.2.3 Results

The result is shown with the red circles in Figure 3.3. We compare our result with
those at z ~ 0 taken from the previous studies of GALEX (old data releases; 0.07 <
z < 0.13, Budavari et al. 2005 and z < 0.1, Wyder et al. 2005), the VIMOS-VLT
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Figure 3.3 UV LFs at z = 0. Our UV LF is shown with the red circles, while the
open black symbols refer to those obtain in the literature (Budavari et al. 2005; Wyder
et al. 2005; Cucciati et al. 2012; Driver et al. 2012; Moutard et al. 2020). The UV LF
of Budavari et al. (2005) is of z = 0.07 — 0.13. The brown line represents our best-fit
Schechter function.
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Deep Survey (VVDS, 0.05 < z < 0.2; Cucciati et al. 2012), the GAMA survey
(0.013 < z < 0.1; Driver et al. 2012), and the recent CFHT Large Area U-band Deep
Survey (CLAUDS) and HSC-SSP (0.05 < z < 0.3; Moutard et al. 2020).

Our result is in good agreement with those of the literature in the bright and
intermediate Myy range (Myy < —14). At —14 < Myy < —11, our UV LF shows a
hump. This is in line with the UV LF of Wyder et al. (2005), while those of Cucciati
et al. (2012) and Driver et al. (2012) underlie our results. Although the physical
origin of the hump is unclear, one possibility is the contribution of dwarf irregular
and elliptical galaxies. For example, Binggeli et al. (1987) found that the faint end of
their B-band LF is dominated by dwarf irregular galaxies, which results in a hump.
Driver et al. (2012) obtained UV LF's of spiral and elliptical galaxies, suggesting that
the contribution of the elliptical galaxies become larger toward the faint end. We
confirm that many of our galaxies with Myy > —12 mag are indeed dwarf irregular,
according to the visual classification by Ann et al. (2015).

At the faintest end (Myy ~ —11 mag), a tentative turnover (downturn) is iden-
tified. We reach down below —12 mag for the first time, owing to the much larger
number of our galaxies than those in the literature (N = 105 at Myy > —11 mag).
We discuss the hump and turnover in detail in Section 5.2.2.

We fit a Schechter function (Equation 3.1) to our UV LF data points brighter
than the turnover (Myy < —11 mag). The brown line in Figure 3.3 shows the best-
fit Schechter function. The confidence intervals of the parameters are presented in
Figure 3.4 and Table 3.1. We find that our estimation roughly agrees with those of
the literature, given the large systematic differences among the literature. Our UV
LF, together with those from the literature, presents very shallow faint-end slopes of
ayy ~ (—1.5) — (—=0.9). This may reflect stellar feedback, similarly as we discussed
for the low-mass-end slopes of the SMFs (Section 2.3). We note that the best-fit
values of the parameters are hardly affected by whether including or excluding the

data points around the hump in fitting.

3.3 Redshift Evolution of UV LFs

We investigate the redshift evolution of the UV LFs over z ~ 0 — 10 in Figure 3.5.
The UV LFs at z ~ 6 —9 and 0 are taken from Ishigaki et al. (2018, Section 3.1)
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Figure 3.4 Confidence intervals of the parameters of the z ~ 0 Schechter functions
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literature.
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Table 3.1 Best-fit parameters of the z ~ 0 Schechter functions.

Reference My auy dGv
[mag] (1072 Mpc™ mag™!]

This work —17.77+0.01 —-1.30£0.01 5.80 £0.12
Moutard et al. (2020) —18.27£0.05 —1.41+0.02 4.85 4+ 0.35
Cucciati et al. (2012) —18.12+0.00 —1.05+0.04 7.00 £ 0.44

Driver et al. (2012)  —17.897005  —1.1470:53 6.17103)

Budavari et al. (2005) —17.97+£0.14 —1.10+0.12 4.47+£0.78
Budavari et al. (2005) —18.07+0.17 —1.09+0.23 4.68 £0.82
Budavari et al. (2005) —18.15+0.17 —1.03+0.34 4.47 £ 0.66

Wyder et al. (2005)  —18.04 £0.11 —1.2240.07 4.27H088
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and this work (Section 3.2). We add the UV LFs at intermediate redshifts from the
literature: Moutard et al. (2020) and Alavi et al. (2016) at z ~ 1, Parsa et al. (2016)
at z ~ 2 and 3, Bouwens et al. (2021c) at z ~ 4, 5, and 6, and Oesch et al. (2018) at
z ~ 10. The results are shown in the top panel, together with the best-fit Schechter
functions. The corresponding parameters of these Schechter functions are displayed

in the bottom panels.

We find that ayy becomes linearly flatter toward low redshifts, as has been found
in many previous studies (e.g., Alavi et al. 2016; Parsa et al. 2016; Song et al. 2016;
Moutard et al. 2020; Bouwens et al. 2015, 2021c¢). We fit a linear function to ayy,
finding that the best-fit relation is

ayy = —0.11(z—-3) — 1.6 for 0 < z < 10. (3.4)

The steep and flat aryy at high and low redshifts, respectively, support the picture that
low-mass galaxies are dominant in the early universe and become gradually massive
through merging events, similarly as suggested by the SMFs (Section 2.3). Again,

the fitting here is a rough estimation for an illustrative purpose.

The formation of massive galaxies corresponds to an increasing trend of ¢f;y, with
redshift at z > 3. Meanwhile, M, shows only a slight redshift evolution at z > 3.
This is probably because the physical mechanisms leading to the exponential cutoff
at the bright end do not depend on the redshift. Such mechanisms may include AGN
feedback (e.g., Croton et al. 2006) and strong dust attenuation (e.g., Bouwens et al.
2009; Reddy et al. 2010). Assuming that ¢}, follows a quadratic function truncated

at z = 3 and that My, is constant, we find that the best-fit relations are

log(dtry/[Mpc™ mag™']) = —0.053(z — 3)* — 2.5,

for z > 3. (3.5)
My = —20.8.

At z < 3, ¢fyy becomes constant, and M}y, alternatively starts to increase rapidly.
These trends may be related to the emergence of quiescent galaxies as mentioned in

Section 2.3. We assume that M), follows a quadratic function and a constant ¢y,
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obtaining that the best-fit models are

log (¢} /[Mpe™® mag™']) = —2.5,

for z < 3. (3.6)
My = 0.35(2 — 3)* — 20.8,

These models are similar to those assumed in Bouwens et al. (2021c¢). We confirm

that our best-fit values are comparable to their estimation.



57

EI | UL DL LI L L |§
— _1 [ * .
|
> 10 E E
e 107 F E
m _3 E @ z -0 (This Work) E
|U 1 0 E : i ; Eraorl;;alrg)20+AlaV|16) 3
Q. = 8 2 (soomensz =
Z 1 O _4 B z~5 (Bouwens21) '5
e O z~ 6 (Bouwens21) =
> O z~7 (Ishigakil8) :
> 107 Fpi ot
e g zZ~ 10( (Oegschls)) a
10—6 I IR R B
—22 —-20 -18 —-16 —14 —-12 -10
Myy [mag]
tiookback [GYr] tiookback [GYr]
1 10 12 13 — 1 10 12 13
- | -
R > _) 3
®9: *é g -3 -
Jomn -4 9 3
io ', _ ;
E —18 NN ;5-_2 .|.|.|.|.|.|.|.m
] = 012345678910
> E ® Moutard20 RedSh”:t
g - Bhatawdekarl9
~ @ This work
- @ Alavilée
_ ' IH N FE N T Q@ Parsal6
012345678910 ¢ Lot
O Oeschl18

Redshift

Figure 3.5 Top: UV LFs at z ~ 0 — 10. The data are taken from this work (z ~ 0),
Moutard et al. (2020, 0.9 < z < 1.3), Alavi et al. (2016, 1 < z < 1.6), Parsa et al.
(2016, z ~ 2 and 3), Bouwens et al. (2021c, z ~ 4, 5, and 6), Ishigaki et al. (2018,
z~6—7,8, and 9), and Oesch et al. (2018, z ~ 10). The lines show the best-fit
Schechter functions corresponding to the data points with the same colors. Bottom:
Redshift evolution of the parameters of the Schechter functions. We add the data of
Bhatawdekar et al. (2019) at z ~ 6 — 9. The red lines represent the best-fit models
to illustrate the evolutionary trend (Equations 3.4, 3.5, and 3.6).



CHAPTER 4
EXTENDED LYo EMISSION

In this Chapter, we investigate Ly« emission around LAEs at z ~ 2 — 7 using the
data of Subaru/HSC-SSP and CHORUS projects.

4.1 Data

4.1.1 Images

We use NB and broad-band (BB) imaging data that were obtained in two Sub-
aru/HSC intensive surveys, HSC-SSP and CHORUS. The HSC-SSP and CHORUS
data were obtained in March 2014-January 2018 and January 2017-December 2018,
respectively. We specifically use the internal data of the S18A release. The HSC-SSP
survey is a combination of three layers: Wide, Deep, and UltraDeep (UD). We use the
UD layer images in the fields of the Cosmological Evolution Survey (UD-COSMOS;
Scoville et al. 2007) and Subaru/XMM Deep Survey (UD-SXDS; Sekiguchi et al.
2005), because the wide survey areas (~ 2 deg? for each field) and deep imaging (the
5o limiting magnitudes are ~ 26 mag in a 2”-diameter aperture) in these fields are
advantageous for the detection of very diffuse Lya emission. The CHORUS data
were obtained over the UD-COSMOS field. The HSC-SSP and CHORUS data were
reduced with the HSC pipeline v6.7 (Bosch et al. 2018).

The HSC-SSP program of S18A provides the data of two NB (NB816 and NB921)
filters in the UD-COSMOS and UD-SXDS fields, while the CHORUS images are
offered in four NB (NB387, NB527, NB718, and NB973) filters in the UD-COSMOS
field. In this work, we present the results in the NB387, NB527, NB816, and NB921
filters. The NB718 and NB973 filters are not used in the following sections, because
the number of LAEs and the image depths are not sufficient to detect diffuse Ly«
emission. The NB387, NB527, NB816, and NB921 filters are centered at 3863, 5260,
8177, and 9215 A with the FWHMs of 55, 79, 113, and 135 A, respectively, which
cover the observed wavelengths of Lya emission from z = 2.178 +0.023, 3.327+£0.032,
5.726 4 0.046, and 6.580 + 0.056, respectively. Five BB (g-, r2-, i2-, z-, and y-band)
filters are also available in both HSC-SSP and CHORUS. Figure 4.1 shows the NB
and BB filter throughputs, and Table 4.1 summarizes the images and filters.

o8
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Bright sources in the NB and BB images must be masked since they contaminate
diffuse emission. We thus mask pixels flagged with either DETECT or BRIGHT _OBJECT
using the masks provided by the HSC pipeline (termed original masks). A pixel
is flagged with DETECT or BRIGHT OBJECT when the pixel is covered by a detected
(> 50) object or is affected by nearby bright sources, respectively. However, because
part of bright sources are missed in the original masks due to bad photometry, the
HSC-SSP team offered new masks that mitigated this problem (hereafter termed
revised masks).! We adopt the revised masks in addition to the original masks to flag
BRIGHT_OBJECT. We use the revised g-, r2-, z-, and y-band masks for NB387, NB527,
NB816, and NB921 images, respectively, because the revised masks are offered only
in the BB filters. For the BB images, we use the revised masks defined for each BB
filter. We visually confirm that these criteria successfully cover bright sources and

contaminants in the images.

4.1.2 LAE Sample

We use the LAE catalog constructed by Ono et al. (2021) as a part of the Systematic
Identification of LAEs for Visible Exploration and Reionization Research Using Sub-
aru HSC (SILVERRUSH) project (Ouchi et al. 2018, see also Shibuya et al. 2018a,b;
Konno et al. 2018; Harikane et al. 2018b; Inoue et al. 2018; Higuchi et al. 2019;
Harikane et al. 2019; Goto et al. 2021; Kakuma et al. 2021). Ono et al. (2021) se-
lected LAE candidates based on color and removed contaminants by a convolutional
neural network (CNN) and visual inspection. Their final catalog includes (542, 959,
395, 150) LAEs at z = (2.2, 3.3, 5.7, 6.6) in the UD-COSMOS field, and (560, 75)
LAEs at z = (5.7, 6.6) in the UD-SXDS field.

The NB images of the UD-COSMOS and UD-SXDS fields are deepest at the center
and become shallower toward the edges (Hayashi et al. 2020; Inoue et al. 2020). We
thus exclude LAEs outside of the boundaries that are shown with the black dashed

circles shown in Figure 4.2.

'https://hsc-release.mtk.nao.ac.jp/doc/index.php/bright-star-masks-2/
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Figure 4.1 Effective response curves of the HSC NB filters: NB387 (blue), NB527
(green), NB816 (orange), and NB921 (red), and BB filters: g, 72, i2, z, and y (black).
These response curves include the quantum efficiency of the HSC CCD, the trans-
mittance of the dewar window and the Primary Focus Unit, the reflectivity of the
Primary Mirror, and the airmass at the Telescope site.
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We estimate the Lya line luminosities (Lyy,) following Shibuya et al. (2018a, see
also Itoh et al. 2018). First, we measure the NB (BB) magnitudes mygp (mpg) of the
LAEs at z = 2.2, 3.3, 5.7, an 6.6 in the NB387 (g-band), NB527 (r2-band), NB816
(z-band), and NB921 (y-band) filters, respectively. The magnitudes are measured
with a 2”-diameter aperture because it efficiently covers the PSF, whose FWHM is
0”8 — 1”71 (Ono et al. 2021). The NB387 magnitudes are corrected for the systematic
zero-point offset by 0.45 mag, following the recommendation by the HSC-SSP team.?
Next, we follow Shibuya et al. (2018a) to derive the Ly« line fluxes (fryo) from myp
and mpg, adopting the IGM attenuation model from Inoue et al. (2014). Lastly, the
values of Ly, are derived via Lyy, = 4mdy(21a8)* flya, Where dy,(z1.ar) denotes the
luminosity distance to the LAE at redshift zjag.

Although the completeness of the LAEs is as high as 2 90 % at myp < 24.5 in
the CNN of Ono et al. (2021), faint LAEs may be missed in the observations and
selection. To ensure completeness, we use only LAEs whose Ly, values are larger
Ly
Table 4.2. This sample, termed the all sample, consists of (289, 762, 210, 56) LAEs
at z = (2.2, 3.3, 5.7, 6.6) and (393, 24) LAEs at z = (5.7, 6.6) in the UD-COSMOS
and UD-SXDS fields, respectively. To accurately compare the LAEs of different

redshifts at similar Ly, values, we further exclude faint LAEs from the all sample

than the modes (peaks) of the Liy, histograms, which are represented as L% in

such that the mean Lyy, values are equal to 10**? erg s~! at each redshift. This
selection results in (37, 123, 125) LAEs at z = (2.2, 3.3, 5.7) and 313 LAEs at z = 5.7
in the UD-COSMOS and UD-SXDS fields, respectively, which we hereafter refer to
as the bright subsample. At z = 6.6, since the mean Ly, values of the all sample
are 10%30 erg s7! in both the UD-COSMOS and UD-SXDS fields, we also use the all
sample as the bright subsample. In summary, we use a total of 1781 and 717 LAEs
in the UD-COSMOS+UD-SXDS fields as the all sample and the bright subsample,
respectively. The Ly, values and sample sizes are summarized in Table 4.2. The sky
distributions of the LAEs in the UD-COSMOS and UD-SXDS fields are presented in
Figures 4.2.

As mentioned in Section 1.4.3, Kakuma et al. (2021) recently investigated extended
Ly« emission using HSC data. Our major update compared to Kakuma et al. (2021) is
that we add new 1051 LAEs at z = 2.2 and 3.3 using the CHORUS data. The catalog

’https://hsc-release.mtk.nao.ac.jp/doc/index.php/known-problems-2/#hsc-1ink-10
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of z = 5.7 and 6.6 LAEs are also updated in that we use the latest catalog constructed
by Ono et al. (2021) based on HSC-SSP S18A images, while Kakuma et al. (2021)
used the S16A catalog taken from Shibuya et al. (2018a). Although the number of the
LAEs increased owing to the improved limiting magnitudes, we excluded faint LAEs
from those included in Ono et al. (2021), which results in comparable numbers of the
LAEs. The sky and Ly, distributions are also similar. We use the same images as
Kakuma et al. (2021, i.e., those taken from the HSC-SSP S18A release) in NB816 and

NB921, while our masking prescription may be different from theirs.

4.2 Methods

4.2.1 Intensity Mapping

We perform the intensity mapping technique to estimate Lya emission around the
LAEs. As schematically shown in Figure 4.3 for example, the Ly« intensity traced
with an NB921 image and the positions of LAEs at z = 6.6 should be correlated
(this also holds for the other NB image-LAE pairs). Meanwhile, the positions of
foreground objects should not be correlated with the Ly« intensity because they are
at different redshifts. Therefore, we can measure the Lya emission signals around
the LAEs by subtracting those around the foreground objects. This is the basic idea
of the intensity mapping technique. This technique is robust against contamination
from foreground objects.

We compute SB as a cross-correlation function between given band (XB) emission

intensities and given objects (OBJs), SBxpxonj,” via

Ny oBJ

(XB) 41
N;.oBs Z Husi (4.1)

’ =1

SBxpxoBy (1) =

3The right-hand side of Equation 4.1 represents a cross-correlation function, which has usually
been referred to as & in previous work (e.g. Croft et al. 2016, 2018; Bielby et al. 2017; Momose
et al. 2021a,b). However, we refer to this function as “SB,” since the cross-correlation function is

equivalent to surface brightness in our analyses.
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Figure 4.2 Top: Sky distributions of the LAEs in the UD-COSMOS field at z = 2.2,
3.3, 5.7, and 6.6, from left to right. The open red circles show the positions of the
LAEs included in the all sample but not in the bright subsample, while the filled
red circles indicate those of the bright subsample LAEs (i.e., all sample LAEs are
represented by the open-filled red circles). We use the LAEs inside the black dashed
circles. The background white shaded area shows the NB387, NB527, NB816, and
NB921 images, from left to right. The gray shaded area shows the regions where the
pixel is masked or the UD image is not offered. Note that the distribution of the
bright subsample at z = 6.6 is not displayed, because we treat the all sample also
as the bright subsample at z = 6.6. Bottom: Same as the top panels, but for the
UD-SXDS field at z = 5.7 (left) and 6.6 (right).



Table 4.2 Summary of the sample.
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UD-COSMOS UD-SXDS
zLap  log Ligs,  log LA™ Niag log Liys,  log LiTe"  Npag
lerg s7!  [erg s7!] [erg s7!  [erg s7!]
(1) (2) (3) (4) (5) (6) (7)
all sample
2.2 42.2 42.5 289 — — —
3.3 42.1 42.5 762 — — —
5.7 42.6 42.8 210 42.5 42.8 393
6.6 42.8 43.0 56 42.9 43.0 24
Total 1317 464
bright subsample
2.2 42.6 42.9 37 — — —
3.3 42.6 42.9 123 — — —
5.7 42.7 42.9 125 42.6 42.9 313
6.6 42.8* 43.0* 56* 42.9* 43.0* 24*
Total 341 376

Columns: (1) Redshift. (2)-(3) Minimum and mean Lya luminosities of the all sample LAEs mea-
sured with a 2”-diameter aperture in the UD-COSMOS field. (4) Number of the LAEs. The total
number of the LAEs over z = 2.2 —6.6 is shown in the bottom row. (5)-(7) Same as Columns (2)-(4),
but for the UD-SXDS field.
* At z = 6.6, we treat the all sample also as the bright subsample in each field (see text).
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and

SBXBXOBJ(T) = SBXBXOBJJ/(T) X FWHMXB (42)

The pixel of the i-th pixel-OBJ pair has a pixel value of ,LL%B) in the XB image in

(NB387
v,

units of erg s7! cm ™2 Hz ™! arcsec 2. In NB387, we multiply u ) by 1.5 to correct
for the zero-point offset of 0.45 mag (see Section 4.1.2). The summation runs over
the N, opy pixel-OBJ pairs that are separated by a spatial distance r. We use pixels
at distances of between 1”5 and 40” from each OBJ (corresponding to the outer part
of the CGM and outside), which were then divided into six radial bins. FWHMxg
represents the XB filter width (in units of Hz) corrected for IGM attenuation, derived

via -
I et M T (v)dy /v

TXB(Va)/Va ’
where Txp(v) denotes the transmittance of the XB filter, and v, is the observed Ly«
line frequency. We adopt the IGM optical depth 7g(v) from Inoue et al. (2014).

FWHMyp = (4.3)

The statistical uncertainty of SBxgxogj is estimated by the bootstrap method.
We randomly resample OBJ while keeping the sample size and calculated SBxgxoBj-
We then repeat the resampling 10* times, adopting the 1o standard deviation of the

SBxgxopy values as the 1o statistical uncertainty of the original SBxgxogj.

4.2.2 NonLAE Sample

Although the intensity mapping technique can remove spurious signals from low-
redshift interlopers, other systematics, such as the sky background and PSF, may
still contaminate LAE signals. To estimate the contribution from these systematics,
we use foreground sources, which we hereafter term “NonLAEs.” Because NonLAEs
should correlate only with the systematics, but not with Ly« emission from LAEs,
we can estimate these systematics by applying the intensity mapping technique to
NonLAEs.

We construct NonLAE samples as follows. First, we detect sources in the NB
images using SExtractor (Bertin & Arnouts 1996). Second, we select only sources
that are sufficiently bright (< 26 mag) in the g, r2, and 2 bands, to remove spurious
sources and artifacts. Third, we randomly select the sources such that they have
the same sky, NB FWHM (FWHMyg), and myp distributions as those of the LAEs
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Figure 4.3 Schematic view of the basic idea of the intensity mapping technique. The
colors represent the intensity of Lya emission from z = 6.6 measured with an NB
image. The overlaid green dots show the positions of LAEs at z = 6.6. One can see
that the yellow colors (Ly« emission) and the green dots (LAE positions) are corre-
lated. Adopted from the semi-numerical simulation of Comaschi & Ferrara (2016a).
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in each field at each redshift. In this way, ~ 10% sources are selected, which we
define as NonLAEs. Figure 4.4 shows the FWHMyg-myg distributions of the z = 3.3
LAEs and corresponding NonLLAEs, as an example. We note that only < 1 % of the
NonLAEs meet the color selection criteria of LAEs defined by Ono et al. (2021, see
their Section 2).

4.3 Results

4.3.1 NB Surface Brightness

We estimate the SB of Lya emission (SBpry,) around the LAEs as follows. First, we
subtract the systematics (SBNpxNonLaE) from the emission from the LAEs (SBypxrak)
via
SBxB = SBNBxLAE — SBNBxNonLAE- (4.4)
Uncertainties in SByg propagate from those of SBypxrpag and SBygxNonLar. We
present the radial profiles of the SBygxraE, SBNBxNonLAE, and SByg of the all sample
and bright subsample in Figure 4.5.
We use Fisher’s method (Fisher 1970) to estimate the S/N ratios of SBxg over all

the radial bins, following Kakuma et al. (2021). In general, a p-value is expressed as

p= h N(z;u=0,0=1)dz, (4.5)

S/N
where NV (z;u = 0,0 = 1) is a Gaussian distribution with an expected value p = 0
and a variance o = 1. We thus use this equation to convert the S/N ratio in the i-th
radial bin (S/N;) into the p-value in that bin (p;). The x? value over all the radial
bins (1 < i < N), X2, is then calculated as 2 = =23~ In(p;). Since x> follows a
X3y distribution with 2N degrees of freedom, x?(x;dof = 2N), the p-value over all

the radial bins, p, is derived as

p= / X2 (x; dof = 2N)du. (4.6)
X

o2

We convert this to the S/N ratio over all the radial bins by solving Equation (4.5) for
S/N. We use the radial bins at < 1 cMpc.
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Figure 4.4 Center: FWHMyg and myp distributions of the all sample at z = 3.3
(red circles), and the corresponding NonLAEs (black dots). Top: myg histogram of
the LAEs and NonLAEs (red and black bars, respectively). Right: Same as the top
panel, but for FWHMyg.
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Figure 4.5 Left: SB radial profiles of the all sample in the UD-COSMOS (left column)
and UD-SXDS (right column) fields, at z = 2.2, 3.3, 5.7, and 6.6 (from top to bottom
rows). The red triangles and circles show SB before and after systematics subtraction
(SByexLar and SByg), respectively. The black solid lines represent the systematics
that are estimated with the NonLAEs (SBxpxnonrar). The red error bars and gray
shaded area are the 1o uncertainties estimated by the bootstrap method. The vertical
black dashed line represents Ry, of a DMH with My, = 10'* M, while the horizontal
black line represents SB = 0. The data points of SBxgxrag are slightly shifted along
the horizontal axis for clarity. Right: Same as the left panels, but for the bright

subsample.
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The black vertical dashed lines in Figure 4.5 indicate R.;.. Following the observa-
tional results by Ouchi et al. (2010) and Kusakabe et al. (2018), we assume that the
DMHs hosting LAEs have M, of 10'* M, at all the redshifts, which corresponds to
a Ry, value of ~ 150 ckpc.

As presented in the Figure, at z = 2.2, we unfortunately see no clear detection
for the all sample, although SBypxpag slightly exceeds SBypxnonLag for the bright
subsample with S/N = 1.5. At z = 3.3, SByp of the all sample is significantly positive
over wide scales from ~ 100 ckpc to 1 cMpc with S/N = 4.1. At z = 5.7, SByp is
significantly positive at ~ 80 — 10? ckpc for the all sample and bright subsample in
the UD-COSMOS field with S/N = 4.6 and 4.1, respectively. Averaging SByp of
the all sample in both fields with weights of the number of the LAEs in each field,
we identify a tentatively positive signal with S/N = 1.6. At z = 6.6, SByp are
positive at ~ 80 — 200 ckpc in both fields. Averaging SByg over the two fields, we
tentatively identify a positive signal with S/N = 2.3. We find that the emission SB
at z = 3.3 — 6.6 is as diffuse as ~ 1072 — 107! erg s7! ecm™2 arcsec 2. We note
that SBypxpag in the UD-SXDS field is systematically lower than SBxgxNonLAE, aS
reported in Kakuma et al. (2021).

4.3.2 UV Continuum Surface Brightness

UV continuum emission might contribute to the SByp in addition to the Ly« line

emission. We thus estimate SB of the UV continuum emission, SBopt ., using
SBeont,y < SBgB,, = SBeBxLAE,y — SBBBxrandom,v; (4.7)

where SBppxrar, (SBBBxrandom,) represents the SB value that is derived from the
cross-correlation function between the BB images and LAEs (random sources) in

units of erg s7! cm™2? Hz™! arcsec™2.

Here SBgBxrandom, is for estimating the sky
background. We use random sources, not NonLAEs, since it is difficult to match the
FWHDMyg-myg distributions of NonLAEs with those of the LAEs due to the faintness
of the LAEs in the BB. Since SBgpxrandom,» neglects signals from the PSF, SBgg,
should be treated as the upper limit of SBeont,,. We find that the values of SBeont.»
at z = 2.2 — 6.6 are consistent with null detection within ~ (1 — 2)o uncertainties.

Additionally, we confirm that the UV continuum emission contributing to SByg, i.e.,
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SBeont,y X FWHMyg, is roughly negligible compared to SByg. Therefore, we hereafter

assume that SByg is equivalent to SByyq.

4.3.3 Lya Surface Brightness

Given that SByp = SBrya, we identify very diffuse (~ 1072 — 107! erg s cm ™2
arcsec ?) Lya signals beyond R, around the all sample LAEs at z = 3.3 at the
4.10 level. We also potentially detect positive signals around the all sample LAEs at
z = 5.7 and 6.6 and bright subsample LAEs with S/N ~ 2 when we take the averages
over the two fields. A very tentative (1.50) signal is found around the bright sample
LAEs at z = 2.2. These results imply the potential existence of Lya emission that is
diffusely extended outside R, around the LAEs at z = 3.3 — 6.6, and potentially at
z =22

Again, a major update compared to Kakuma et al. (2021) is that we apply the
intensity mapping technique newly to the CHORUS data to investigate extended Ly«
emission at z = 2.2 — 3.3. In particular, we identify extended Ly« emission around
the z = 3.3 LAEs with the S/N levels comparable or higher than those at z = 5.7
and 6.6, probably thanks to the good image sensitivity (~ 2 x 1072 erg s™! cm™2
arcsec?) and the large number of LAEs at z = 3.3 (Npag = 762). Our results at
z = 5.7 and 6.6 are consistent with those obtained in Kakuma et al. (2021), which is
as expected from similar properties of the LAEs of Kakuma et al. (2021) and our all
sample, such as Npag, the Ly, ranges, and the sky distributions (Section 4.1.2). In
the next section, we compare our results with previous work including Kakuma et al.
(2021) in detail.

4.3.4 Comparison with Previous Work

We compare our SByy, radial profiles with those of previous studies at z ~ 2.2, 3.3,
5.7, and 6.6 in Figure 4.6. We compile the data taken from Momose et al. (2014),
Momose et al. (2016), Leclercq et al. (2017), Wisotzki et al. (2018), Wu et al. (2020),
and Kakuma et al. (2021), which are summarized in Table 4.3. Because SB is affected
by the cosmological dimming effect, all the SBy, profiles, including ours, are scaled
by (1 +2)* to z = 2.2, 3.3, 5.7, and 6.6 in each panel. We also shift the radii of
the SByy, profiles in units of cpke by (1 + z), while fixing the radii in pkpc. For our
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samples at z = 5.7 and 6.6, we hereafter present SBr, averaged at each redshift over
the UD-COSMOS and UD-SXDS fields weighting by the number of LAEs in each
field, unless otherwise stated.

Although the SByy, profiles are measured under different seeing sizes, the typical
image PSF FWHMs are as small as < 175, corresponding to < 40—60 ckpc at z = 2—7
(e.g. Momose et al. 2014; Ono et al. 2021). Since we focus on SBy, profiles at larger
scales of 2 100 ckpc, PSF differences are unlikely to affect the following discussions.

Momose et al. (2016) found that SBy, profiles depend on Ly, of the galaxy. To
avoid this dependency, we take the data from Momose et al. (2014), Momose et al.
(2016), and Kakuma et al. (2021), because their LAEs have Ljy, values similar to
those of our all samples in the same 2”-diameter aperture size. We additionally take
the data from Leclercq et al. (2017), Wisotzki et al. (2018), and Wu et al. (2020),
but these samples have different L1y, values measured in different aperture sizes.
Therefore, for precise comparisons, we normalize the SByy, profiles of these samples
such that SBpy, integrated over a central 2”-diameter aperture (= 4wd? fol,:/ SBrya(T)-
27mrdr) becomes equal to Ly, of our all sample at each redshift.

The top left panel in Figure 4.6 presents SBry, radial profiles at z = 2.2. We
compare the results of Momose et al. (2016, Ly, = 10*¢ erg s7! subsample) against
our all sample. We found that the SByy, profile of Momose et al. (2016) is in good
agreement with that of our all sample at r ~ 100 ckpc.

In the top right panel of Figure 4.6, we show the SBry, profiles at z = 3.3. We
compare the results of Momose et al. (2014, z = 3.1 LAEs), Leclercq et al. (2017,
an individual LAE MUSE#106), and Wisotzki et al. (2018, Lyy, > 10%? erg s=! sub-
sample at z = 3 — 4), and our all sample. The SBy, profiles from the literature
approximately agree with that of our all sample even at r ~ R,;,. We addition-
ally show the results from a subsample of Matsuda et al. (2012) with continuum
magnitudes BV = (2B + V)/3 of 26 < BV < 27 (typical value range for LAEs),
where B and V' are B- and V-band magnitudes measured with the Subaru/SC. The
SBrya profile of Matsuda et al. (2012) also agrees with that of our all sample around
r ~ Ry;. We note that, although the results of Leclercq et al. (2017) are represented
by their individual LAE MUSE#6905, their LAEs have similar SBy, profiles when

the amplitudes are normalized to match the Ly, values at r < 1”.
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Figure 4.6 Comparison of the SBpry, radial profiles at z = 2.2 (top left), 3.3 (top
right), 5.7 (bottom left), and 6.6 (bottom right). All the SByy, profiles are corrected
by (1 + 2)~* to match to each redshift. The gray shaded area illustrates the regions
whose radius is smaller than R of a DMH with M, = 10" M. The filled red
circles show the SByy, profiles of our all sample. The profiles at z = 5.7 and 6.6 are
averaged over the UD-COSMOS and UD-SXDS fields. The other symbols represent
the profiles taken from previous studies: Matsuda et al. (2012, Mal2: black crosses),
Momose et al. (2014, 2016, Mol4, Mol6: orange squares), Leclercq et al. (2017,
Lel7: blue diamonds), Wisotzki et al. (2018, Wil8: green pentagons), Wu et al.
(2020, Wu20: yellow hexagons), and Kakuma et al. (2021, Ka21: red stars). See
Table 4.3 for details of these samples. We omit the data points below the detection
limits defined in the literature. The SBy, profiles taken from Leclercq et al. (2017),
Wisotzki et al. (2018), and Wu et al. (2020) are normalized such that Liy, values
measured in a central 2” diameter equal to those of our all sample at each redshift.
Some data points are slightly shifted along the horizontal axes for clarity. The SBy .
profiles of our all sample are in good agreement with those taken from the literature.
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The SBiy, profiles at z = 5.7 are displayed in the bottom left panel of Figure
4.6. We compare the results of Momose et al. (2014, z = 5.7 LAEs), Leclercq et al.
(2017, an individual LAE MUSE#547), Wisotzki et al. (2018, Lyy, > 10% erg s7*
subsample at z = 5 — 6), Wu et al. (2020, z = 5.7 LAEs), Kakuma et al. (2021,
z = 5.7 LAEs), and our all sample. The SBy, profile of our all sample agrees well
with those of Momose et al. (2014), Leclercq et al. (2017), Wisotzki et al. (2018) and
Wu et al. (2020) at r ~ 80 — 200 ckpc, and with that of Kakuma et al. (2021) up to
r ~ 1 cMpc.

The bottom right panel of Figure 4.6 shows SBy, profiles at z = 6.6 taken from
Momose et al. (2014, z = 6.6 LAEs), Kakuma et al. (2021, z = 6.6 LAEs), and our
all sample. The SByy, profile of our all sample is consistent with those of Momose
et al. (2014) and Kakuma et al. (2021) up to the scales of r ~ 100 ckpc and 1 cMpc,
respectively.

In summary, our SBy, profiles are in good agreement with those of the previous
studies at each redshift, provided that the LAEs have similar Ly, values at r < 1”.
Our SByy, profiles (r 2 80 ckpc) are smoothly connected with the inner (r < 100
ckpc) profiles taken from the literature at ~ 100 ckpc, and extend to larger scales.

In Figure 4.7, we compare the SB.on,, radial profiles between Momose et al. (2014,
2016) and our allsample at z = 2.2, 3.3, and 5.7 (the data of Momose et al. 2014, 2016
are of the same LAEs as used in Figure 4.6). We find that the SBcont,, profiles roughly
agree at r < 400 ckpc, although the uncertainties are large. The SBoyt,, profiles are
much less extended than SBy, profiles, which was also suggested by Momose et al.
(2014), Momose et al. (2016), and Wu et al. (2020). We note the profiles at z = 6.6
are not compared here because our sample is ~ 0.3 dex brighter than that of Momose
et al. (2014).

4.4 Redshift Evolution of Lya Emission Radial Profiles

In Figure 4.8, we compare the SBy, profiles of our bright subsamples at z = 2.2—-6.6
as a function of radius in units of ckpc. We also present the results taken from
Momose et al. (2014, z = 5.7 and 6.6 LAEs) and Wisotzki et al. (2018, Ly, > 10%
—1
erg s

values (~ 10%29 — 10%30 erg s7!) over z = 2.2 — 6.6, the Ly, differences between the

subsample at z = 3 — 4). Because our bright subsamples have uniform Ly,
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Figure 4.7 Comparison of the SBon,, radial profiles at z = 2.2 (top), 3.3 (middle),
and 5.7 (bottom). The red circles and cyan diamonds show the SB oy, profiles of our
all sample and Momose et al. (2014, 2016), respectively (we use the data of Momose
et al. 2016 at z = 2.2, and of z = 3.1 and 5.7 LAEs of Momose et al. 2014 at z = 3.3
and 5.7, respectively). The gray shaded area illustrates the regions inside Ry of
a DMH with M, = 10" My. The SBeo, profiles of our all sample are in good
agreement with those of Momose et al. (2014, 2016).
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redshifts are unlikely to influence the following discussion.

The top panel of Figure 4.8 shows the observed SByy, profiles. We identify no
significant difference among the SByy, profiles beyond the 1o uncertainties at r ~
100 — 1000 ckpc over z = 2.2 — 6.6, while the uncertainties are large. This finding is
consistent with that of Kakuma et al. (2021) at z = 5.5 — 6.6. There is no significant
difference also in the profiles at » < 100 ckpc, which was also suggested by MUSE
observations (Leclercq et al. 2017, see also Figure 11 of Byrohl et al. 2021) at 3 <
z < 6.

Observed SBy, profiles are affected by the cosmological dimming effect. To cor-
rect for this effect, we shift the observed SByy, profiles vertically by (1+2)*/(1+3.3)*
and horizontally by (1+3.3)/(1+ z), which are hereafter termed as the intrinsic pro-
files* (we match the profiles to z = 3.3 just for visibility). The intrinsic profiles are
presented in the bottom panel of Figure 4.8. There is a roughly decreasing trend
toward low redshifts, although those at z = 2.2 and 3.3 remain comparable due to
the large uncertainties or might show an opposite trend.

To quantitatively investigate the evolution, we derive the intrinsic SBry, profiles

amplitudes at r = 200 ckpc, termed as SB™ (r = 200 ckpc), as a function of redshift.

Ly«
We fit the relation with SByyr(r = 200 ckpc) o< (1 + z)°, where b is a constant,
weighting SByr (1 = 200 ckpe) with /Npag at each redshift. We find that the

best-fit value of b is ~ 3.1, which implies that the intrinsic SBry, profile amplitudes
decrease toward low redshifts roughly by (1 + 2)~3 at a given radius in units of ckpc.
This trend might correspond to decreasing density of hydrogen gas with cosmic time
due to the cosmic expansion. Nevertheless, it is still difficult to draw a conclusion
due to large uncertainties. We cannot rule out other or additional possibilities, such
as Ly« escape fractions (e.g., Hayes et al. 2011; Konno et al. 2016). We also need to
investigate the potential impact of the cosmic reionization on the neutral hydrogen
density at r ~ 100 — 1000 ckpc around LAEs.

4The intrinsic here means correction for the cosmological dimming effect, not for the lensing

effect as in Sections 1.5 and 2.1.
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Figure 4.8 Comparison between SBry, radial profiles at z = 2.2 — 6.6. Top: Ob-
served SBry, profiles. The blue hexagons, green pentagons, orange squares, and red
circles represent the profiles of our bright subsamples at z = 2.2, 3.3, 5.7, and 6.6,
respectively. The green, orange, and red crosses denote profiles taken from Wisotzki
et al. (2018), Momose et al. (2014), and Momose et al. (2014), which are normalized
to z = 3.3, 5.7, and 6.6, respectively. The SBy, profile of Wisotzki et al. (2018) is
normalized such that Ly, in » < 1” matches to that of our all sample (see Section
4.3.4). We again note that our profiles here are based on bright subsamples and thus
differ from those shown in Figure 4.6. Bottom: Same as the top panel, but showing
the profiles corrected for the cosmological dimming effect, i.e., the intrinsic SBiy,
profiles. We tentatively identify an increasing trend roughly by (1 + 2)? toward high
redshifts, albeit with the large uncertainties.



CHAPTER 5
DISCUSSIONS

5.1 Fractional Number Densities

In Chapters 2, we found that our SMFs reach ~ 10° M both at z > 6 and ~ 0 for
the first time. Owing to these mass limits, we can now estimate how such low-mass
galaxies are dominant in the cosmic history. This can be tested also in UV LFs,
because the UV LFs reach —14 mag at both redshifts (Section 3).

In the top panel of Figure 5.1, we show the fractional number densities of galaxies

of different stellar masses,

log M,
N(M*,la M*,Q) jioggM 2 (I) log M*>d10g M,
N(].OG M@, 1013 M@) fﬁ q)*(log M*)dlog M*

(5.1)

as functions of the stellar-mass bin [M, 1, M, o] and redshift. The bins are defined as
llog M, 1,log M, o] = [6,7], [7,8], [8,10] and [10,13]. We adopt the Schechter function
®, of Song et al. (2016, z ~ 4 and 5) and this work (z ~ 0, 6 —7, 8, and 9). Since the
SMFs of Song et al. (2016) are not obtained down to 10° M, we extrapolate their
Schechter functions to M, = 10° M. The blue region shows the number fraction
of the galaxies with 106 < M, < 107 M. The result shows that > 60 % of the all
galaxies are less massive than 107 Mg over 0 < z < 9, which again highlights the
prevalence of low-mass galaxies all through the cosmic history. The galaxies heavier
than 10® M, and 10'© M, emerge roughly at z < 6 and z < 3, respectively, as a
result of galaxy growth. The latter appears as the knees in the SMFs (high-mass
components of the double Schechter functions).

The bottom panel shows the fractional stellar mass densities (SMDs):

log M,
p*(M*,laM*,Q) o floggM ; M s (10g M*)dlog M*
p«(106 Mo, 10% Mo) [ M, &, (log M,)dlog M,

(5.2)

The definitions of the bins and @, are the same as Equation (5.1). Even in the
fractional SMDs, we find that the galaxies with M, < 108 M, dominate ~ 30 % of
the total SMDs at z > 5. The M} galaxies (10° < M, /M < 10') also abundant
ubiquitously over 0 < z < 9. The massive (M, > 10'° M) galaxies start to contribute

80
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to the total SMDs at z < 6.

The evolutionary trend of the total SMD is shown in Figure 5.2. Here we adopt
the total SMDs as an integration between the 108 and 10'3 M., galaxies, which has
widely been used in previous studies (e.g., Elsner et al. 2008; Gonzdlez et al. 2011;
Mortlock et al. 2011; Stark et al. 2013; Duncan et al. 2014; Grazian et al. 2015; Song
et al. 2016; Bhatawdekar et al. 2019).

We also derive the total SMDs below. For z ~ 0 and 6 — 9, first, we randomly
select a set of Schechter parameters from those sampled by the MCMC algorithm
during the fitting of our SMFs. Second, we integrate the Schechter functions with the
selected set of parameters over 10 < M, /M, < 10'3. Repeating these two steps 10?
times generates a histogram of 103> SMDs in each z. We take the median values and
the 68.3 percentiles as our best-fit values and 1o statistical uncertainties of the total
SMDs. We also add in quadrature the cosmic variance to the statistical uncertainty
using the values of 0.3, 0.4, and 0.5 dex at z ~ 6—7, 8, and 9, respectively (Robertson
et al. 2014; Ishigaki et al. 2015; Bhatawdekar et al. 2019), because the area of our
data (HFF) is limited.

We show our total SMDs with the red circles in Figure 5.2. The results are
compared with those taken from Elsner et al. (2008), Mortlock et al. (2011), Gonzélez
et al. (2011), Stark et al. (2013), Duncan et al. (2014), Oesch et al. (2014), Grazian
et al. (2015), Song et al. (2016), and Bhatawdekar et al. (2019). Our total SMDs at
z ~ 0 and 6 — 7 agree with the increasing trend found in the literature, while those
at z ~ 8 and 9 are slightly larger than those of Oesch et al. (2014) and Bhatawdekar
et al. (2019).

If the total SMDs and the cosmic star-formation rate densities (SFRDs) are accu-
rately measured, the time integral of the SFRDs should be consistent with the total
SMDs. We show the evolution of the time-integrated SFRD model of Madau & Dick-
inson (2014) with the black solid curve, which decreases slowly by (1+2)72? at z > 8.
Similar trends of the SFRD evolution were found in the studies of Finkelstein et al.
(2015), McLeod et al. (2016), and Bhatawdekar et al. (2019; see also Ellis et al. 2013
and Madau 2018). Meanwhile, Oesch et al. (2018) claim that the SFRDs evolve more
rapidly by (1+ 2)7'%9 at 2z > 8, which is shown with the blue solid curve. We calcu-
late x? values with our total SMDs against the smooth evolution model of Madau &
Dickinson (2014) and the rapid evolution model of Oesch et al. (2018). We find that
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Figure 5.1 Fractional number and stellar mass densities of the galaxies (top and

bottom panels, respectively). The M, bins are shown in the legends.
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x? is the smaller for the smooth evolution model than for the rapid evolution model
by a factor of ~ 6, implying that our results support the smooth evolution of the
SFRDs at z > 8. The smooth evolution suggests that the star-formation efficiency is
large at z > 8 (Harikane et al. 2018a; Oesch et al. 2018).

We next derive the fractional number densities of the galaxies in different UV

magnitude bins:

N(MUV 17MUV 2) fMUV2 CI)UV MUV)dMUV

5.3
N(Myy < —14) ff:j Dyv(Myy)dMyy 59
and the fractional contributions of the UV luminosity densities:
M,
puv(Muv .1, Muy 2) fM[?\:/f Lyv®uv(Myy)dMyy (5.4)

pUV<MUV —14) f70104 LUV(I)UV(MUV)dMUV ’

where Lyy is the UV luminosity density corresponding to Myy, and ®yy(Myy) is
the best-fit Schechter functions (this work at z ~ 0, Parsa et al. 2016 at z ~ 1.9
and 2.8, Bouwens et al. 2021c at z ~ 3.8, 4.9, and 5.9, and Ishigaki et al. 2018 at
z~6—7,8, and 9). We adopt [Myy 1, Myv 2| = [—16, —14], [-18, —16], [-20, —18],
and (—oo, —20].

The results are shown in Figure 5.3. In the number fraction, we find that the faint
galaxies with Myy < —16 mag are prevalent (> 60 %) all over the cosmic history.
This result again implies the importance of investigating low-mass galaxies. Similarly,
the luminosity densities are contributed largely from the galaxies fainter than —18
mag (~ 30 — 60 %). The fraction of the M, galaxies (Myy ~ (—21) — (—18) mag)

are also large.
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Figure 5.2 Redshift evolution of the total SMDs. The red circles show our total SMDs
at z ~ 0,6—7, 8, and 9. The other data points are taken from previous studies: Elsner
et al. (2008, navy triangles), Mortlock et al. (2011, magenta diamonds), Gonzalez et al.
(2011, gray hexagons), Stark et al. (2013, cyan hexagons), Duncan et al. (2014, orange
stars), Oesch et al. (2014, a blue diamond), Grazian et al. (2015, cyan pentagons),
Song et al. (2016, purple boxes), and Bhatawdekar et al. (2019, green diamonds).
The black and blue solid curves represent the time integration of the SFRD evolution
presented in Madau & Dickinson (2014) and Oesch et al. (2018), respectively.
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bottom panels, respectively). The Myy bins are shown in the legends.
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5.2 Turnovers

In Chapter 2, we found that our SMF at z ~ 0 sharply drops at M, ~ 105 — 107 M,
while no such turnover is seen in the SMFs at z > 6 (Figure 2.10). Similarly in
Chapter 3, we tentatively identified a turnover also in our UV LF at z ~ 0 around
Myy ~ —12 to —11 mag (Figure 3.3), while UV LF turnovers at z > 6 are still
controversial (Section 3.1). In this Section, we quantify at what stellar mass and UV
absolute magnitude (turnover stellar mass, M., and magnitude, M) and compare

the results with predictions by simulations.

5.2.1 SMF Turnovers

At z ~ 6 — 9, we confirm no clear turnovers down to M, ~ 10° M, in our SMFs.
This implies that M < 10° M. In the top panel of Figure 5.4, we show the best-fit
Schechter function derived in Section 2.1 with the blue line.

To quantify M} at z ~ 0, we parametrize our SMF at z ~ 0 with

(i)* c lo M* for lo M* >lo M:hr,
b, (log M) = { Crso8 M) Bl = 08 (5.5)
D, sen(log M) x 10—+ (log My—log Mi¥)™ ¢ herwise,

following Bouwens et al. (2017b) and Atek et al. (2018). We hereafter term this
function as a truncated Schechter function. A threshold mass MM and curvature -,
are free parameters, and éf)*’sCh(log M,) is the best-fit double Schechter function at
z ~ 0 (Section 2.2). The best-fit truncated Schechter function is shown with the red
solid line, whose parameters are (log M ~,) = (6.887045,1.567511). The value of
MY is defined as the stellar mass at the peak of the SMF; i.e., (@LM*W*:ME = 0.

Given that M < M7, M} is approximated as

Ay low +1

log M' ~ log MM —
27,

(5.6)

Using this equation, we obtain that log M} = 6.7170%. The red star represents the
point where M, = M.
We compare M} at different redshifts in the bottom panel of Figure 5.4. The red

point shows M at z ~ 0 derived above. At z ~ 1 — 5, we show the lowest M, limits
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Figure 5.4 Top: SMFs at z ~ 6 — 7 (blue) and 0 (red). The blue line is the best-fit
Schechter function at z ~ 6 — 7. The red solid and dotted lines represent the best-
fit truncated Schechter and extrapolated Schechter functions, respectively, at z ~ 0.
The red star indicates M, = M*T Bottom: Comparison of M*T at different redshifts.
The z ~ 0 data point represents our estimation, while the upper limits refer to the
lowest M, limits of the SMFs (Davidzon et al. 2017 for z ~ 1 —2, Song et al. 2016 for
z ~ 4 and 5, and this work for z ~ 6 —9). The orange solid, green dotted, and blue
dashed lines show the models of the photoionization, SN feedback, and the cooling
limit, respectively. The gray shaded area indicates the model of Yung et al. (2019b).
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Figure 5.5 Redshift evolution of the critical halo masses in the models of the pho-
toionization by the UVB (orange), SN feedback (green), and the atomic gas cooling
limit (blue).
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of the SMFs of Song et al. (2016) and Davidzon et al. (2017) as the upper limits
of M}, since no turnovers are seen in their SMFs. Particularly comparing our M}’
at 2 ~ 0 and 6 — 7, we can speculate that M roughly increases with cosmic time,
although the trend at 1 < z < 6 are poorly constrained.

We compare our results with predictions by theoretical work. The blue dashed,
green dotted, and orange solid lines represent the critical stellar masses, below which
star formation is completely suppressed. These models are converted from the crit-
ical halo masses defined by the suppression mechanisms mentioned in Section 1.2.1:
the atomic gas cooling limit, stellar feedback, and the photoionization by the UVB

radiation.

o Atomic gas cooling limit. The critical halo mass corresponding to the atomic

cooling limit, Moo 1, is given as
Meoorn = 5.5 x 10°(1 + 2)~° Mg (5.7)

(Equation 5 of Fukugita & Kawasaki 2021; see also Hutter et al. 2021; Munoz
et al. 2021). Because the potential of a halo for a fixed M,, becomes shallower
in lower redshifts (Barkana & Loeb 2001), the corresponding 7%;, also becomes
lower. Therefore, M) needs to become larger in lower redshifts to compensate

for decreasing T;,.

o Stellar feedback. We can obtain the critical halo mass by equating the energy
output of SNe and the energy budget of gas, resulting in the constant circular
velocity Vg, (e.g., Dayal et al. 2014; Hutter et al. 2021). For a fixed M, the po-
tential is shallower in lower redshifts, and thus Vi, is smaller (see also Okamoto
et al. 2010). Therefore, we need larger M, to compensate for decreasing Vi,

which leads to the increasing trend of the critical halo mass Mgy :

Mgnp = 0.93 x 101°(1 + 2)~"° My, (5.8)

e Photoionization. We adopt the result of Okamoto et al. (2008), who perform a
cosmological HD simulation to derive the halo mass M, 1, at which a DMH loses
half of its baryon mass due to photoionization by the UVB (see also Castellano
et al. 2016; Finlator et al. 2017; Hutter et al. 2021). They found that Mo, n
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rapidly increases with cosmic time from ~ 107 My at z ~ 9 to ~ 10*° M, at
z ~ 0. This trend is basically because the intensity of the UVB is stronger
in lower redshifts (e.g., Bouwens et al. 2015), and thus more massive halos are
required to sustain star formation by self-shielding (e.g., Kitayama et al. 2001;
Susa & Umemura 2004). Although the UVB intensity decreases at z < 2 (e.g.,
Haardt & Madau 2012), Mie, 1, continues slowly increasing. This may be because
My, should be larger such that Vi, is equal to the sound speed of photoionized

gas, or, radiative cooling becomes effective.

The redshift evolutions of these critical halo masses (Matom h,MsN h,Mionn) are shown
in Figure 5.5. To convert these to the critical stellar masses (Matom s MSN s Mion x), We
use the SHMRs of Behroozi et al. (2013) extrapolated linearly down to M;, < 101° M.

We find that Matom«, Msn«, and Mie, » coincidentally agree with one another at
2 ~ 0. Moreover, these values reproduce the observed M} value. These results imply
that the turnover in the z ~ 0 SMF is attributed either to the insufficient cooling,
SN feedback, and/or photoionization by the UVB.

At z > 6, our models are well consistent with the semi-analytic model of Yung
et al. (2019b), which includes inefficient cooling and stellar wind feedback. Given
that M} = max(Maomx, Msxx, Mions), the models predict that M} < 105 M, at
z > 6. Therefore, we need to push the current observational limits of the SMFs by
~ 1 — 2 dex to identify M at high redshifts.

5.2.2 UV LF Turnovers

We compare the faint ends of UV LFs in the top panel of Figure 5.6. At z ~ 6,
although several previous studies have claimed that UV LFs at z ~ 6 potentially
show turnovers using the HFF data, the magnification uncertainties of the assumed
lens models have made it difficult to draw a firm conclusion. For example, Atek et al.
(2018, the blue solid line) claim that M{y, = —14.9370%) mag, integrating multiple
lens models to estimate the magnification uncertainties. Bouwens et al. (2017b, the
cyan dashed line) suggest that M is larger than ~ —15 mag under multiple lens
models (see their Table 2 and Figure 8, see also Yue et al. 2018). Meanwhile, Ishigaki
et al. (2018, the purple dotted line) do not confirm a turnover down to —14 mag
under the glafic lens model (Oguri 2010).
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Figure 5.6 Top: UV LFs at z ~ 0 and 6. The red solid, orange dashed, and red dotted
lines show the best-fit truncated, extrapolated, and humped Schechter functions,
respectively, at z ~ 0. The blue solid, cyan dashed, and purple dotted lines represent
the UV LFs taken from Atek et al. (2018), Bouwens et al. (2017b, CATS model), and
Ishigaki et al. (2018). The stars show the positions of M{y,. Bottom: Comparison
of My at different redshifts. The z ~ 0 data point represents our estimation, while
the upper limits refer to the faintest Myy limits of the UV LF's (Alavi et al. 2016 for
z ~1—2, Parsa et al. 2016 for z ~ 3, Bouwens et al. 2021c for z ~ 4, 5, and 6, and
Ishigaki et al. (2018) for z ~ 6 —9). The orange solid, green dotted, and blue dashed
lines show the models of the photoionization, SN feedback, and the atomic cooling
limit, respectively. The gray shaded area roughly indicates the prediction by multiple
numerical studies.
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Our UV LF at z ~ 0 is presented with the red circles. To estimate the turnover

magnitude My, we fit a truncated Schechter function

Dy sen(Muv) for Myy < M
(I)UV(MUV) - z —0.4 (M, _Mthr)Q . (59>
Oyy sen(Myy) x 1070#0viMuv=Muw)™  otherwise,

to our UV LF. Here, M and ~yyy are free parameters, and (i)Uv,sch(MUV) is the
best-fit Schechter function derived in Section 3.2. We obtain that the best-fit pa-

rameter set is (M, yuy) = (—11.073%°,4.2679%) mag. Defining M, such that
gz, = 0, we obtain that Mgy = —11.015,%" mag. However, the lack of

data points fainter in the faint-end (Myy > —11 mag) prevents us to put a significant
constraint on M.
When we take into account the hump around Myy ~ —12 mag, Equation (5.9) is

slightly changed by adding a Gaussian term,
Duv(Muv) = Buv mrunesen (Muv) + pgye vy Moy =25y (5.10)

following previous studies on optical LFs (e.g., Trentham et al. 2005; Popesso et al.
2006; Banados et al. 2010; Lee et al. 2016; Yamanoi et al. 2012; Karademir et al.
2022). We term this as a humped Schechter function. Here, ®uyy mruncsen(Muy) is a
truncated Schechter function, and ¢yyv and dyy are free parameters. The peak of the
Gaussian term is approximately equivalent to M{,. We find that the best-fit value
is M{y = —11.7070 5% mag. The best-fit truncated and humped Schechter functions
are shown with the red solid and orange dashed lines, respectively. The red and
orange stars denote the points where Myy = M. Because the values of M are
comparable both when we assume truncated and humped Schechter functions, the
choice of the two M{, values is unlikely to affect the following discussions.

In the bottom panel of Figure 5.6, we compare My at different redshifts. The red
and orange circles show our estimation assuming truncated and humped Schechter
functions, respectively, at z ~ 0. At 1 < z < 6, we use the faintest Myy limits of
UV LFs of Alavi et al. (2016), Parsa et al. (2016), and Bouwens et al. (2021c) as the
upper limits of M, because no turnovers are confirmed in their UV LFs. At z > 6,
the upper limits of My, obtained by Bouwens et al. (2017b, based on the CATS lens
model) and Ishigaki et al. (2018) are displayed. Since the constraints at z > 1 are too
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weak, it is impossible to tell the evolutionary trend of M{, with the current data.

We compare these results with predictions by theoretical studies. First, the blue
dashed, green dotted, and orange solid lines represent the Myy values corresponding
to Matom h, Msnn, and Mo, n, respectively. To convert these halo masses to the critical
UV magnitudes (Matom,uv, Msnuv, and Mio, uv), we use the Myy-My, relations of
Harikane et al. (2021, see also Harikane et al. 2016, 2018a). We extrapolate their
best-fit double power law (DPL; their Equation 54) down to M, < 10! M. In
the extrapolation, we fit linear functions to their parameters of the DPL versus the
redshifts.!. We find that both M, vy and Mgy yv roughly agree with the observed
M, at 2 ~ 0 both in the cases for the truncated and humped Schechter functions.
The value of M,,uyv may fall slightly below our M,. These results may imply that
the UV LF turnovers are controlled mainly by photoionization and/or SN feedback,
while the contribution of insufficient cooling cannot also be ruled out. However, we
should be cautious that the values of Myiom uv, Msn uv, and M, yyv are very subject
to the assumed Myy-M,, relations. The relations are not constrained at the magnitude
range considered here, which prevents the conclusion.

At z > 4, multiple theoretical studies predict turnovers around —10 to —8 mag,
which is shown with the gray box (e.g., Cai et al. 2014; O’Shea et al. 2015; Castellano
et al. 2016; Gnedin 2016; Liu et al. 2016; Park et al. 2019; Yung et al. 2019a, 2020;
Ocvirk et al. 2020; Qin et al. 2021). Because the current observations are limited to
Myy < —14 mag, we need much deeper observations such that we can reach > 4
mag fainter magnitudes in UV LFs than the current observational limits to identify

turnovers.

"We individually fit the relations at z < 4 and z > 4, because the parameters show different

redshift evolutionary trends before and after z ~ 4.
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5.3 Size-Mass Relations

One of the key properties of a galaxy is its morphology (or size; e.g., Shibuya et al.
2015, 2019; Kawamata et al. 2018).

At high redshifts, in particular, because the size of a galaxy is one of the very few
pieces of the galaxy properties available with photometric observations, it is worth
investigating the sizes of the low-mass galaxies. In the context of galaxy formation,
the size of a galaxy determines the depth of its potential wall, and then affects how
the galaxy is susceptible to feedback. This motivates us to investigate the relations
between the effective radii R, and M, of our z ~ 6 — 9 dropouts. Size measurements
of low-mass galaxies, which are likely to be compact, are helped by the high resolving
power of the HST. Additionally, a lensed galaxy is stretched along critical curves,
allowing the structures to be studied at high spatial resolution.

The values of R, are taken from Kawamata et al. (2018), who obtain the best-
fit value by fitting ellipsoidal Sérsic profiles to the observed profiles corrected for
the lensing effect. We estimate M, of the dropouts by multiplying the best-fit M,-
Myy relations (Figure 2.6) to the observed Myy values. If Myy is outside of the
range where the best-fit M,-Myy relations hold, then we use the extrapolated best-
fit relations to derive M,. The uncertainties of the M,-Myy relations propagate to
those of M,.

We plot the R.-M, relations of our z ~ 6—9 dropouts with the yellow to red circles
in Figure 5.7. We compare the R.-M, distributions with those of the stellar systems in
the local universe (Norris et al. 2014 and the references therein). Surprisingly, we find
that part of our dropouts have small R, and M, values comparable to local globular
clusters (GCs) and ultra-compact dwarfs (UCDs; blue diamonds). In particular, the
R. and M, values of four of our z ~ 6 — 7 dropouts, HFF2C-1181-3480, HFF4C-
3595-4157, HFF5C-4260-1364, and HFF5C-4039-1566, are equal to or less than 40 pc
and 10" My, respectively, which are comparable to the Milky Way GCs (e.g. Pal 5,
Pal 14, and NGC 5139; Baumgardt & Hilker 2018). We here term these dropouts as
“tiny” sources. The values of R, and M, of these tiny sources are listed in Table 5.1.

We test our estimation against the magnification uncertainties. In Figure 5.8, we
show the differences of the magnification factors at the positions of the tiny sources
among lens models. Here, p, and figas. denote the magnification factors derived

with a given lens model m and glafic, respectively. We use ten independent lens



95

104 SEELLILULLLL BEEEEEEE!) BRI BRI BRI | |||||||I! ".o”i‘"!
; E/SO | oy pae ]
- — RN .
i AE/ASO |+, .S rs ]
I dsph ° R Y S .
U o .. A AA.AA ‘q!;s gﬁ}'
= 103 = o i AAAAA.°L‘:‘J;?".’ -
wn E oo og ° ®o N PO . E
-'g E'D: . ° . * (3 R ]
© - %6 ° %% o 1 ]
o | 02% s i i
S 102l B
£ °F =it z=6-9 73
o PN K dropouts :
L oo .
8 %0
~ :‘0~x‘ I -
B e J A 1 Tegh M o9
101 h ¢ $e Zp, ) 11*NS —— .
E’t:’””} s GC C|D|||||||] ool O|||||:I|'||| |2||||||:|,|

10> 10° 107 108 10° 1019 1011 1012
Stellar Mass [Mg ]

Figure 5.7 Distributions of R, versus M,. Our z ~ 6 — 9 dropouts are presented with
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et al. (2014) and the references therein. The cyan shade represents the region where
the Milky Way GCs are located.
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models from glafic, CATS (v2 for M0416C, v1 for M1149C and A1063C), Sharon &
Johnson (Lenstool; v2.1 for M1149C, v2 for M0416C and A1063C), Zitrin-NFW (v3
for M0416C, v1 for A1063C), Zitrin-LTM (v1 for the three clusters), Zitrn-LTM-Gauss
(v3 for M0416C, v1 for M1149C and A1063C), Williams (GRALE; v3.1 for M0416C, v1
for M1140C and A1063C), Bradac¢ & Hoag (v1 for the three clusters), Diego (WSLAP+;
v3 for M0416C), and Merten (SaWLens; vl for the three clusters).? We confirm
that the magnification factors are broadly consistent among most of the models for
HFF2C-1181-3480, HFF5C-4260-1364, and HFF5C-4039-1566. These results support
our estimation that they have very compact sizes and low masses. We note that, in
the second panel, half of the models implies p smaller than pg.s. at > 1o, so we
cannot rule out the possibility that HFF4C-3595-4157 have larger R. and M, values

than our estimation.

Similarly to our work, Bouwens et al. (2017a) use the HFF data to investigate the
R.-M, relations of z ~ 6 — 8 galaxies. They also report that part of their galaxies
have R, and M, comparable to those of local GCs, super star complexes, and star-
cluster complexes in the local universe (see also Bouwens et al. 2021a,b). However,
they assume M,-Myy relations to estimate M,, while we provide observational (not
assumed) values of M,. The assumption of Bouwens et al. (2017a) is shown with
the blue dashed and dotted line in Figure 2.6. They use the latter model (100-Myr
star formation duration) to convert Myy to M,. We find that our M,-Myy relations
follow the latter model, which now confirms their assumption.

Indeed, M04161-6118103480 of Bouwens et al. (2017a) is also selected in our sample
(HFF2C-1181-3480). Their estimation is Myy = —15.0713, 1 = 33.67%55, and R, =
16133, all of which agree with ours. The number of tiny sources is larger in Bouwens
et al. (2017a) sample than in ours, probably due to magnification uncertainties and/or
the different definition of tiny sources. We select the tiny sources meeting both
R. < 40 and M, < 107 My, while the definition in Bouwens et al. (2017a) is only
R. < 40.

As a reference, the number of our tiny sources increases from four to 13 when

we include the dropouts whose 1o lower limits of R, and M, meet the definition.
For example, our HFF2C-1156-3446 (Myy = —16.15 4+ 0.09) is estimated to have

2See https://archive.stsci.edu/prepds/frontier/lensmodels/ for the details of these mod-

els.


https://archive.stsci.edu/prepds/frontier/lensmodels/

Table 5.1 Catalog of our tiny sources.
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D 2C-1181-3480 4C-3595-4157 5C-4260-1364 5C-4039-1566
R.A. 64.049226 177.399818 342177526  342.168321
decl. —24.063349  +22.404384  —44.526786  —44.532412

Myy [mag] —15.5940.08 —13.45+0.14 —1552+0.18 —13.98+0.17

M, [10% M] 9.07264 0.84179, 8.37253 1.5793

R. [pc] 30730 30720 40739 40139
[hpest” 5.85 157.63 19.12 77.69

x Best-fit magnification factor.
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R, = 40139 pc and M, = 1.7737 x 107 M. This dropout is also reported as a tiny
source M04161-6115434445 in Bouwens et al. (2017a), and as a compact star-forming
region GC1 in Vanzella et al. (2017). The values of R, and M, estimated in Bouwens
et al. (2017a), Vanzella et al. (2017), and our work are broadly consistent within the

~ (1 — 2)o uncertainties.

5.4 Physical Origins of Extended Lya Emission

In this Section, we investigate the mechanism of extended Ly« emission production.
A production process is a combination of 1) where Ly« photons originate; 2) how
Lya photons are produced; and 3) how these photons transfer in the surrounding

materials (see also Section 1.3.2).

1) We distinguish Ly« emission according to where it originates from: i) the ISM
of the targeted galaxy (central galaxy), ii) the CGM surrounding the central
galaxy, iii) satellite galaxies, or iv) other halos. Other halos refer to halos of
dwarf galaxies that are > R, away from the central galaxy; i.e., we distinguish
satellite galaxies and other halos in that the former and latter lie inside and
outside the R,y of the DMH, respectively.

2) We consider that Ly« photons are produced in the processes of recombination

or collisional excitation (cooling radiation).

3) We distinguish whether models take into account the scattering process or not.
This discrimination is motivated by the fact that an observed SB profile depends
on radiative transfer (Byrohl et al. 2021).

In Figure 5.9, we compare the observed SBpy, profiles and those predicted by
theoretical work. The observational results are taken from Section 4.3.3: Momose
et al. (2016, Ly, = 10*2°¢ erg s™! subsample at z = 2.2), Wisotzki et al. (2018,
Liye > 10* erg s subsample at z = 3 — 4), Momose et al. (2014, z = 5.7 and 6.6
LAEs), and our all samples (z = 2.2 — 6.6). Predicted profiles are taken from Zheng
et al. (2011), Dijkstra & Kramer (2012), Lake et al. (2015), Mas-Ribas et al. (2017b),
Kakiichi & Dijkstra (2018), and Byrohl et al. (2021), which are summarized in Table

5.2. We plot these observational and theoretical results at the nearest redshifts among
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Figure 5.8 Comparison of the magnification factors at the positions of the tiny sources
between the lens model m (i) and glafic (pglate). The horizontal axes show models:
a) glafic (this work), b) CATS, ¢) Sharon, d) Zitrin-NFW, e) Zitrin-LTM, f) Zitrin-
NFW-Gauss, g) Williams, h) Bradac, i) Diego, j) Merten. At the upper right corner
of each panel lists the ID and the estimation of M, and R, with glafic. We note
that log(R./pc) = 1.6 when R, = 40 pc.
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z = 2.2, 3.3, 5.7, and 6.6, except that the model of Mas-Ribas et al. (2017b) is
presented at all the redshifts, with the correction for the cosmological dimming effect.
We normalize all the profiles such that they match at » = 1” in amplitude for precise
comparison under the same Lya luminosity of the central galaxy (the profiles of Zheng
et al. 2011, Lake et al. 2015 and Byrohl et al. 2021 are normalized after summing up
those of the different origins). We compare these observational and theoretical results
in the context of the Ly« photon origins in the following subsections. While our data
points are mainly outside Ry, below we discuss the physical origins both inside and

outside R.;. based on the observed profiles of the literature and ours.

5.4.1 Central Galaxy

To discuss the contribution from the central galary, we compare the models of Zheng
et al. (2011), Dijkstra & Kramer (2012), Lake et al. (2015), Kakiichi & Dijkstra
(2018), and Byrohl et al. (2021). They applied Ly« radiative transfer modeling to
cosmological HD galaxy formation simulations at z = 5.7, 3.1, 2 — 3, and 2 — 5,
respectively, to investigate Lya photons produced by SF in the central galaxy and
resonantly scattered into the CGM. We take the “one-halo” term model from Zheng
et al. (2011), where Lya photons are scattered not only in the CGM but also in the
IGM. The model of Lake et al. (2015) takes into account the contribution from cooling
radiation in addition to that from SF. The model of Kakiichi & Dijkstra (2018) is
taken in an approximated form of their Equation (28). The model of Byrohl et al.
(2021) considers recombination caused by ionizing photons from SF and UVB as well
as cooling via collisional de-excitation.

The black lines in Figure 5.9 represent the contribution from the central galaxy:
Kakiichi & Dijkstra (2018, dotted, z = 2.2), Byrohl et al. (2021, solid, z = 3.3),
Lake et al. (2015, dash-dotted, z = 3.3), Dijkstra & Kramer (2012, dotted, z = 3.3),
and Zheng et al. (2011, dotted, z = 5.7). These models successfully reproduce the
observed SBpy, profiles inside the CGM (r < Ry;) at z = 3.3 and 5.7, implying
resonant scattering as a major source powering Lya emission. This finding is also
supported by previous studies in other aspects, such as halo properties (e.g., a halo
luminosity-mass relation; Kusakabe et al. 2019) and kinematics (e.g., a correlation
between the peak velocity shift and the width of a Ly« line, Leclercq et al. 2020; red
peak dominated Ly« spectra, Chen et al. 2021).
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Figure 5.9 Comparison of the SBry, radial profiles between the observational and
theoretical studies at z = 2.2 (top left), 3.3 (top right), 5.7 (bottom left), and 6.6
(bottom right). The filled red circles depict the observational results taken from our
all sample (z = 2.2 — 6.6), while the open red circles show the results from previous
observational work (Momose et al. 2016 at z = 2.2, Wisotzki et al. 2018 at z = 3.3,
and Momose et al. 2014 at z = 5.7 and 6.6). The SBy, amplitude of Wisotzki et al.
(2018) is normalized such that Ly, in 7 < 1”7 matches to that of our all sample
(see Section 4.3.4). We represent the theoretical work with the lines, whose colors
indicate the Ly« emission originations: the central galaxy (black), CGM (green),
satellite galaxies (blue), and other halos (orange). The models are taken from Mas-
Ribas et al. (2017b, green and blue dashed lines at z = 2.2, 3.3, 5.7, 6.6), Kakiichi
& Dijkstra (2018, black dotted line at z = 2.2), Byrohl et al. (2021, black, blue, and
orange solid lines at z = 3.3), Lake et al. (2015, black and orange dash-dotted lines
at z = 3.3), Dijkstra & Kramer (2012, black dotted line at z = 3.3), and Zheng et al.
(2011, black and orange solid lines at z = 5.7). See Table 5.2 for details of these
models. We normalize the SByy, profiles from the model predictions such that the
central galaxy (r < 1”) has the Ly, value similar to that observed at each redshift.
The gray shades illustrate the regions inside R.; of a DMH with M;, = 10! M.
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The one-halo term of Zheng et al. (2011) reproduces the observed SBy, profile
also from r ~ R, up to ~ 1 cMpc at z = 5.7. They considered resonant scattering
in the IGM in addition to the CGM. This effect leads to a plateau-like feature in
the SByy, profile at r ~ 0.3 — 1 cMpc (see also Jeeson-Daniel et al. 2012), which is
similar to those at z = 3.3 and 5.7. Therefore, we may interpret that the observed
extended Lya emission outside the CGM is produced by resonant scattering in the
IGM, although the uncertainties are large. At z = 3.3, however, the models adopted
here (Lake et al. 2015, Dijkstra & Kramer 2012, and Byrohl et al. 2021) produce values
lying far below the observed SByy, profile beyond 300 ckpc and do not reproduce a
plateau-like shape, unlike the one-halo term of Zheng et al. (2011). One possibility is
that the contribution from the central galaxy decreases from z = 5.7 to 3.3, but there
is no evidence to confirm this. Alternatively, we suppose that this discrepancy can
be attributed to the different assumptions and incorporated physics in the models,
such as treatment of stellar radiation, dust, and scattering, especially beyond R.;,.
Nevertheless, since the one-halo term of Zheng et al. (2011) reproduces the observed
SBrya profile at z = 5.7, we cannot rule out the possibility that scattered Lyo photons
originating from the central galaxy contribute to extended Lya emission beyond R.;,.
We need additional inputs on the neutral hydrogen gas distribution outside R, to
further determine the contribution of resonant scattering.

The assumptions on M, values are unlikely to affect our discussion here, because
the models above use roughly similar M, values: 1012 and 10'%5 M, for Zheng et al.
(2011) and Lake et al. (2015), respectively. Byrohl et al. (2021) assume a stellar mass
M, range of 1085 — 10%° M, at z = 3, which corresponds to M;, ~ 10* M, given
the M, /M, ratio obtained in Behroozi et al. (2019, see also Kusakabe et al. 2018).
These values are similar to those obtained in the previous observations (e.g., Ouchi
et al. 2010; Kusakabe et al. 2018).

5.4.2 CGM

We next use the model from Mas-Ribas et al. (2017b) to investigate the Lya emission
produced in the CGM. They constructed an analytical model of fluorescent emission
in the CGM caused by ionizing radiation from SF in the central galaxy at z = 5.7 and
6.6 (we apply this model also to z = 3.3 and 2.2; see also Mas-Ribas & Dijkstra 2016).
The model of Mas-Ribas et al. (2017b) includes three free parameters: 1) the CGM



104

structure, 2) SF rate (SFR), and 3) radius Ryax. 1) We adopt the simplified clumpy
outflow model of Steidel et al. (2010) as the CGM structure (the choice here has only
a small impact on SByy, profiles; see Figure 2 of Mas-Ribas & Dijkstra 2016). 2) We
normalize the model with SFR = 1, 10, 10, and 20 M, yr~! at z = 2.2, 3.3, 5.7, 6.6,
respectively. 3) SBpya(b) is derived as the integration of Lya emissivity at radius r
over b < r < Ry.x, where b denotes the impact parameter (see Equations 4 and 2
of Mas-Ribas & Dijkstra 2016 and Mas-Ribas et al. 2017b, respectively). Here Ry«
represents the extent to which Lya emission contributes to SBry,. We assume that
Ruax is equivalent to Ry;, for a DMH of M}, = 10" M, (= 46, 34, 22, and 20 pkpc
at z = 2.2, 3.3, 5.7, and 6.6, respectively). Their model ignores the effect of resonant

scattering.

The green dashed lines in Figure 5.9 represent the model of Mas-Ribas et al.
(2017b). The SByy, profiles predicted by their model are in good agreement with
those observed inside Ry at all the redshifts. However, because SBy, profiles drop
sharply at r = Ry, according to this model, the emission originating from the CGM
cannot contribute to extended emission beyond R.;. Mas-Ribas & Dijkstra (2016)
and Mas-Ribas et al. (2017b) arbitrarily adopted much larger Ry, values (> 100
pkpc) to reproduce the profiles obtained in Momose et al. (2014), bust such large Ryax
values correspond to M, > 102 M, which is much larger than those observed (e.g.,
Ouchi et al. 2010; Kusakabe et al. 2018). If Ry, is larger than R, materials should
exist outside the CGM (2 3 times larger scales than R,;) and produce fluorescent
emission contributing to extended Ly« emission. In either case, the observed SByy,

profiles beyond 300 cpkc at z = 3.3 cannot be reproduced even with larger values of
Rmax-

Overall, fluorescence in the CGM can power Lya emission inside R, according
to the model of Mas-Ribas et al. (2017b), while it plays only a marginal role beyond
Ryi;. This behavior was also suggested by MUSE UDF data (Gallego et al. 2018;
Bacon et al. 2021). We note that the model of Mas-Ribas et al. (2017b) ignores the
scattering effect, which leads to a sharp drop of SBry, at 7 = Ryax. Hence, it is
necessary to incorporate resonant scattering to extend Lya emission when we rely on

the CGM fluorescence scenario.

The contribution from cooling radiation in the CGM remains unclear. Byrohl et al.

(2021) argued that cooling radiation dominates ~ 30 % of the total Ly« emission
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at 7 2 20 pkpc. On the other hand, Rosdahl & Blaizot (2012) found that Ly«
emission from cooling radiation is centrally (r < 10 pkpc) concentrated for a DMH
with M, = 10" M,. We need additional models at larger scales to further discuss

whether cooling radiation contributes to extended Ly« emission or not.

5.4.3 Satellite Galaxies

We adopt another model from Mas-Ribas et al. (2017b), which predicts the contribu-
tion from SF in satellite galaxies (see also Mas-Ribas et al. 2017a). There are three
free parameters in their model: 1) a clustering description, 2) Ly« escape fraction
(fiya); and 3) Ruax. 1) We assume that clustering follows a power-law two-point
cross-correlation function £(r) of &(r) = (r/ro)~® with the scale length ro = 4 ¢cMpc
and index a = 1.8 (e.g., Ouchi et al. 2010; Harikane et al. 2016; Bielby et al. 2017).
2) We fix fi5; to 0.4, while SBry, linearly depends on f35. 3) Satellite galaxies are
assumed to exist from r = 10 pkpc to Rpax, which we assume is equal to Ry in
the same way as for the fluorescence model (Section 5.4.2). We additionally take the

“outer halo” model from Byrohl et al. (2021).

The blue dashed and solid lines represent the models of Mas-Ribas et al. (2017b)
and Byrohl et al. (2021), respectively. We find that the contribution from satellite
galaxies are negligible compared to the other contributions, except at r ~ 100 ckpc at
z = 2.2. While we choose a power-low correlation function to describe the clustering,
other choices, such as the Navarro-Frenk-White (NFW) profile (Navarro et al. 1997),
reduce the SBp, values at r > 40 ckpc (see the left panel of Figure 2 of Mas-Ribas
et al. 2017a). When a power-law correlation function is assumed, larger ry values
increase the overall profiles. However, unrealistically large values of ry and R., are
necessary to reproduce extended Lya emission beyond R, with satellite galaxies
alone. Additionally, the model overpredicts the observed SBcon, values when the
model is tuned to reproduce the observed SByy, profiles (Mas-Ribas et al. 2017a).

For these reasons, we conclude that satellite galaxies are unlikely to contribute to
extended Ly emission beyond R,;. This conclusion is supported by the fact that
emission is more extended in Lya than in UV continuum (Section 4.3.3; see also
Momose et al. 2014, 2016; Wu et al. 2020), because the SBeoyt, profiles should be

extended similarly as the SByy, profiles if satellite galaxies contribute to SByyq,.
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5.4.4 Other Halos

Lastly, we compare the models for other halos taken from Zheng et al. (2011), Lake
et al. (2015), and Byrohl et al. (2021). From Lake et al. (2015) we specifically adopt
the model in which Lya emission originates from ‘knots,” the regions with high Ly«
emissivity around the central galaxy. The ‘two-halo’ term model is taken from Zheng
et al. (2011).

We show these models with the orange lines in Figure 5.9: Byrohl et al. (2021,
solid, z = 3.3), Lake et al. (2015, dash-dotted, z = 3.3), and Zheng et al. (2011, solid,
z = 5.7). At z = 3.3, the contribution from other halos predicted by Byrohl et al.
(2021) agrees with the observed SByy, profiles within the 1o uncertainties. Although
the knots model of Lake et al. (2015) is limited to r < 300 cpke, it roughly reproduces
the observed profiles at r ~ (200 — 300) ckpc. On the other hand, the two-halo term
of Zheng et al. (2011) at z = 5.7 significantly overestimates the SBy, values beyond
100 ckpe. The amplitudes of the models of Zheng et al. (2011) and Byrohl et al.
(2021) differ by ~ 1 dex, similarly as we found in Section 5.4.1.

Kakuma et al. (2021) argue that the difference is caused because they masked
out bright objects. However, this interpretation is not necessarily appropriate, since
the profile of Byrohl et al. (2021) has an amplitude similar to (or rather slightly
higher than) profiles observed at z = 3.3. The two-halo term of Zheng et al. (2011)
also overpredicts the SByy, values of Momose et al. (2014). Nevertheless, we cannot
rule out the possibility that other halos contribute to extended Ly« emission beyond
Ry, since the model of Byrohl et al. (2021) agrees with the observed SBy,, profiles.
This suggestion is consistent with Bacon et al. (2021), who identified very extended
(> 300 arcsec? or > 2 x 10* pkpc?) Lya emission at z ~ 3 using MUSE data; they
found that 70 % of the total Lya luminosity originates from filamentary structures
beyond the CGM. They argued that the extended Ly« emission can be reproduced
by a population of extremely faint (< 10%° erg s7!) galaxies under certain conditions,
which correspond to other halos considered in this subsection.

We note that the SBry, profile of our all sample at z = 5.7 is larger in the UD-
COSMOS field than that averaged over the UD-COSMOS and UD-SXDS fields. This
results in a smaller amplitude gap between the two-halo term of Zheng et al. (2011)
and our profile. However, our profile based solely on the UD-COSMOS field disagrees

with those from the previous observational studies. Thus the averaged profile is more
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appropriate for comparison against the models.

5.4.5 Overall Interpretation

In summary, SByy, profiles inside the CGM (< R,;) are possibly explained either
by scattered Lya emission originating from the central galaxy and/or fluorescent
emission in the CGM. Meanwhile, extended Ly« emission beyond R, is possibly
powered either by resonant scattering at large scales and/or contributed from other
halos. Fluorescence in the CGM and satellite galaxies are not sufficient to reproduce
the observed SByy, profiles beyond Ry;,.

We note that the processes and origins of Lya emission may differ among LAEs.
They may also vary according to the radius and redshift even when we focus on
averaged profiles around different LAEs. However, our systematic investigation of
extended Ly« emission at z = 2 — 7 is advantageous for a comprehensive understand-
ing of the processes and origins of extended Lya emission.

More simulations focusing on large scales will help to distinguish the processes
and origins. On the observational side, applying the intensity mapping technique
to multiple lines, such as Ha and [Or111], will help to distinguish physical processes
and origins of extended Ly« emission, because they trace different components (see
Figures 6 and 12 of Mas-Ribas et al. 2017a and Fujimoto et al. 2019). These emission
lines will be observed with next-generation facilities, such as the James-Webb Space
Telescope (JWST), the Nancy Grace Roman Space Telescope (NGRST), and Spectro-
Photometer for the History of the Universe, Epoch of Reionization and Ices Explorer

(SPHEREX).

5.5 Overview of Galaxy Formation

5.5.1 Physical Processes of Low-Mass Galaxy Formation

Before closing this Chapter, we summarize the results obtained in this thesis, and
overview populations, formation processes, and redshift evolution of the galaxies in
the aspects of SMFs, UV LFs, and Ly« emission.

Figure 5.10 (5.11) compares the SMFs (UV LFs) at z ~ 6 and ~ 0. At z ~ 0, we
use our best-fit truncated Schechter SMF and UV LF that are obtained in Section
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5.2. At z ~ 6, no clear turnovers have yet to be observationally identified. We thus
assume that M} = 10" M and Mj, = —9 mag at z ~ 6 based on the theoretical
predictions (see Figures 5.4 and 5.6, respectively), and fix v, and yyy to those at
z~ 0.

We suggest that there are three key M, and Myy ranges in galaxy formation,

which are presented with the gray arrows.

e Low-mass (faint) end: M, < M} and Myy 2 M. The turnovers are observed
with the possible increasing trends of M and M{y, toward low redshifts. The
values of M and M{ reflect the photoionization by the UVB, SN feedback,
and/or the atomic gas cooling limit. The SMFs and UV LFs just rightward of
the turnovers are steep at high redshifts and flat at low redshifts, which implies

the hierarchical galaxy formation.

o Low-mass (faint) regime: MY < M, < M} and My 2 Myy 2 M. The
SMFs and UV LFs in these regimes are flatter than the HMFs particularly at
low redshifts. This feature is attributed to SN feedback.

e Massive (bright) end: M, 2,

~Y

M; and Myy S M{y. Low-mass galaxies grow
to be massive through merging events until the growth is regulated by AGN
feedback, which appears as the knees in the low-z SMFs. Meanwhile, at bright
ends of the UV LFs, the number of bright galaxies rapidly decreases possibly

due to mass quenching.

The SMFs and UV LFs present similar evolutionary trends in the low-mass (faint)
regimes. Meanwhile, the evolutionary trends at the massive (bright) ends are opposite
between the SMFs and UV LFs, but both may be governed by the same physical

mechanism (mass quenching).

5.5.2 Link between Low-Mass Galaxies and Extended Ly«
Emission
Figure 5.12 shows the possible relation of Ly« emission and low-mass galaxies pre-

sented in the SMFs. Because the typical M, values of LAEs are ~ 10° My, at z ~ 2
(Kusakabe et al. 2018, green shade), LAEs are less massive than M} of the SMFs.
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Figure 5.10 Overview of the redshift evolution of the SMF's. The blue thick line shows
our best-fit truncated Schechter SMF at z ~ 0 (the dashed part is the extrapolation).
The red thick solid and dashed lines represent our best-fit Schechter SMF at z ~ 6
and the truncated SMF assuming that M} = 10*7 M, from the theoretical prediction
(Figure 5.4). The orange and cyan thin lines are the Sheth et al. (2001) HMFs at
z ~ 6 and 0, respectively, that are scaled to the SMFs. The arrows and texts explain
the three key features of the redshift evolution of the SMFs. The physical process
governing each feature is shown in the parenthesis.
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The black arrows denote M, of the local satellite galaxies that are at the helio-centric
distances dpelio less than 300 kpe (Drlica-Wagner et al. 2020, see also McConnachie
2012; Newton et al. 2018). In particular, we select those brighter than —8 mag in the
Johnson V-band (Johnson & Morgan 1953; Johnson 1955) absolute magnitudes My,
and exclude the Large and Small Magellanic Clouds (LMC and SMC, respectively).
We convert My to M, assuming that M,/Ly = 2 My/Le (Jethwa et al. 2018) and
Ly = 107%4Mv=48) (Willmer 2018). As seen in the Figure, we find that the satellite
galaxies are located in the low-mass ends of the SMFs.

In Section 5.4, we found that the extended Lya emission around a central LAE is
caused by the resonant scattering process in the CGM and IGM, and/or is originated
from other halos, i.e., satellite galaxies outside R.;.. Therefore, if the latter scenario
is true, it is suggested that low-mass-end galaxies emit Lya photons and contribute
to the extended Lya emission around the LAE. Bacon et al. (2021) suggest that, if
the extended Ly« emission is powered solely by star formation in clustering dwarf
galaxies (i.e., other halos in our definition), their SFRs should be as low as 107 M,
yr~!, which corresponds to Myy ~ —8 mag. The potential existence of such ultra
faint galaxies does not contradict the predicted turnovers in UV LFs (M{, = —10
mag) at z > 3 (Section 5.2.2).

5.5.3 Link between Low-Mass Galaxies and Milky Way Satel-

lites

Figure 5.13 compares the SMFs of the local satellite galaxies and our z ~ 0 SMF. We
take the satellite galaxies at dpeo < 300 kpe from Drlica-Wagner et al. (2020) . We
estimate their SMF starting from their V-band number density (dN/dMy ). First,
dN/dMy is converted to the stellar mass number density dN/dlog M, by assuming
M,/Ly = 2 My/Ls. We roughly correct dN/dlog M, for the survey volume by
multiplying 1/V = [(4/3)7 x (300 kpc)?]~! x 1073, where the second term represents
®, of a Milky Way-mass galaxy. The resulting SMF is shown with the black boxes.
The SMF is bimodal; the sources with M, < —8 mag and My, > —8 mag are
referred to as satellite galaxies (of the narrow sense; purple line) and ultra-faint dwarfs
(UFDs, gray line), respectively (e.g., Newton et al. 2018; Simon 2019). We find that

the SMF's of the satellite galaxies and our low-mass galaxies are similar around the
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Figure 5.12 Possible relation of LAEs and low-mass galaxies. The green shade show
the typical M, range of z ~ 2 LAEs (M, ~ 10° M,; Kusakabe et al. 2018). The
red and blue lines show our SMF's at z ~ 6 and 0, respectively (same as those shown
in Figure 5.10). The black arrows denote M, of the local satellites at dpeio < 300
kpc and brighter than My = —8 mag (Drlica-Wagner et al. 2020, LMC and SMC are
omitted). As discussed in Section 5.4, such dwarf galaxies outside Ry;, may contribute
to extended Ly« emission around LAEs.
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low-mass limit of our SMF.

Given that our sample is central galaxies, i.e., those residing in the centers of main
halos, the similar SMFs of the satellite and our low-mass galaxies may imply that
they form in the same physical mechanism.

The SMF of the UFDs presents a hump below the turnover mass of the SMFs of
the satellite galaxies and our low-mass galaxies. This implies that the UFDs form
in a different physical process. The first possibility is that they form in the early
epoch of the universe, particularly before the UVB becomes strong, and survive until
the present (Ricotti & Gnedin 2005; Gnedin & Kravtsov 2006; Salvadori & Ferrara
2009; Ricotti et al. 2016; Bose et al. 2018, e.g.,). For example, the models of Lacey
et al. (2016) and Bose et al. (2018) predict that > 70 % of M, = 10* galaxies form
at z > 6. This is roughly consistent with the smaller M values at high redshifts
(Section 5.2.1). Another scenario is tidal disruption (e.g., Simon & Geha 2007; Munioz
et al. 2010; Ferrarese et al. 2016; Newton et al. 2018; Martin et al. 2021).
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Figure 5.13 Relation of the local satellite galaxies and our low-mass galaxies at z ~ 0.
The blue line is our UV LF (same as those shown in Figure 5.10). The black boxes
denote the SMFs of the satellites at dpeio < 300 kpc (Drlica-Wagner et al. 2020).
The purple and gray lines roughly illustrate the bimodality of the satellite SMF's,
corresponding to satellite galaxies and UFDs, respectively (see text). The colored
circles represent the typical M, ranges of the massive galaxies, our low-mass galaxies,
local satellite galaxies, and UFDs. The satellite galaxies share the same M, ranges
as the low-mass galaxies (our main targets in this thesis) at M, ~ 10° — 10® M.
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CHAPTER 6
SUMMARY

In this thesis, we investigate the formation of low-mass galaxies over z ~ 9 to 0, using
large and multiwavelength observational data sets. For a comprehensive understand-
ing, we focus on SMFs, UV LFs, and Lya emission profiles, which are indicators of
completed, ongoing, and future star formation, respectively.

First, we investigate SMFs at z ~ 0 — 10. We derive SMF's at z ~ 6 — 9 using 453
dropouts and the deep HST+ Spitzer images taken from the full data sets of the HFF,
in conjunction with ground-based NIR images of Keck and VLT (Figure 2.7). We
investigate the stellar populations of the dropouts, and apply the M,-Myy relations
to the UV LFs to derive the SMFs. We also estimate an SMF at z ~ 0 using an
SDSS optical spectroscopic catalog that provides stellar population properties of the
sources (Figure 2.10). We estimate the SMF by applying the 1/V,.x method to 651202
galaxies at z = 0.003 — 0.2 over ~ 9400 deg?. Our major findings are summarized

below:

1. We find that our SMF's at z ~ 6 —9 and 0 agree with those obtained in previous
studies at intermediate and high-mass regimes (M, ~ 107 — 10'? M), and
reach down to M, ~ 10° M, (Figure 2.12). We fit Schechter functions to
the SMFs at z ~ 6 — 9 and 0, finding that the best-fit low-mass-end slopes
a, are steep at z ~ 6 — 9 and flat at z ~ 0 (a, = —1.8170% —1.767035
—1.884+0.07, and —1.54’:8:82 at 2~ 9,8, 6—7, and 0, respectively). While the
normalization factors ¢f rapidly increase especially at z < 3 as the low-mass
galaxies undergo merging events, the characteristic stellar mass M) remains

constant at ~ 10'* M probably due to AGN feedback.

2. We identify a clear (> 20) turnover in our z ~ 0 SMF, for the first time, at
MF =6.7115% x 10 M. Meanwhile, no significant turnovers are found down
to ~ 10° My in any z ~ 6 — 9 SMFs. These results indicate a moderate in-
creasing trend of M! toward low redshifts. Comparing the results with models
and simulations, we find that the turnovers can be explained by strong suppres-
sion of star formation by photoionization by the UVB radiation, SN feedback,

and/or insufficient gas cooling (Figure 5.4).

115
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3. Integrating the GSMF's, we find that the number density fraction of the M, <
108 My, galaxies is large (> 80 %) throughout the cosmic history (Figure 5.1).
Such low-mass galaxies also contribute to the total SMDs by ~ 30 % at z > 5.
We estimate the total SMDs between 10® < M, /M, < 10'3 confirming that
the value at z ~ 0 and 6 — 7 agree with the finding in the literature. Meanwhile,
our total SMDs at z > 8 are large, which is consistent with a slow evolution of

the cosmic SFRDs, rather than a rapid evolution (Figure 5.2).

4. We estimate the R.-M, relations of our z ~ 6 — 9 dropouts (Figure 5.7). We
find that four of our z ~ 6 — 7 dropouts are very compact (R, < 40 physical
pc) and low-mass (M, < 107 Mg), comparably to the Milky Way GCs.

Next, we discuss UV LFs at z ~ 0—10. We derive the UV LF at z ~ 0 by applying
the 1/Vi,ax method to 67277 galaxies at z = 0.003—0.2 taken from the latest (GR6/7)
GALEX source catalog and the SDSS spectroscopic catalog. Our findings are listed

below:

1. We find that our z ~ 0 UV LF agrees with those taken from the literature
in the bright and intermediate magnitude ranges (—20 < Myy < —12; Figure
3.3). We fit a Schechter function to our UV LF, finding a very flat faint-end
(apy = —1.30 £0.01).

2. We compare our z ~ 0 UV LF with those at high redshifts (Figure 3.5). We
find increasing trends of ayy and ¢y, toward low redshifts, which implies the
growth of galaxies. At z < 3, the UV LFs move toward the faint ends (M,

becomes fainter while ¢}, remains constant), possibly due to mass quenching.

3. We identify a tentative turnover at My, ~ —11 mag (Mg, = —11.710% or
—11.05.19'0 according to whether we include the faint-end hump or not, respec-
tively). On the contrary, only weak constraints have been obtained so far at
z > 1 due to observational limits and lens model uncertainties, which makes it
impossible to reveal the redshift evolution of My,. Comparing the result with
models, we find that our M, estimation is reproduced by either photoioniza-
tion and/or SN feedback (Figure 5.4).

4. We estimate the fractional number and UV luminosity densities of the low-mass

galaxies (Figure 5.3). Faint galaxies with Myy < —16 mag are prevalent (> 60
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%) all through the cosmic history. Similarly, ~ 30 —60 % of the total luminosity

densities is contributed from the galaxies fainter than Myy ~ —18 mag.

Lastly, we probe very extended Ly« emission around LAEs at z = 2.2 — 6.6. We
apply the intensity mapping technique to 1781 LAEs at z = 2.2, 3.3, 5.7, and 6.6 and
Lya emission traced by the ultra-deep NB387, NB527, NB816, and NB921 images
taken from the HSC-SSP and CHORUS projects. Our main results are as follows:

1. Subtracting the systematics, we identify Ly emission of ~ 1072° — 107 erg
st cm™? arcsec™? with S/N = 4.1 around the z = 3.3 LAEs. At this redshift,
Lya emission is extended beyond the radial scale of the R,; of a DMH with
10" Mg (~ 100 ckpc), and up to ~ 1 cMpc (Figure 4.5). We also tentatively
detect Lya emission beyond the Ry scales at z = 5.7, and 6.6 with S/N ~ 2.
Extended Lya emission is also tentatively detected around the z = 2.2 LAEs

when faint LAEs are excluded from the sample.

2. We confirm that the SByy, radial profiles agree well with those obtained in the

previous studies, when the LAEs have similar Ly«a luminosities (Figure 4.6).

3. We compare the observed SBry, across z = 2.2 — 6.6, finding no significant
difference among the redshifts beyond the uncertainties. Meanwhile, we find a
potential decreasing trend toward low redshifts in the profiles of intrinsic SByyq,
which is corrected for the cosmological dimming effect (Figure 4.8). The trend
roughly follows (1 + z)~3, which might be explained by the decreasing density

of the neutral hydrogen gas due to the cosmic expansion.

4. We investigate the origins and physical mechanisms of the extended Lya emis-
sion by comparing the observational results with theoretical studies (Figure
5.9). We find that the extended Ly« emission beyond Ry may be reproduced
by resonant scattering in the CGM and IGM, and /or emission originating from

satellite galaxies that are > R,;, away from the central LAE.

Through these investigations, we confirm that SMFs, UV LFs, and Ly« emission
are closely connected. For example, both SMFs and UV LFs present steep slopes at
high redshifts, which reflect abundant low-mass galaxies in the early universe. The

slopes become flatter toward low redshifts as the galaxies undergo merging events
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(Figures 5.10 and 5.11). Turnovers are identified in the z ~ 0 SMF and tentatively
in the z ~ 0 UV LF, which indicates complete suppression of star formation due
to photoionization by the UVB, SN feedback, and/or the gas cooling limit. Such
low-mass/faint galaxies might contribute to the extended Ly« emission around com-
parably massive (but still less massive than M}) galaxies (Figure 5.12). We also
find that our SMF at z ~ 0 including the turnover is consistent with that of the
local satellite galaxies. This may suggest that the local satellite galaxies and central
galaxies share the common formation process (Figure 5.13).

Our study is characterized by very wide dynamic ranges of stellar mass (10° <
M, /M < 10'%), UV magnitude (—10 < Myy < —21), redshift (0 < z < 10). Our
findings owe the analyses using large data sets including various surveys over deep to
wide, UV to MIR observations.
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