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ABSTRACT

Galaxy structural properties such as size, morphology, and surface brightness bear
the imprint of galaxies’ evolutionary histories, and so are related with other properties
such as stellar mass, star formation rate, and emergent spectra. In this dissertation,
I present three studies exploring such relationships. In the first, I investigated the
relationships between 4000 A break (D4000) strength, colors, stellar masses, and
morphology in a sample of 352 galaxies at intermediate redshifts based on photo-
metric and spectroscopic data from the Hubble Space Telescope (HST). 1 explored
several diagrams such as UVJ color space combined with the D4000 strengths and
the structural parameters of sample galaxies. The analysis shows that the presence
of a bulge component is a necessary but not sufficient requirement for star formation
quenching at intermediate redshifts. In the second study, I investigated the central
250 pc UV star formation intensity Sasope (SFI, star formation rate per unit area) of
a sample of 40 Green Pea (GP) galaxies and 15 local Lyman Break Galaxy Analogs
(LBAs) to understand the Lya escape mechanisms and the associations with the SFI
in Lya-emitters (LAEs). I utilized the Cosmic Origins Spectrograph near-ultraviolet
(COS/NUV) images from the HST. I found that the Ly« equivalent width (EW (Ly«))

and the Lya escape fraction (fL¥%) are positively correlated with the ratio of SFI to

galaxy stellar mass (Sas0pc/Mstar). These correlations suggest the importance of the
central SFI in Lya photon escape. In the third study, I investigated the UV pho-
tometric properties of a sample of 40 GPs and the possible associations with Ly«
escape mechanisms. I measured the UV-continuum size and luminosity of the sam-
ple galaxies by employing the COS/NUV images. The circularized half-light radius
(Teir50) of GPs shows compact sizes and it further shows the statistically significant
anti-correlations with EW(Lya) and fZ¥*. The size comparison of GPs to those of

Esc

high-redshift LAEs shows that their sizes are similar, once spatial resolution effects



are properly considered. These results show that a compact size is crucial for escape
of Lya photons, and that Ly« emitters show constant characteristic size independent
of their redshift. Therefore, the results presented in this dissertation emphasize the
importance of galaxy structural properties in star formation quenching and in Ly«

escape.
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Chapter 1

INTRODUCTION

1.1 Galaxy Structure as the Footprints Bearing Galaxy Properties

Galaxy structural properties such as visual morphology, size, stellar density, and
the concentration of stellar light have shown tight relationships with other galaxy
properties such as stellar mass, the amount of star formation activity (star formation
rate), and their environments whether galaxies reside in denser regions with more
neighboring galaxies. Thus, the galaxy structural properties have provided important
information about the formation and evolution histories of galaxies (e.g., Dressler,
1980; Lang et al., 2014; Oh et al., 2013; Conselice, 2014; Huertas-Company et al.,
2015; Khim et al., 2015; Kim et al., 2016, 2018, and references therein).

For instance, one of the most representative galaxy morphological schemes is the
Hubble morphology classification (Hubble, 1926, 1936) where galaxies are visually-
classified as a function of the dominance of round central bulge component, the extent
of spiral arms wound in spiral galaxies, the presence of a galaxy bar component,
and the overall shape of galaxies such as roundness and irregularity. While such
morphological classification was solely based the observed images of galaxies, and
thus there is no prior information about the stellar properties of constituent stellar
populations such as overall stellar age, the amount of metal contents (metallicity) of
stars, and the amount of star formation activity, subsequent studies of constituent
stellar populations of galaxies have shown tight relationships of classified morphology
and the overall stellar properties. Such tight relationships suggest the significant

associations of galaxy structure with galaxies’ star formation history over cosmic



time. Specifically, round and elliptical-shaped galaxies largely consist of relatively
old and metal contents enhanced stars often devoid of interstellar gas, whereas spiral
arm and disk-shaped galaxies consist of young and metal contents poor stars with
large amount of interstellar gas (Proctor and Sansom, 2002; Saintonge et al., 2012;
Oh et al., 2013).

These close relationships between galaxy structural properties and the overall ages
and metal contents of constituent stars mentioned above have led to the idea of the
possible role of galaxy structure in stopping star formation activity (a.k.a., galaxy
star formation quenching) of galaxies, given that round and elliptical galaxies tend
to be older and to stop their star formation activity earlier compared to spiral arm
and disk-shaped galaxies (e.g., Huertas-Company et al., 2015; Kim et al., 2018). In
particular, some numerical simulations have shown that the significant gravitational
potential of the central dense bulge component can prevent interstellar gas in galactic
disk from collapsing to form stars by stabilizing the gas disk structure (Martig et al.,
2009, 2013), suggesting the dominance of a central bulge component as one of the
physical conditions for star formation quenching in galaxies.

Another astrophysical phenomenon where galaxy structural properties likely play
important roles would be understanding the mechanisms for Lya photon escape from
their host galaxies. It has been known that actively star-forming galaxies, typically
observed at high redshifts (i.e., z > 2), often show the sign of Ly« emission line im-
printed in their spectral energy distribution (e.g., Rhoads et al., 2000; Malhotra and
Rhoads, 2002, and references therein). Considering that 1) only relatively massive
stars (approximately 20 times or more massive than the sun) can emit strong UV
radiation for Lya photons and that 2) the escape of Lya photons from their host
galaxies is not trivial mainly due to the physical nature of Lya emission being reso-

nantly scattered and sensitive to dust absorption/scattering in the interstellar medium



(ISM), not all actively star-forming galaxies allow Ly« photon escape (e.g., Ahn et al.,
2003; Verhamme et al., 2006). In this regard, while several global properties of Lya-
emitting galaxies such as the amount of dust, the amount of metal contents in the
ISM, and stellar mass have been extensively investigated to understand the physical
mechanisms for Lya photon escape (e.g., Malhotra et al., 2012; Song et al., 2014;
Verhamme et al., 2017, and references therein), it still remains unclear as to exactly
why Lya photons can escape only in some of the actively star-forming galaxies.

It has been known that Ly« lines are a promising indicator of Lyman-continuum
leaker galaxies (i.e., galaxies that emit ionizing photons with wavelength 912 A into
the surrounding intergalactic gas). Cosmologically, such LyC leakers are likely con-
tributors for reionizing neutral hydrogen in the early universe (z > 6). Ly« emission
is also related to star formation mechanisms in galaxies. Therefore, understanding
the physical properties of Lya-emitting galaxies (a.k.a., Lya emitters, or LAEs) and
their Lya escape mechanisms is important both for cosmology, and for galaxy forma-
tion and evolution (e.g., Malhotra and Rhoads, 2002; Verhamme et al., 2015; Izotov
et al., 2016).

It has been suggested that most LAEs show compact sizes (i.e., their size, usually
measured as their UV radius, is typically smaller than 1.5 kpc) often with multiple
clumps, and that their sizes are relatively constant over a wide range of redshift (i.e.,
2 < 2 56) (e.g., Malhotra et al., 2012; Bond et al., 2012; Paulino-Afonso et al., 2018).
The compact and relatively constant sizes of LAEs are noticeably different morpholog-
ical properties compared to non-Lya-emitting star-forming galaxies with comparable
stellar mass or star formation rate given that non-Lya-emitting star-forming galaxies
show redshift dependent size growth (van der Wel et al., 2014; Shibuya et al., 2015).
To this extent, previous studies (e.g., Malhotra et al., 2012) based on a sample of

LAEs over a range of redshift (2 < z < 6) have suggested that the compact morpho-



logical properties of LAEs are some of the important physical conditions for making a
galaxy an LAE. Therefore, to further shed some light on the possible role of compact
morphology of LAEs in their Lya photon escape, it is important to investigate the
galaxy structural properties of more sample of LAEs over a wider range of redshift,
towards both lower and higher redshifts.

In this context, this dissertation aims to investigate the dependence of star for-
mation quenching and of Lya escape mechanisms on galaxy structural properties
observationally. In particular, for star formation quenching, we explore the relation-
ships between galaxy structure, stellar populations, and star formation quenching
for galaxies at intermediate redshifts (i.e., 0.6 < z < 1.2) by fully utilizing most of
the available optical photometric and spectroscopic data sets. For the Lya escape
mechanisms, we investigate the UV photometric properties of local universe (i.e.,
0.1 < 2z < 0.35) LAEs dubbed as ‘Green Pea’ galaxies (Cardamone et al., 2009)
(due to their strong [OIII] emission line at their redshifts) and Lyman Break Galaxy
Analogs (LBAs) (Heckman et al., 2005). We measure their UV photometric proper-
ties such as the central star formation intensity, size, and luminosity to explore the
possible associations with their Lya emission properties. The physical proximity of
these local LAEs and the high spatial resolution of near-ultraviolet images we employ
are suitable for studying the spatially-resolved morphological analysis of Green Pea
galaxies and LBAs.

The studies presented in this dissertation are thus expected to shed some light on
the role of galaxy structural properties in star formation quenching mechanisms and

in Lya escape mechanisms observationally.



1.2 Dissertation Outline

This dissertation is organized as follows. In Chapter 2, we investigate the relation-
ships between galaxy structure and the stellar properties such as spectroscopic 4000
A break (D4000) strength, optical and near-infrared colors, stellar masses in a sam-
ple of 352 galaxies with log(Mstar/Me) > 9.44 at intermediate redshifts (0.6 < z <
1.2). We utilize four different catalogs to obtain both spectroscopic and photomet-
ric information such as D4000 strength, visually-classified morphology, star formation
rate, stellar mass, Sérsic index, stellar surface density within the effective radius. The
combined optical, spectroscopic, and photometric information enables us to explore
the morphological and stellar properties of galaxies at intermediate redshifts in detail.
We discuss our results and implications in the context of star formation quenching.

In Chapter 3, we construct sample of 40 GPs and 15 local Lyman Break Analogs
(LBAs) at redshifts (0.1 < z < 0.35) to understand their central UV photometric
properties and the possible associations with Lya photon escape. We utilize the
Cosmic Origins Spectrograph near-ultraviolet (COS/NUV) images from the Hubble
Space Telescope (HST). The physical proximity of the sample GPs and LBAs and
the high spatial resolution (0.0235 arcsec pixel™!) of the COS/NUV images enable
us to study the spatially-resolved central region properties of the sample galaxies.
Specifically, we measure the uniform central 250 pc region star formation intensity
(SFI, i.e., star formation rate per unit area, equivalently star formation rate surface
density) across our sample GPs and LBAs. We investigate the possible correlations
between the measured central SFT and the Ly« properties such as the Lya equivalent
width (EW(Lya)) and the Lya escape fraction (f£4*). We further show the significant

role of galaxy stellar mass likely as a proxy for gravitational potentials through the

parameter of specific star formation intensity (sSFI, defined as SFI divided by stellar



mass) in Lya escape mechanisms.

In Chapter 4, we measure the UV-continuum size and luminosity of sample of
40 GPs to investigate their UV photometric properties and the possible associations
with Lya escape mechanisms as local analogs of high-z Lyman-a emitters (LAEs).
We utilize the same processed COS/NUYV images as used in Chapter 3 to measure the
size and luminosity of GPs. The better spatial resolution of the COS/NUV images,
compared to those of typically employed images to measure the size of high-z LAEs,
enables us to measure the size of GPs with the seeing effects properly taken into
account. With the measured size and luminosity, we study the size distribution, the
size-luminosity relation, correlations between UV size and Lya properties such as
EW(Lya) and fL¥>. Also, we compare the size of GPs with those of high-z LAEs
to investigate whether the size of GPs shows comparable sizes to high-z as some
of the best local analogs of high-z LAEs, and more fundamentally whether there is
any morphologically required compactness of LAEs as one of the important physical
conditions to determine whether a galaxy is an LAE, independent of redshift.

In Chapter 5, we summarize the primary results and conclusions of the studies

explored in this dissertation.



Chapter 2

GALAXY STRUCTURE, STELLAR POPULATIONS, AND STAR FORMATION
QUENCHING AT 0.6 < 2 < 1.2

2.1 Abstract

We use both photometric and spectroscopic data from the Hubble Space Telescope
to explore the relationships among 4000 A break (D4000) strength, colors, stellar
masses, and morphology, in a sample of 352 galaxies with log(M, /M) > 9.44 at 0.6
< z < 1.2. We have identified authentically quiescent galaxies in the UV J diagram
based on their D4000 strengths. This spectroscopic identification is in good agreement
with their photometrically-derived specific star formation rates (sSFR). Morphologi-
cally, most (that is, 66 out of 68 galaxies, ~ 97 %) of these newly identified quiescent
galaxies have a prominent bulge component. However, not all of the bulge-dominated
galaxies are quenched. We found that bulge-dominated galaxies show positive corre-
lations among the D4000 strength, stellar mass, and the Sérsic index, while late-type
disks do not show such strong positive correlations. Also, bulge-dominated galaxies
are clearly separated into two main groups in the parameter space of sSSFR vs. stellar
mass and stellar surface density within the effective radius, Y., while late-type disks
and irregulars only show high sSFR. This split is directly linked to the ‘blue cloud’
and the ‘red sequence’ populations, and correlates with the associated central com-
pactness indicated by ¥,. While star-forming massive late-type disks and irregulars
(with D4000 < 1.5 and log(M.. /M) Z 10.5) span a stellar mass range comparable to
bulge-dominated galaxies, most have systematically lower X, < 10°Mokpc=2. This

suggests that the presence of a bulge is a necessary but not sufficient requirement for



quenching at intermediate redshifts. This chapter previously published as Kim et al.
(2018).

2.2 Introduction

How galaxies have formed and evolved over the Hubble time remains a challenging
question in extragalactic astronomy. In particular, why and how galaxies have stopped
their star formation activities during the course of their evolutionary paths is not
clearly understood yet. Observational aspects have shown that galaxies largely form a
bimodality in diverse diagrams (e.g., the Color-Magnitude diagram (CMD), the color-
color diagram, and global star formation rate (SFR) versus stellar mass diagram),
being separated into an actively star-forming group and a star-formation quiescent
group. The former group forms the ‘blue cloud’, while the later group forms a tight
‘red sequence’ in the CMD. The intermediate parameter space, between the blue
cloud and the red sequence, forms the ‘green valley’ (Strateva et al., 2001; Schawinski
et al., 2014; Pandya et al., 2017; Bremer et al., 2018; Gu et al., 2018).

Previous studies (e.g., Pasquali et al., 2010; Peng et al., 2010b) have suggested
that two main mechanisms quenched the star formation activity in galaxies. The first
is mass-quenching, which indicates that the more massive galaxies are, the earlier they
likely had formed stars and shut down star formation activities (i.e., “downsizing”
scenario) (Cowie et al., 1996; De Lucia et al., 2006; Haines et al., 2017). The second
is environmental quenching, which states that denser environments tend to make
galaxies more passive, resulting in a larger fraction of quenched galaxies than in less
dense regions (Pasquali et al., 2010; Peng et al., 2010b; Khim et al., 2015).

Along with these two main mechanisms of quenching galaxies over a wide span of
redshift, morphological properties of quiescent galaxies and star-forming counterparts

show that quiescent galaxies tend to have a prominent bulge component, while most



of star-forming galaxies tend to have prominent disk or clumpy structures (Oh et al.,
2013; Huertas-Company et al., 2016). These morphologically-entangled features of
quiescent and star-forming populations of galaxies have led to an idea of ‘morpholog-
ical quenching’ of galaxies (Martig et al., 2009; Dekel et al., 2009; Martig et al., 2013;
Dekel and Burkert, 2014; Genzel et al., 2014). In addition to morphology, analyses
of internal structure of galaxies based on galaxy structural parameters, such as the
central surface density, a bulge-to total ratio, and the Sérsic index, also suggest that
the presence of a prominent bulge component (or, similarly, compact central density
in galaxy center) in galaxies, as the results of ‘inside-out’ growth, is related to the
quenching of galaxies. (Franx et al., 2008; Ilbert et al., 2010; van Dokkum et al.,
2010; Bell et al., 2012; Saintonge et al., 2012; Bluck et al., 2014; Lang et al., 2014;
Tacchella et al., 2015, 2016; Lilly and Carollo, 2016; Huertas-Company et al., 2016;
Jung et al., 2017; Whitaker et al., 2017; Williams et al., 2017).

Although the community seems to agree on the presence of a prominent bulge
component as a useful indicator associated with quenched galaxies, the mechanisms
that are responsible for a bulge growth and the associated galaxy structure evolution
have not been fully understood yet (Conselice, 2014, for a review). Recent studies
(e.g., Margalef-Bentabol et al., 2016; Huertas-Company et al., 2015, 2016) have sug-
gested that fractions of different morphological types of galaxies have evolved over
cosmic time and the associated morphology-related dominant quenching mechanisms
have changed accordingly. However, most of studies at intermediate or high redshifts
(e.g., Huertas-Company et al., 2016; Ownsworth et al., 2016; Haines et al., 2017)
have mainly focused on either optical photometric properties of galaxies with their
morphology or spectroscopic and photometric properties of galaxies with a lack of

morphological information.



In this study, we investigate the stellar properties of galaxies in the redshift range
0.6 < z < 1.2 throughout the Hubble sequence (Hubble, 1926, 1936), combining
optical spectroscopic and photometric properties of galaxies as well as their visual
morphological classification. The combination of most currently available optical
diagnostics on galaxies enables us to comprehensively explore both the stellar and
morphological properties of galaxies within the redshift range of interest, which is our
hope in this study. Morphological behaviors in several diagrams such as a U — V' vs.
V —J color-color (hereafter, UV J) diagram, the 4000 A break (i.e., Bruzual A., 1983;
Hamilton, 1985) vs. stellar mass, and specific star formation rate (sSFR) vs. stellar
mass are investigated.

This chapter is organized as follows: in Section 2.3, we describe the observational
data sets employed in this study. In Section 2.4, we describe the 4000 A break
measurements, sample selection, and comparison of visually-classified morphology
with other morphology indicators. We present our results in Section 2.5. In Section
2.6, we discuss the stellar and morphological properties of galaxies and the associated
quenching mechanisms. We close with a summary in Section 2.7.

We adopt the ACDM cosmology of (Hy, Q,,, 24) = (70 kms™ Mpc™!, 0.3, 0.7)
wherever necessary. All magnitude in this paper are quoted in the AB system (Oke

and Gunn, 1983).
2.3 The Observation Data Sets
2.3.1 The PEARS Survey

The 4000 A break (hereafter, D4000) information for our sample galaxies is ob-
tained from the Probing Evolution And Reionization Spectroscopically survey (PEARS;
PI: S. Malhotra). The PEARS wide survey observed 8 fields, four each in the

10



GOODS-North and GOODS-South (Giavalisco et al., 2004) regions. The slitless
grism ACS/G800L instrument used for the survey has an average dispersion of 40 A
pixel ! and the spectral resolution R = 100 at 8000 AThe grism data are suitable
for measuring the D4000 strength for galaxies within the redshift range of 0.6 < z <
1.2, taking into consideration the observed wavelength coverage of the ACS/G800L

instrument.
2.3.2 Morphology Classification

Galaxy morphology information is obtained from the CANDELS (Grogin et al.,
2011; Koekemoer et al., 2011) visual morphology classification catalog provided by
Kartaltepe et al. (2015). In that paper, the authors performed visual classifica-
tions on the four HST bands (F606W, F850LP, F125W, and F160W) by voting for
the most likely morphological types (among disk, spheroid, irregular/peculiar, com-
pact /unresolved, and unclassifiable) for individual galaxies. Specifically, in the visual
morphology classification procedure, the F160W band was primarily used and the
other three bands were also used to cover different rest-frame wavelengths sensitive
to different types of galaxy structures. Thus, the rest-frame wavelengths employed
for the morphology classification range from near-UV (~ 3000 A ) to near-IR (~ 8000
A') for most galaxies within the redshift range 0.6 < z < 1.2. The four bands were
simultaneously displayed when a classifier voted for morphologies for each galaxy. A
minimum size of galaxy images is 84 pixels in each x and y-axis. Regarding voting
for the likely morphologies of a galaxy, multiple choices of morphological types for
a galaxy are allowed. Thus, the resulting morphology information from the catalog
is given as the fractions of individual human classifiers who selected each of the sev-
eral morphological types. In the following, we are concerned with the fractions of

spheroid, disks, and irregulars, denoted as fson, faisk, and fi, respectively. Further

11



details on the morphology classification procedure can be found in Kartaltepe et al.
(2015).

Four types of morphology are considered in this work and classified as follows:
spheroids satisfying the fractions of fon > 2/3 and faige < 2/3 and fi, < 0.1, early-
type disks satisfying the fractions of fon > 2/3 and fge > 2/3 and fi, < 0.1,
late-type disks satisfying the fractions of foon < 2/3 and faise > 2/3 and fi,, < 0.1,
and irregulars satisfying the fractions of fy,n < 2/3 and fi, > 0.1. Additionally,
regarding the morphology classification difference between early-type disks and late-
type disks, we note that the only difference between the two morphological types is
the value of fi,n. That is, with the same morphological fractions of fgg > 2/3 and
firr < 0.1, if a galaxy has fon > 2/3 (< 2/3), the galaxy is classified as early (late)-
type disks. Note our adopted morphological classification differs from the traditional
approach that follows the Hubble tuning fork diagram, taking into account the spiral
arm structure in late-type systems. Therefore, our definition of early-type disks is
more likely to focus on the moderate dominance of both bulge and disk components,
while our definition of late-type disks is more likely to focus on the dominance of a
disk component compared to a relatively small (or no) bulge component, which does
not consider the detailed spiral arms features as often adopted in the local Universe.

This classification scheme has been found effective in disks/spheroids separations,
considering the close correlations between diskiness/bulginess, Sérsic index n, and
optical colors (Kartaltepe et al., 2015; Huertas-Company et al., 2016). Particularly,
Kartaltepe et al. (2015) showed that their “Mostly Disk” galaxies have relatively
lower Sérsic indices with a mean of (n) = 1.01 and bluer optical colors in the UV.J
diagram, while their “Mostly Spheroid” galaxies have relatively higher Sérsic indices
with a mean of (n) = 2.98 and redder optical colors (Kartaltepe et al., 2015, see their

Figures 12 and 13). For our sample of galaxies, we will address the visual morphology

12



and the comparison to other morphology indicators in detail in Section 2.4.3.
The number of classifiers for our sample of galaxies ranges from 3 to 6. The mean

number of classifiers is 4.09.
2.3.3 Photometrically-Derived Properties of Galaxies

The photometrically-derived properties such as stellar mass, rest-frame colors,
and star formation rate are obtained from the stellar mass catalog of Santini et al.
(2015), where different stellar masses derived by different spectral energy distribution
(SED) fitting procedures are presented and compared. Their fitting is based on the
17 multi-wavelength photometric bands ranging from UV to mid-infrared for the
GOODS-South field provided by Guo et al. (2013).

Among the different stellar masses provided in the catalog, we adopt the stellar
mass derived by the ‘Method 6aX"®’ in which Method 6aN*® is the team notation
with the abbreviations of the SED fitting methods as designated in Santini et al.
(2015). Specifically, the Method 6aNB makes use of the ‘zphot’ code for the SED
fitting based on the y? minimization fitting method (Giallongo et al., 1998; Fontana
et al., 2000). Also, it adopts the Chabrier Initial Mass Function (Chabrier, 2003)
and the stellar templates from Bruzual and Charlot (2003) with the exponentially-
declining star formation history (so-called the direct-7 model, ¥ (t) o exp(—t/7)).
The resulting stellar mass and SFR estimates are provided with the least significant
digit being 0.01 dex (base-10 log) and 0.01 decimal, respectively. The minimum SFR
is set to 0.00 Mgyyr .

Additionally, the Method 6aN*B includes the nebular emission component into its
SED fitting procedures following the prescription of Schaerer and de Barros (2009),
where continuum emission is added to the stellar continuum, and emission lines are

treated using the relative line intensities from Anders and Fritze-v Alvensleben (2003)
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for non-hydrogen lines such as He, C, N, O, and S, and from Storey and Hummer
(1995) for hydrogen lines such as Lya line and Balmer, Paschen, and Brackett series.
Further details on the nebular emission prescription can be found in Schaerer and
de Barros (2009). However, more importantly, we note that the differences in stellar
mass between those with and without the emission prescription are not significant.
That is, the median value of the stellar mass differences is 0.00 M, yr~—! for our sample
of galaxies that will be described in Section 2.4.2 (see also Figure 3 and the discussion
in Section 4.3 of Santini et al. (2015) on the nebular emission prescription for further

details).
2.3.4 Galaxy Structural Parameters

Galaxy structural parameters for our sample are obtained from the publicly avail-
able galaxy structural parameters catalog provided by van der Wel et al. (2012). The
structural parameters in the catalog were derived by the two-dimensional light profile
fitting procedures utilizing the GALFIT software for the CANDELS galaxies (Peng
et al., 2002, 2010a). A single Sérsic component model (i.e., Sersic, 1968) was used
to fit the two-dimensional light distribution of galaxies. For all of our sample galax-
ies, the structural parameters are measured with the F'160WW image. Further details

regarding the fitting procedures can be found in van der Wel et al. (2012).
2.4 Data Analysis
2.4.1 D4000 Measurements

The D4000 strength has been widely used as an optical regime age indicator for
constituent stellar populations of galaxies (Bruzual A., 1983; Hamilton, 1985; Balogh
et al., 1999; Kauffmann et al., 2003a; Hathi et al., 2009; Haines et al., 2017). It is
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defined by the average flux ratio of the red side continuum to the blue side continuum
of 4000 AThe wavelength ranges for the D4000 measurement are [4050,4250] and
[3750,3950] A for the red and blue side continua, respectively (Bruzual A., 1983).
The D4000 strength is mainly affected by the combination of several metal lines
of constituent stars, including Ca 11 H and K lines (Hamilton, 1985). Considering
the physical properties of stars such as temperature, metallicity, and surface gravity,
stars whose spectral types are later than GO are known to show the strongest D4000
features (Bruzual A.; 1983; Hamilton, 1985).

Considering the specifications of the ACS/G800L instrument as low resolution
spectroscopy, the grism data sets require the wider definition of D4000 instead of
its narrower definition of Balogh et al. (1999). The D4000 strengths for our sample
of galaxies are measured with the HST ACS/G800L Grism data from the PEARS
survey as mentioned in 2.3.1. The reduced grism spectra from individual position
angles (PA) were combined in the observed frame and we then de-redshifted the
observed spectra to the rest-frame. De-redshifting was done by employing the redshift
information (‘zpes;” column) provided by the SED-fitting stellar mass catalog of Santini
et al. (2015) that we are adopting in this work. Within the rest-frame spectra, we
identified the blue and red continua and calculated the flux ratio of the two continua
following the definition of the D4000 strength as described in this section. The errors
of our D4000 measurements (6(D4000)) are also calculated considering the grism
spectra fluxes and their measurement uncertainties within the D4000 bandpasses.
The typical §(D4000) of our sample of galaxies that will be described in Section 2.4.2
is 0.09, and the typical relative error (i.e., §(D4000)/D4000) is 0.06. Further details

on the D4000 measurements of this sample are described by Joshi et al. (2019).
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2.4.2 Sample Selection

The sample galaxies for this study are constructed by employing the four different
catalogs described in Section 2.3. First, we cross-match between the PEARS master
catalog ! , the visually-classified morphology catalog (i.e., Kartaltepe et al., 2015), the
stellar mass catalog (i.e., Santini et al., 2015), and the galaxy structural parameters
catalog (i.e., van der Wel et al., 2012) by cross-matching the right ascension and
declination information with a cross-matching radius of 0.05”. The cross-matching
results in 2923 galaxies. We further reduce the number of sample galaxies with the
consideration of the appropriate wavelength coverage of the ACS/G800L instrument
(that is, 5500 to 10500 A (Kiimmel et al., 2009)) for measuring the D4000 strength,
which corresponds to the redshift range of 0.6 < z < 1.2. This redshift range leaves
1050 galaxies out of 2923 galaxies.

Also, we consider the reliability of our D4000 measurements in our sample selec-
tion. First, we removed unphysically extreme values of D4000 measurements such
as those within the range of D4000 < 0.5 or D4000 > 2.5. These extreme D4000
ranges are unlikely to be generated by the associated constituent stellar populations
of galaxies, considering stellar population analysis (Bruzual A., 1983; Hamilton, 1985;
Kauffmann et al., 2003a). The exclusion of these extreme, unphysical D4000 galaxies
removes 20 galaxies out of 1,050 galaxies, leaving 1030 galaxies.

Additionally, we adopt the error of D4000 measurements derived in Section 2.4.1
in order to select galaxies with only moderate error of D4000 measurements. We
apply the relative error cut of D4000 measurements to be smaller than 0.5. That is,
we require §(D4000)/D4000 < 0.5. This relative error cut further removes 9 galaxies

out of 1030 galaxies, leaving 996 galaxies.

Thttps://archive.stsci.edu/prepds/pears/

16



With the remaining 996 galaxies, we derive the stellar mass completeness for our
sample of galaxies following the methodology of Pozzetti et al. (2010). The limiting
stellar mass (M)y,) is calculated based on the apparent magnitude of galaxies and
the limiting magnitude of the observation data set. Since our analysis incorporates
the four different catalogs (see Section 2.3 for details), the limiting magnitude for
calculating the stellar mass completeness could in principle be complex. However,
the morphology catalog of Kartaltepe et al. (2015) has selected their sample galaxies
with HST WFC3/IR H band < 24.5. This is the most stringent cut among the input
catalogs, and therefore is our limiting magnitude. The galaxy structural parameters
and stellar mass catalogs (that is, van der Wel et al., 2012; Santini et al., 2015,
respectively) have fainter H-band limits. The PEARS survey catalog is magnitude
limited at ¢ < 26.5, which is a substantially different wavelength, but we have checked
that H — ¢ < 2 would occur for a trivially small number of objects for our purposes.

As described in Pozzetti et al. (2010) and Huertas-Company et al. (2016), we first
calculate the limiting stellar mass based on each object using the relation given as
log(Myim/Mg) = log(M./My) + 0.4(H — 24.5) where M, and 24.5 indicate a stellar
mass of a galaxy and the limiting magnitude of the observation data set, respectively.
And then, we calculate the 90th percentile of the My, distribution in each redshift
bin below which the 90 % of the M, lie. In this way, the derivation ensures that the
stellar mass of our sample galaxies is complete at least up to 90 %.

We derive the 90th percentile of the My, distribution with only quiescent galaxies
because they typically have higher mass-to-light ratios than star-forming galaxies and
thus have a higher stellar mass completeness threshold than star-forming galaxies. For
this derivation, we adopt the UV J color-color criterion for selecting quiescent galaxies

suggested by Williams et al. (2009) (their Equation 4) as follows:
(U—-V)>0.88x (V—.J)+0.49. [1.0 < z < 2.0] (2.1)
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With the quiescent galaxies selected by the UV J criterion, the derived 90th percentile
of the M), distribution within the redshift range 1.0 < z < 1.2, which is the highest
redshift range of our sample of galaxies, is log(M,/Mg) = 9.44. Our stellar mass
completeness can be compared with that in Huertas-Company et al. (2016), where
the same limiting magnitude in the H band (i.e., H < 24.5) and the same photometric
catalog for the GOODS-South field (i.e., Guo et al., 2013) are used. Their stellar mass
completeness within the redshift range of 1.1 < z < 1.5 is log(M, /M) = 9.61 for
their ‘All” sample galaxies, which shows reasonable agreement with our derived value
of log(M. /M) = 9.44. This stellar mass completeness of log(M, /M) = 9.44 reduces
our sample size from 996 to 379 galaxies.

Lastly, we apply the morphology classification for our sample of galaxies as de-
scribed in Section 2.3.2. Of 379 galaxies, 86, 61, 133, and 72 galaxies are classified as
spheroids, early-type disks, late-type disks, and irregulars, respectively. The remain-
ing 27 galaxies do not belong to any of the four morphological types and thus, are
excluded from our sample of galaxies. This last sample selection criterion leaves the
final sample of 352 galaxies which will be analysed throughout this paper.

The number of sample galaxies in each sample selection criterion is summarized in
Table 2.1. Also, examples of our sample of galaxies in each morphological type with

their color-composite images and the PEARS Grism spectra are shown in Figure 2.1.

2.4.3 Comparison of Visually-Classified Morphology with Other Morphology

Indicators

In this section, we compare the visually-classified morphology of our sample of
galaxies with other widely-used non-parametric morphology indicators such as con-
centration index, asymmetry, and My (Bershady et al., 2000; Conselice, 2003; Lotz

et al., 2004). For the comparison, we employ the concentration index, asymmetry,

18



GOODS-S
69419

GOODS-S
90546

-
© @ P 0 E
R N A S

GOODS-S
93370

Figure 2.1: Examples of the ACS BV z filters color composite images (odd columns)
and the corresponding PEARS grism spectra (even columns) of sample galaxies. All
of the color composite images are 3”x 3" sized. The wavelength range of the grism
spectra is given in observed frame wavelength with the unit of pm. The unit of the
flux of the grism spectra is given as erg s~'cm~2 A . The black solid line is the observed
spectrum and the grey-shaded area is the corresponding 1o error. The two blue bands
indicate the blue and red continua for D4000 measurement, respectively. The PEARS
ID is marked on bottom right. Each row contains three randomly selected galaxies
in each of the four morphological types. From top to bottom, visually classified
spheroids, early-type disks, late-type disks, and irregulars are displayed. See Section
2.3.2 for further detail on the morphology classification scheme adopted in this study.
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Table 2.1: Summary of Sample Selection

Criterion Explanation (Number of galaxies)
Cross-matching Cross-matching radius of

the four catalogs® 0.05” (2923)

06 S251.2 Redshift range for the D4000

measurement with the PEARS

Grism data (1050)

0.5 < D4000 < 2.5 & Remove the poor measurements

§(D4000)/D4000 < 0.5°  of D4000 (996)

log(M, /M) > 9.44 Stellar mass completeness (379)

Morphology classification Remove 27 galaxies whose
-Spheroids (Sph) morphology classification
-Early-type Disks (E-D)  does not belong to any
-Late-type Disks (L-D) of the four morphological types of
-Trregulars (Irr) Sph, E-D, L-D, and Irr

(86, 61, 133, and 72, respectively)

Total 352

® The four catalogs used in this analysis. See Section 2.3 for details.

b The error of D4000 measurements derived as described in Section 2.4.1.
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and My values measured by Ferreras et al. (2005, 2009) based on the HST/ACS
1 band. 62 galaxies among our final sample of 352 morphologically classified galax-
ies have been measured for concentration index, asymmetry, and My, values from
Ferreras et al. (2005, 2009).

The concentration index we employ here is defined as the ratio of the radius
enclosing 80 % of the flux to that enclosing 20 % of the flux. The asymmetry is
calculated using the squared-pixel values of residual images after an image of the
galaxy is rotated by 180° about its center and subtracted from the original (unrotated)
image. The asymmetry is applied with noise correction as well (see Conselice (2003)
for further details). Msg is defined as the second-order moment of the brightest 20
% of the galaxy’s flux, normalized by the total second-order moment of the galaxy’s
flux (Lotz et al., 2004).

Figure 2.2 shows the correlations between the concentration index, asymmetry,
My, and the visual morphology classification. Panel (a) shows the concentration
index versus My, with the visual-inspection morphology color-coded. The black
horizontal line of concentration index of 2.4 is the criterion that Ferreras et al. (2005)
adopted for selecting their early-type candidates. The overall distribution of galaxies
in panel (a) shows a positive correlation between the two morphology indicators of
concentration index and May, as shown in previous studies (Lotz et al., 2004; Ferreras
et al., 2005).

Figure 2.2 additionally shows how well the visual morphology we employ in this
paper is correlated with concentration index, asymmetry, and Ms,. The morphology
distribution in panel (a) seems consistent with both concentration index and My
distributions, such that all spheroids and ~ 86 % of early-type disks (that is, 12 out
of 14 galaxies) are located above the black horizontal line of concentration index of 2.4

along the positive correlation. The distributions of late-type disks and irregulars seem
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broader than those of spheroids and early-type disks, ranging from low concentration
index of ~ 1.6 and high My of ~ -1.0 to larger concentration index and lower My,
values similar to those of spheroids and early-type disks. These broader distributions
of late-type disks and irregulars in concentration index vs. My, seem to originate
from their more complex galaxy structure (as compared to spheroids and early-type
disks), which may include variously sized bulge components, diverse shapes of spiral
arms, and so on.

Panel (b) shows the correlation between asymmetry and concentration index with
the visual morphology. The two black solid lines are the demarcation lines for classify-
ing galaxies into early, mid, and late types as suggested in Bershady et al. (2000). 2 of
14 early-type disks are removed in this panel because one of the two has an extremely
large value of asymmetry (i.e., 1.194), and the other has a poorly measured asym-
metry. Most spheroids (i.e., 9 of 11 galaxies) are located in the early or mid types
regions having relatively small asymmetry values. However, early-type disks, late-
type disks, and irregulars show broader distributions in the panel. Visual inspection
of these early-type disks, late-type disks, and irregulars confirms that late-type disks
and irregulars with larger asymmetry values (approximately larger than 0.3) tend to
show more significantly disturbed features than those with smaller asymmetry values.

Overall, the visual morphology classification employed in this paper shows reason-
able agreement with other widely-used morphology indicators such as concentration

index, asymmetry, and My, as explored in Figure 2.2.
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Figure 2.2: Comparison of visually classified morphology with other morphology in-
dicators. (a) Concentration vs. My (Lotz et al., 2004) for four morphological types
color-coded. The morphological types and the number of galaxies in each type are
marked in bottom right corner. The black solid horizontal line is the suggested line
for selecting early-type candidates from Ferreras et al. (2005). (b) Asymmetry vs.
Concentration for the same sample of galaxies as panel (a). The two black solid lines
are the suggested lines for separating early, mid, and late-type galaxies from Bershady
et al. (2000). The format is the same as panel (a).
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2.5 Results
2.5.1 Morphology Distribution in the UV.J diagram with the D4000 Strength

There is a well-known correlation between galaxy morphology and their underly-
ing stellar populations such that elliptical and SO (i.e., early-type) galaxies consist of
relatively old and metal rich stars, while spiral and irregular (i.e., late-type) galaxies
consist of relatively young and metal-poor stars based on their luminosity-weighted
ages and metallicity analysis (Oh et al., 2013; Schawinski et al., 2014; Alpaslan et al.,
2015; Khim et al., 2015). The correlation between galaxy morphology and stellar
properties of galaxies has thus suggested that the understanding of galaxy morphol-
ogy is necessary in order to fully understand galaxy formation and evolution (see
Conselice, 2014, for a review).

Both color-magnitude or color-color diagrams have been widely employed in nu-
merous previous studies as ways to explore the stellar properties of galaxies photo-
metrically (Sandage and Visvanathan, 1978; Bower et al., 1992; Strateva et al., 2001;
Blanton et al., 2003; Driver et al., 2006; Williams et al., 2009). Among the diverse
possible combinations of colors, we adopt the UV J diagram in this section.

Figure 2.3 shows the UV J diagram for our sample of galaxies. We marked the
black lines for identifying photometrically-quiescent galaxies from Williams et al.
(2009), where the degeneracy between dust-free quiescent galaxies and dust-obscured
starburst galaxies is empirically broken. Taking advantage of having both galaxy
morphology and the D4000 strength information, it is interesting to note that our
analysis in the UV J diagram is able to show how galaxy morphology and the photo-
metric and spectroscopic properties of galaxies are correlated at intermediate redshifts
(i.e., 0.6 < z < 1.2), which is expected to shed some light on the understanding of

star formation histories of galaxies along with their morphological properties.
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We separately plot the UV J diagram for the four morphological sub-samples
described in section 2.3.2, namely, spheroids, early-type disks, late-type disks, and
irregulars. We indicate their D4000 strengths in Figure 2.3 using point colors. First
of all, a reasonable correlation between the optical colors of U — V and V — J and
the D4000 strength is clearly shown for all morphological types, such that galaxies
with redder optical colors mostly have larger D4000 strength. This correlation overall
ranges from blue to red colors of U — V and V — J (i.e., approximately from 0.5 to
2.2 for U — V and from 0.5 to 2.0 for V —J).

Panel (a) shows the UV J diagram for spheroids. The majority of spheroids (i.e.,
64 of 86 galaxies, 74 %) are within the region of quiescence (i.e., top-left region)
defined with the black dotted line suggested by Williams et al. (2009) for the redshift
range 0.5 < z < 1.0, within which more than half of our sample (that is, 205 of 352
galaxies) of galaxies reside. A color sequence of quiescent spheroids with increasing
both U —V and V — J colors in the quiescent region is noticeable. The quiescent
sequence of ‘red and dead’ spheroids is apparently so tight that it seems reasonable
to suggest another separation line for defining the region of quiescence in the UV J
diagram based on our sample of galaxies within the redshift range 0.6 < z < 1.2. The

suggested line is shown in red dashed line in each panel and is as follows:
(U—-V)>088x (V—.J)+0.79. 0.6 <2< 1.2 (2.2)

The newly suggested line has basically the same slope as that in Williams et al.
(2009), but has a 0.1 larger intercept in order to define the quiescent region more
conservatively, mainly focusing on the tight quiescent sequence as shown in panel
(a). The line is found to be well-correlated with the D4000 strength such that the
average D4000 strength for quiescent spheroids defined with the new line is 1.60. In

addition to the D4000 strength, the color evolutionary track with an exponentially
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Figure 2.3: The UV J diagram for different morphological types of galaxies with the
D4000 strength color-coded. From top left to bottom right, spheroids, early-type
disks, late-type disks, and irregulars are shown. The black lines are the suggested
lines from Williams et al. (2009) for separating photometrically star-forming galaxies
and quiescent counterparts. The red dashed line is the suggested line from this study
for identifying both photometrically and spectroscopically red sequence galaxies in the
UV J diagram. Note the lack of late-type disks and irregulars above our suggested
red dashed line.
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Figure 2.4: The same UVJ diagram as Figure 2.3, but with galaxy specific star
formation rate (sSFR). Note that our newly suggested criterion (i.e., the red dashed
line in each panel) for identifying optically quiescent galaxies based on the D4000
strength is qualitatively in good agreement with the distribution of sSFR. See the

text for details.
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declining star formation history with 7 = 0.1 Gyr in the UV J diagram presented in
Ownsworth et al. (2016) shows a close overlapping region with the red sequence of
our spheroids. Moreover, the same UV J diagram but with galaxy specific star for-
mation rate (that is, SFR divided by stellar mass) in Figure 4.1 shows a qualitatively
good agreement with the distribution of the D4000 strength. Given the overall large
D4000 strengths, the close overlapping of the color evolutionary track with the stellar
population model, and the qualitatively good agreement with the specific star forma-
tion rates, our newly suggested line seems to reasonably select the optically authentic
‘red and dead’ galaxies at intermediate redshifts based on their colors and the D4000
strength.

The sequence of quiescent spheroids is effectively the same sequence of quiescent
galaxies identified in previous studies (Williams et al., 2009; Whitaker et al., 2011;
Bell et al., 2012; Muzzin et al., 2013; Ownsworth et al., 2016), while additionally
showing their visually-identified morphological properties and spectroscopic proper-
ties represented by the D4000 strength. Considering the distributions of all other
types of morphologies (i.e., early-type disks, late-type disks, and irrequlars in panels
(b), (c), and (d), respectively) in the UV.J diagram as well, it is interesting to note
that the majority (i.e., 66 of 68 galaxies, ~ 97%) of the quiescent galaxies defined with
the red dashed line are bulge-dominated systems being classified as either spheroids
or early-type disks. This strong correlation between the dominance of a bulge com-
ponent and the quenching of star formation activities in galaxies is qualitatively in
agreement with what has been known as the correlation between galaxy structure
and star formation activities (Wuyts et al., 2011; Bell et al., 2012; Saintonge et al.,
2012; Bait et al., 2017).

However, it is also clear that not all spheroids and early-type disks (i.e., the bulge-

dominated systems) have fully quenched their star formation activities, as there exist

28



relatively blue (that is, U —V < 1.3 and V — J < 1.0) and weak D4000 strength
(that is, D4000 < 1.5) spheroids and early-type disks. Those of not-quenched bulge-
dominated systems are distributed from the blue colors of U =V (~ 0.7) and V' — J
(~ 0.5) to the locations just below the red sequence. Along with the gradual changes
in their optical colors, their D4000 strength is increasing as well. These gradually
increasing trends in both the UV'J colors and the D4000 strength are also seen in
late-type disks and irregulars in panels (c) and (d), respectively. The gradual changes
in the optical properties of galaxies seem to show the transitional sequence of galaxies
from the ‘blue cloud’ to the ‘red sequence’ as shown in the color-magnitude (or stellar
mass) relations in previous studies (Baldry et al., 2004; Bell et al., 2004; Schawinski
et al., 2014).

While there are photometrically and spectroscopically ‘red and dead’ quiescent
galaxies in spheroids and early-type disks, few late-type disks and irregulars are within
the region of quiescence defined with our suggested line (i.e., the red dashed lines in
panels (c¢) and (d)). Only 2 of 133 late-type disks and none of 72 irregulars (1.5
% and 0 %, respectively) are within the quiescent region. Even if we consider the
other quiescence lines (i.e., the black lines in the panels), the fraction of quiescent
galaxies in late-type disks and irregulars is still low: 6.0 % of late-type disks and 6.9
% of irregulars would be classified as quiescent using the black dotted line, compared
with 74% of spheroids and 43% of early-type disks. Although there are gradually
increasing trends in the UV'J colors along with the D4000 strength from the ‘blue
cloud’ to the ‘red sequence’ in late-type disks and irregulars, the lack of these bulgeless
systems within the region of quiescence in the UV J diagram seems to show again the
close correlation between the galaxy structure and the quenching of star formation

activities in galaxies, as mentioned earlier in this section.
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2.5.2 The D4000 Strength vs. Stellar Mass and Stellar Surface Density with

Morphologies

The D4000 strength of galaxies (or similarly, its narrower wavelength range ver-
sion D,4000; Balogh et al. (1999)) is a useful luminosity-weighted stellar population
age indicator, as explained in Section 2.4.1. In particular, a D4000 strength of 1.5
generally corresponds to an average stellar population age of 1 Gyr, and thus the
D4000 strength of 1.5 or a similar value has been used as a criterion for separating
star-forming galaxies and quiescent galaxies (Kauffmann et al., 2003a,b; Hathi et al.,
2009; Haines et al., 2017).

We explore the correlations between the D4000 strength, stellar mass, the Sérsic
index, and stellar surface density within the half-light radius for different subsets
of our final sample, to check if these stellar property-related correlations show any
dependence on morphological types.

Figure 2.5 shows the correlation between the D4000 strength and stellar mass
for galaxies of each morphological type. The color indicates the Sérsic index, and
the empty diamonds and the corresponding error bars indicate the median values
and 1-0 standard deviations of D4000 strength distribution in each stellar mass bin,
respectively. Panel (a) shows the distribution for spheroids. There is a moderately
positive correlation between the D4000 strength and stellar mass, based on the overall
distribution and the median values marked in the panel. The Pearson correlation
coefficient (the associated p-value) is only 0.48 (0.00), although the value is slightly
larger than the same correlation coefficient of 0.44 (0.00) for the total sample of
galaxies, which is most likely attributed to the quality of the grism spectra and the
vulnerability of the D4000 index to the possible outshining (i.e., luminosity-weighted

“frosting”) effect of small amount of young stellar populations in the majority of
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Figure 2.5: The D4000 strength vs. stellar mass with the Sérsic index color-coded.
The format is the same as in Figure 2.3. The black-solid horizontal line is the D4000
strength of 1.5 for distinguishing spectroscopically star-forming galaxies (i.e., D4000 <
1.5) and quiescent galaxies (i.e., D4000 > 1.5). The empty diamonds are the running
median values and the corresponding error bars show the 1o standard deviations to
indicate the population scatter. The typical measurement uncertainty in the D4000
strength for each morphological type is marked on top left of each panel.
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relatively old stellar populations (see Trager et al. (2000); Hernan-Caballero et al.
(2013) for further discussion on this). This increasing trend has similarly (but, with
respect to the entire population of galaxies without morphology classification) been
shown with the D,4000 within similar redshift range in previous studies and has been
discussed as one of the indicators for the “downsizing” scenario for the star formation
histories of galaxies (Cowie et al., 1996; De Lucia et al., 2006; Hernan-Caballero et al.,
2013; Pacifici et al., 2016; Haines et al., 2017). Despite some overlapping of the lo
standard deviations of the median values near the D4000 strength of 1.5, all of the
median values for stellar mass bins greater than log(M, /M) 2 10.0 show the D4000
strengths greater than 1.5, suggesting that most of the moderately massive spheroids
(i.e., log(M./Ms) =z 10.0) observed at intermediate redshift (ie., 0.6 < z < 1.2)
ceased forming stars at least 1 Gyr prior to the observed epoch. However, there are
also some fraction of spheroids that show D4000 < 1.5. Those weak-D4000 spheroids
tend to be less massive (i.e., log(M./My) < 10.0). The fraction of strong D4000
galaxies in each mass bin for the four morphological types is summarized in Table
2.2. As in the table, 62.8 % of our sample of spheroids show strong D4000 strength.

The Sérsic index for each plotted galaxy is indicated by color in Figure 2.5, allow-
ing examination of its dependence on D4000 strength and stellar mass. The distri-
bution shows that massive (thus, likely large D4000 strength) spheroids tend to have
larger values of Sérsic index, suggesting that massive spheroids have either centrally
concentrated or extended light profiles, or both. We will discuss the Sérsic index dis-
tribution and the concentration of light profiles of galaxies in more details in Section
2.5.4.

The moderately positive correlations between the D4000 strength, stellar mass,
and the Sérsic index shown in spheroids seem gradually weaker as the morphology of

interest changes from spheroids to late-type disks. Panels (b) and (c) show the cor-
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relations between the quantities in early-type disks and late-type disks, respectively.
Early-type disks show 47.5 % of strong D4000 galaxies among them for the entire
stellar mass range, which is 0.76 times that of spheroids (i.e., 62.8 %). However, the
positive correlation between the D4000 strength and stellar mass is still visible based
on the running median values (the empty diamonds) in panel (b), although the in-
creasing trend is not as strong as in spheroids and the associated Pearson correlation
coefficient (the associated p-value) is only 0.30 (0.02). Late-type disks in panel (c)
show an interestingly and relatively flat trend between the D4000 strength and stel-
lar mass, even up to a higher stellar mass regime, log(M,/Mg) ~ 11.0. The Pearson
correlation coefficient (the associated p-value) for late-type disks is 0.25 (0.00). The
running median values and the fraction of strong D4000 galaxies among late-type
disks do not seem to show any strong indication of the positive correlation between
the D4000 strength and stellar mass that is visible in spheroids. Only 16.5 % of late-
type disks within the entire stellar mass range of interest have strong D4000 strength,
which is 0.26 times that of spheroids.

Moreover, among the 16.5 % of late-type disks with strong D4000 (that is, 22
late-type disks as shown in Table 2.2), many may not actually be quenched. 15 of
these 22 objects (i.e., 68 %) have an apparent axis ratio less than 0.5, suggesting that
the strong D4000 strength in late-type disks is mainly caused by their inclination
and the associated extinction. For instance, using the D4000 index with the stellar
population synthesis models of Vazdekis et al. (2012) at solar metallicity, the effect of
an E(B-V) = 0.2 mag attenuation results in a dust-free equivalent age change of 0.5
Gyr for a 1 Gyr old population, or an age change of 2 Gyr for a 3Gyr old population.
Additionally, a test on the effect of E(B-V) on the measured value of the D4000
strength was performed. Specifically, we considered an intrinsic D4000 strength of

1.5 and applied the extinction law from Calzetti et al. (2000). For the case of color
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excess E(B-V) of 0.2 mag attenuation, the intrinsic value of 1.5 was changed to 1.603,
which is ~ 7 % increase. For the case of color excess E(B-V) of 0.4 mag attenuation,
the change is from 1.5 to 1.714, ~ 14 % increase, and for the case of color excess
E(B-V) of 0.6 mag attenuation, the change is from 1.5 to 1.832, ~ 22 % increase.
Therefore, the inclination effect on late-type disks seems to further reduce the fraction
of authentically ‘red and dead’ late-type disks, corroborating that late-type disks do
not get quenched and do not show a strong mass quenching at intermediate redshifts
(ie, 06 <2< 1.2).

Panel (d) shows the correlations in irregulars. The Pearson correlation coeffi-
cient (the associated p-value) for irregulars is 0.31 (0.01). They show qualitatively
similar trends that are shown in late-type disks in low stellar mass regime (that is,
log(M,/Mg) < 10.0) such that most of low stellar mass irregulars (that is, approx-
imately 83 % of the less massive irregulars based on Table 2.2) do not show strong
D4000 strengths. These low stellar mass irregulars mainly show clumpy and ill-defined
features such as asymmetric disks and non-spherical components at their centers based
on their color-composite images, which is expected for them to be classified as irreg-
ulars. However, in the higher stellar mass regime (that is, log(M./My) 2 10.0), the
running median values of D4000 strength increase as stellar mass increases. This pos-
itive correlation between the D4000 strength and stellar mass is likely to be attributed
to irregulars that have irregular features mainly due to galaxy interactions such as
mergers and fly by, rather than typically clumpy star-forming irregulars. Visual in-
spection on the color-composite images of moderately massive irregulars (i.e., stellar
mass larger than log(M.,/Mg) > 10.1) shows that more than half of these massive
irregulars have more than one of the visually-identifiable systems, suggestive of the
likely interactions with other galaxies. Having the two distinctive types of irregulars

in our morphology classification is presumably due to the fact that the classification
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scheme adopted in our study for classifying irregulars does not distinguish between the
typically clumpy star-forming irregulars and the galaxy interaction-driven irregulars
(see Section 2.3.2 for details).

Regarding the correlation between D4000 strength and stellar mass, we addition-
ally calculate the Kendall’s Tau nonparametric correlation coefficient. The results of
the correlation coefficient (the associated p-value) are 0.33 (0.00), 0.34 (0.00), 0.21
(0.02), 0.23 (0.00), and 0.31 (0.00) for the total sample galaxies, spheroids, early-type
disks, late-type disks, and irregulars, respectively, which suggests that the overall
trend shown in the Pearson correlation coefficients for the correlation is consistent
with that shown in the Kendall’s Tau nonparametric correlation coefficients.

The statistical significance on the Pearson correlation coefficients and the Kendall’s
Tau nonparametric correlation coefficients for the correlation between the D4000
strength and stellar mass is further checked by performing a bootstrap resampling in
addition to the associated p-values. That is, we performed 1000 bootstrap resampling
by shuffling the stellar masses while fixing the D4000 strengths within each morpho-
logical type and measured the correlation coefficients accordingly. From the 1000
bootstrap resampling results, the number of occurrences that the Pearson correlation
coefficient from each bootstrap resampling is larger than the actually calculated value
are 0, 0, 13, 2, and 4 for the total sample, spheroids, early-type disks, late-type disks,
and irregulars, respectively. In case of the Kendall’s Tau nonparametric correlation
coefficient, the number of occurrences are 0, 0, 6, 0, and 0 in the same order of mor-
phological type as the one for the Pearson correlation coefficient. In both correlation
coefficients, the results from the bootstrap resampling test show the qualitatively
similar trend to that shown in the associated p-values to the actually measured corre-
lation coefficients and seem to suggest that the our computed correlation coefficients

are not likely randomly obtained.
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Another useful statistics for analysing the distributions of parameters of interest,
the Cramér-von Mises statistics for the two-dimensional distribution of two samples
(Anderson, 1962) with bootstrap resamples (hereafter, C-vM), is also performed for
the correlation between the D4000 strength and stellar mass of two selected mor-
phological types, which could show a morphological dependence on the “downsizing”
trend. The hypothesis tested is whether “x is distributed as y” where x and y in-
dicate two selected morphological types in this case. The results of the statistical
test show that the hypothesis for all pairs of the two selected morphological types is
rejected with the associated p-values of 0. The only exception when the hypothesis
is confirmed is the case between spheroids and early-type disks with the associated
p-value of 0.16, most likely originated from their close similarity of morphology. We

will discuss the results of the statistical test in detail in Section 2.6.1.

Table 2.2: Fraction of strong D4000 galaxies in each morphological type (D4000 > 1.5)

Mass range and Morphology  Spheroids  Early-type Disks Late-type Disks  Irregulars

9.44 < log(M,/Mg) < 9.9 28 % (7/25) 37.5% (6/16) 7.4 % (5/68) 17.1 % (7/41)
9.9 < log(M,/My) < 10.3 68.8 % (11/16) 40 % (6/15) 30 % (9/30)  15.8 % (2/19)
10.3 < log(M, /M) < 10.7 66.7 % (14/21) 57.1 % (12/21) 26.9 % (7/26) 40 % (3/10)
10.7 < log(M, /M) < 11.1 100 % (16/16)  55.6 % (5/9) 125 % (1/8) 0 % (0/2)

11.1 < log(M./Mg) <11.5 75 % (6/8) 0 galaxy 0% (0/1) 0 galaxy

Total 62.8 % (54/86) 47.5 % (29/61) 16.5 % (22/133) 16.7 % (12/72)

It is also interesting to examine the correlations between the D4000 strength and
stellar surface density as a function of morphology, since stellar surface density within
the effective radius (X.) or the central 1 kpc has been suggested to be associated

with the quenching of star formation activities in galaxies (Bell and de Jong, 2000;

36



Kauffmann et al., 2003b; Franx et al., 2008; Bell et al., 2012; Fang et al., 2013; Omand
et al., 2014; Barro et al., 2017; Williams et al., 2017; Lee et al., 2018).

Figure 2.6 shows the correlations between the D4000 strength, 3., and the Sérsic
index that is color-coded in each data point, with separate panels for distinct mor-
phological classes. 3, is derived adopting the widely employed formula: X, =
0.5M.,/(7r?) where M, is galaxy stellar mass in unit of solar mass, and r, is the
effective radius of galaxies in unit of kpc (Kauffmann et al., 2003b; Franx et al., 2008;
Bell et al., 2012). We employ the circular effective radius for calculating the ¥, and
the Kormendy relation in Section 2.5.5 by multiplying the semi-major axis effective
radius by the square root of the axis ratio of galaxies.

Panel (a) shows the correlations between the parameters in spheroids. The surface
density distribution approximately ranges from 10%3 M kpc™2 to 10192 M kpc=2. A
weakly positive correlation between the D4000 strength and the surface density is
seen, based on the distribution and the running median values, although the median
values do not dramatically increase with increasing surface density. We compute for
this correlation a Pearson correlation coefficient and the resulting correlation coeffi-
cient (the associated p-value) is 0.24 (0.03). It is particularly interesting to compare
the trend shown in the figure with the well-known sharp threshold in ¥, over which
galaxies suddenly become quiescent of their star formation activities (Brinchmann
et al., 2004; Franx et al., 2008; Whitaker et al., 2017; Williams et al., 2017). A thresh-
old of ¥, which varies depending on the redshift of interest roughly corresponds to
10° Mykpc™ at intermediate redshift (that is, the redshift range of interest in this
study) (Whitaker et al., 2017). Indeed, our spheroids show a larger fraction of strong
D4000 galaxies (D4000 > 1.5) above the ¥ of 10 Mgkpc 2, which is 80 % (39 out of
49 galaxies), compared to 41 % (15 out of 37 galaxies) for those below the %, of 10°

Mokpc™2. The dramatic increase in the fraction of strong D4000 galaxies above the
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Y. threshold is also seen in early-type disks in panel (b) with the fractions of 76 %
(19 out of 25 galaxies) and 28 % (10 out of 36 galaxies) for galaxies above and below
the X, threshold, respectively. The Pearson correlation coefficient (the associated
p-value) for early-type disks in panel (b) is 0.58 (0.00). For reference, the Pearson
correlation coefficient (the associated p-value) for the total sample galaxies is 0.49
(0.00).

Therefore, our data support the hypothesis that ¥, (or, similarly, the surface mass
density in the central 1 kpc) is related to the quenching of star formation activities in
galaxies as previously reported (Franx et al., 2008; Omand et al., 2014), suggesting
the role of internal structure of galaxies in quenching of star formation activities.

What is shown in late-type disks and irregulars (i.e., panels (c¢) and (d), respec-
tively) is that the two types of morphologies have very few galaxies whose ¥, is larger
than 10° Mgkpc™2, compared to spheroids and early-type disks. That is, only 8
of 133 late-type disks (6 %) and 5 of 72 irregulars (7 %) have the X, larger than
10° Mykpe=2, while spheroids and early-type disks show the fractions of 49 of 86
galaxies (57 %) and 25 of 61 galaxies (41 %), respectively. The running median
D4000 values in late-type disks do not show noticeably significant increase with in-
creasing Y, although the associated Pearson correlation coefficient (the associated
p-value) is 0.37 (0.00). The running median D4000 values in irregulars seem rather
randomly distributed with some increases and decreases as the associated Pearson
correlation coefficient (the associated p-value) of 0.22 (0.07) indicates. The lack of
disk-dominated galaxies and irregular galaxies with X, > 10° Mokpc=2 is most likely
to be attributed to the star-forming disk or clumpy structures in late-type disks and
irregulars that typically result in a larger effective radius and the subsequently smaller

Y. at given stellar mass, compared to spheroids and early-type disks.
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Figure 2.6: The D4000 break vs. stellar surface density within the half-light radius
Ye, with the Sérsic index color-coded. The format is the same as Figure 2.5. Note
the lack of late-type disks and irregulars with the stellar surface density larger than
10° Mokpe™2. See the text for details.
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As performed for the correlation between the D4000 strength and stellar mass, we
calculate the same Kendall’s Tau nonparametric correlation coefficient for the corre-
lation between the D4000 strength and .. The results of the correlation coefficient
(the associated p-value) are 0.37 (0.00), 0.21 (0.00), 0.42 (0.00), 0.28 (0.00), and 0.15
(0.06) for the total sample galaxies, spheroids, early-type disks, late-type disks, and
irregulars, respectively. The results suggest that the overall trend shown in the Pear-
son correlation coefficients for the correlation is consistent with that shown in the
Kendall’s Tau nonparametric correlation coefficient.

The same bootstrap resampling test as the one performed for the correlation
between the D4000 strength and stellar mass to check statistical significance is per-
formed for the correlation between the D4000 strength and 3, by shuffling >, while
fixing the D4000 strength within each morphological type. The results for the Pearson
correlation coefficient are 0, 4, 0, 0, and 39 for the total sample, spheroids, early-type
disks, late-type disks, and irregulars, respectively. The results for the Kendall’'s Tau
nonparametric correlation coefficient are 0, 1, 0, 0, and 36 in the same order of mor-
phological type as the one for the Pearson correlation coefficient. As in the correlation
between the D4000 strength and stellar mass, the results from the bootstrap resam-
pling test for the correlation between the D4000 strength and 3, also seem to suggest
that our computed correlation coefficients are not likely randomly obtained.

The same C-vM test as the one performed for the correlation between the D4000
strength and stellar mass is also performed for the correlation between the D4000
strength and Y,. The results show that the hypothesis “x is distributed as y” is
rejected for all pairs of the two selected morphological types, with the associated p-
values of 0.02 for the case between spheroids and early-type disks and 0 for the other

cases.
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The Sérsic index distribution that is color-coded in each data point seems to
behave as expected such that higher surface density galaxies tend to have higher
values of the Sérsic index (Bell et al., 2012). Further analysis of the surface density

and the Sérsic index will be discussed in Section 2.5.4.
2.5.3 sSFR vs. Stellar Mass and Stellar Surface Density with Morphologies

The diagram of galaxy specific star formation rate (sSFR) versus stellar mass
has often been employed to analyse the properties of stellar populations of the star-
forming blue cloud, the quiescent red sequence, and the transient green valley galaxies
(Noeske et al., 2007; Ciambur et al., 2013; Abramson et al., 2014; Brennan et al.,
2015, 2017; Eales et al., 2017; Pandya et al., 2017). Along with this diagram, the
correlation between sSFR and the ¥, also has been investigated to find some link
between star formation activities and internal structure of galaxies (Whitaker et al.,
2015, 2017; Williams et al., 2017). (Similar relations using SFR in place of sSFR,
and/or central surface density in place of effective-radius surface density, have similar
applications.) In this section, we explore the sSFR versus stellar mass and the surface
density within the effective radius with galaxy morphology in order to see if there is
any morphological dependence on the locations of galaxies in the two diagrams.

Figure 2.7 shows the correlation between the sSFR and stellar mass for our sample
of galaxies depending on their morphologies. The D4000 strength is color-coded in
each data point. Panel (a) shows the correlation in spheroids. First of all, there is a
clear bimodality between the star-forming spheroids and the quiescent spheroids with
the separation sSFR of ~ 1071%r~!. A similar trend is seen in early-type disks in
panel (b) as well. If we take the sSSFR of 107 %yr~! as an approximate separation crite-
rion between the star-forming population and the quiescent population, the fractions

of quiescent spheroids and early-type disks are 55.8 % (48 of 86 galaxies) and 31.1 %
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(19 of 61 galaxies), respectively. These fractions are quantitatively in good agreement,
with those (i.e., 62.8 % and 47.5 %, respectively) derived by the fractions of strong
D4000 galaxies in Table 2.2 with slightly higher fractions in the D4000 case. The
similar fractions suggest the overall consistency between the photometrically-derived
sSFR and the spectroscopically-derived D4000 strength. Other than the clear bi-
modality, the mass quenching trend is shown in bulge-dominated systems, such that
the more massive galaxies are, the lower their sSFR is. Additionally, the presence
of both star-forming bulge-dominated systems (i.e., either spheroids or early-type
disks) and their quiescent counterparts in panels (a) and (b) (i.e., galaxies with sSFR
> 1071% 7171 and sSFR < 1071%r7!, respectively) is confirmed again, as previously
shown in Figures 2.3, 4.1, 2.5, and 2.6. The distribution of the bimodality shown in
Figure 2.7 is qualitatively consistent with those of Salimbeni et al. (2008) and Santini
et al. (2009).

While spheroids and early-type disks show the overall mass quenching trend as
well as the bimodality in the diagram of sSFR versus stellar mass, the distributions
of late-type disks and irregulars (panels (b) and (c) in Figure 2.7, respectively) do
not show a strong mass quenching trend or bimodality even up to the stellar mass
of ~ 10" M, /M. In other words, there are only 4 of 133 (3.0 %) and 1 of 72
(1.4 %) quiescent (i.e., sSSFR < 1071%r~1) late-type disks and irregulars, respectively
throughout the stellar mass range considered in the figure (that is, stellar mass greater
than 10%% M, /M). The remarkable lack of quiescent late-type disks and irregulars
at intermediate redshift seems to confirm disk components or clumpy structures as
the main drivers of global star formation activities in galaxies (Margalef-Bentabol
et al., 2018). This is further supported by the fact that the moderately massive
(i.e., stellar mass greater than 10 M, /M) star-forming (sSFR 2> 10~ 1%yr~!) early-

type disks still tend to show visually-identifiable blue star-forming disk components,
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Figure 2.7: sSFR vs. stellar mass with the D4000 strength color-coded. The format
is the same as Figure 2.3. Note that galaxies with a prominent bulge component
(i.e., spheroids and early-type disks) are separated into two regions depending on
their sSFR values, while most of late-type disks and irregulars do not show such
remarkable separations. See the text for detail.
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while their quiescent counterparts (i.e., sSSFR < 1071%r~1) show almost spheroid-like
morphologies without any visually-identifiable blue star-forming disk components.
We checked the BV z filters color composite images of these early-type disks and
noticed the morphological differences between the star-forming early-type disks and
the quiescent early-type disks even within the same massive stellar mass range (that
is, stellar mass greater than 100 M, /M,).

The results from the C-vM test for the correlation between sSFR and stellar mass
indicate that the hypothesis “x is distributed as y” is rejected for all pairs of the
two selected morphological types, with the associated p-values of 0.01 for the case
between spheroids and early-type disks, 0.02 for the case between late-type disks and
irregulars, and 0 for the other cases.

We also explore the morphological dependence on the star formation activities
of galaxies in the same diagram, but for the surface density instead of stellar mass.
Figure 2.8 shows the correlations between sSFR and ¥, with the D4000 strength color-
coded. As inferred from Figures 2.6 and 2.7, spheroids and early-type disks in panels
(a) and (b), respectively show the bimodality such that there are star-forming and low
Y. populations (i.e., sSFR 2> 107%™t and ¥, < 10° Mykpc™2) and quiescent and
high 3, populations (i.e., sSSFR < 1071%r~! and 3, 2> 10° Mykpc™2). The separation
between the star-forming galaxies and the quiescent galaxies at X, ~ 10° Mykpc=2
seems clear (e.g., Whitaker et al., 2017), as discussed earlier in Section 2.5.2.

The distributions for late-type disks and irregulars in panels (c) and (d), re-
spectively show that they do not have quiescent and high X, galaxies (i.e., sSFR
< 107%yr~ ! and B, 2 10° Mykpe™?), unlike spheroids and early-type disks. The
lack of quiescent and high ¥, galaxies in late-type disks and irregulars seems to be
attributed to star-forming disk components (or clumpy structures for irregulars) and

the associated extendedly-measured effective radii that result in small ¥, in the late-
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type disks and irregulars.

The results from the C-vM test for the correlation between sSFR and . indicate
that the hypothesis “x is distributed as y” is rejected for all pairs of the two se-
lected morphological types, with the associated p-values of 0.01 for the cases between
spheroids and early-type disks and between late-type disks and irregulars and 0 for
the other cases.

At this point, we would like to remind that the overall sSSFR distributions shown
in Figures 2.7 and 2.8 are based on the sSFR derived by the multi-wavelength photo-
metric bands SED fitting procedures, as mentioned earlier in Section 2.3.3. Regarding
this, we note that the SED fitting-based SFR and the associated sSFR typically show
larger uncertainties and have lower nominal values than the IR and UV flux-based
SFR and the associated sSFR as previously discussed (Santini et al., 2009, see their
Figures 2 and 7).

Finally, we tested whether our conclusions depend on which stellar mass prescrip-
tion we adopt among the several possibilities provided by Santini et al. (2015). We
find that the trends shown in Figures 2.7 and 2.8 are robust to changes in stellar
mass fitting procedure, although the bimodality at sSSFR ~ 107'%r~! shown in those

figures can be less distinct for some of the other stellar mass models.
2.5.4 'The Concentration of Light Profiles of Galaxies with Morphologies

The concentration of galaxies’ light profiles may be related to their star formation
activity. Galaxies with highly concentrated light profiles, as probed by the Sérsic index
or central surface density, generally show the signatures of quenched star formation
(Bell et al., 2012; Cheung et al., 2012; Barro et al., 2017). This demonstrates the
predictive power of the central surface density for quiescence (Whitaker et al., 2017;

Lee et al., 2018).
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Figure 2.8: sSFR vs. X, with the D4000 strength color-coded. The format is the same
as in Figure 2.3. Note that most of the low sSFR galaxies (i.e., sSSFR < 107 19yr™1)
are bulge-dominated galaxies and have the surface density approximately greater than
10°Mykpce=2, while the high sSFR galaxies (sSFR = 107'%r™!) in any morphological
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types mostly have the surface density smaller than 10° M kpc=2.
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Figure 2.9: Sérsic index distribution for each of the four morphological types. From
top left to bottom right, spheroids, early-type disks, late-type disks, and irregulars
are displayed. In each panel, the dotted and solid lines correspond to the Sérsic index
distribution for weak D4000 (i.e., D4000 < 1.5) and strong D4000 (i.e., D4000 > 1.5)
galaxies, respectively. The corresponding vertical lines indicate the median values of
each D4000 strength group. The number of galaxies and the p-values from the K—S
test are marked on top right of each panel. Note that the difference in distribution
between the weak and strong D4000 strength groups is most significant in spheroids.
The median value is n=4.21 for strong D4000 galaxies, while the median value for the
weak D4000 counterparts is only n=2.73. However, a significant difference between
weak and strong D4000 groups is not seen in other morphological types. See the text
for details.
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We explore a morphological dependence of the correlation between light profile
concentration and star formation quiescence using the Sérsic index, ¥, and the D4000
strength of galaxies. Figure 2.9 shows the Sérsic index distributions for the four
types of morphologies adopted in this paper. In each morphological type, we divide
galaxies into star-forming and quiescent galaxies depending on their D4000 strength
with the same criterion of D4000 of 1.5 as employed in Table 2.2. Panel (a) shows
the distribution for spheroids.

We find that the star-forming spheroids tend to have lower Sérsic indices (the
median value is 2.73), while the quiescent spheroids tend to have higher Sérsic in-
dices (the median value is 4.21). Moreover, the difference is reasonably robust. A
Kolmogorov—Smirnov (K—S) test comparing the Sérsic index distributions for the
weak and strong D4000 distributions yields only a 2.5 % probability that such a large
difference would be observed from intrinsically identical distributions.

While the difference in the Sérsic index distribution between the weak and strong
D4000 spheroids seems significant, the difference becomes gradually weaker as the
morphological type of interest goes from spheroids to late-type disks. The median
Sérsic index values for weak and strong D4000 early-type disks are 2.29 and 2.61,
respectively. The associated p-value is 0.332; i.e., there is a 33.2 % probability of
observing a difference this large among two samples drawn from the same intrinsic
distribution. For late-type disks, the median Sérsic indices for the weak and strong
D4000 subsets are 1.08 and 1.31, a difference that is not statistically significant (with
K-S test p-value of 0.904). Finally, irregulars have median Sérsic index values 1.21
and 1.49, for weak and strong D4000 subsets, with an associated K-S test p-value
of 0.275. While this difference could be due to random chance, it is also consistent
with the observation that the “irregular” galaxies are a mixed set including galaxies

of different nature, as discussed earlier in Section 2.5.2 (i.e., star-forming clumpy
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irregulars and galaxy interaction-driven irregulars).

The results from the Sérsic index distribution for each of morphological types
are further confirmed when galaxies are plotted in the diagram of the Sérsic index
versus Y., which is shown in Figure 2.10 with the D4000 strength color-coded. In
Figure 2.10, each morphological type is divided into the same weak and strong D4000
galaxies as in Figure 2.9. The median Sérsic index and >, values of each of weak
and strong D4000 galaxies are also marked with empty diamonds with blue and red
lo standard deviation error bars, respectively. Spheroids in panel (a) show that not
only the strong D4000 spheroids have typically higher Sérsic indices, but also they
have larger ¥, values, suggesting that the strong D4000 spheroids have more compact
light profiles than the weak D4000 counterparts. A similar trend is seen in early-type
disks but with a smaller difference in the Sérsic index distribution between the weak
and strong D4000 early-type disks, compared to spheroids.

The noticeable correlation between the D4000 strength and compactness explored
by the Sérsic index and ¥, in spheroids and early-type disks does not seem to exist
in late-type disks and irregulars, partly as expected from the analysis of Figure 2.9
for the Sérsic index distribution. Along with negligible differences in the Sérsic index
distribution between weak and strong D4000 galaxies in late-type disks and irregulars
(that is, the median Sérsic index differences of 0.23 and 0.28 between the weak and
strong D4000 groups in late-type disks and irregulars, respectively), their ¥, values
show marginal differences between weak and strong D4000 galaxies as well. That
is, late-type disks and irregulars have the median log(%,.) value differences of 0.48
and 0.2, respectively, suggesting a marginal correlation between compactness and
quenching in late-type disks and irregulars.

Overall, what is shown in Figures 2.9 and 2.10 is a morphological dependence on

the observed correlations such that bulge-dominated systems (that is, spheroids and
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early-type disks) have noticeably positive correlation, while disk or clumpy structure-
dominated systems do not, implying that galaxies need to experience morphological
transformations to bulge-dominated systems for them to follow the observed positive

correlation between quenching and compactness of galaxies as shown in Figures 2.9

and 2.10.
2.5.5 The Kormendy Relation for Spheorids

In this section, we explore the Kormendy relation for our sample of spheroids. This
scaling relation has been widely employed in order to study structural properties of
early-type galaxies and spheroidal components of late-type galaxies and the associated
formation and evolution mechanisms (Kormendy, 1977; Bernardi et al., 2003a; La
Barbera et al., 2003; Ferreras et al., 2005; Longhetti et al., 2007; Gadotti, 2009;
Fisher and Drory, 2010; Kim et al., 2016).

The top panel in Figure 2.11 shows the Kormendy relation for our sample of
spheroids with the D4000 strength color-coded. We adopted the same circular ef-
fective radius calculated in Section 2.5.2 and the same mean surface brightness as
defined in Bernardi et al. (2003b). Also, we corrected for the cosmological dimming
(1+ 2)* to our sample of spheroids and 9 early-type galaxies at 1.2 < z < 1.7 that
are shown as the empty diamonds in the panel from Longhetti et al. (2007). Our
spheroids seem to follow the general scaling relation based on the comparison to the
9 early-type galaxies and the fit through the maximum likelihood analysis (the black
dashed line in the panel) to ~ 9,000 early-type galaxies at 0.01 < z < 0.3 in the
Sloan Digital Sky Survey (SDSS) from Bernardi et al. (2003a). We particularly refer
to the fit in the SDSS i-band because the bandpass of the i-band at low redshifts
closely traces the bandpass of the H-band at intermediate redshifts for our sample of

spheroids (that is, the median redshift of our sample spheroids is 0.94). We performed
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Figure 2.10: Sérsic index vs. Stellar surface density within the half-light radius, with
the D4000 strength color-coded. The format is the same as Figure 2.5. The two
diamonds with blue and red error bars in each panel are the median values for weak
and strong D4000 galaxies, respectively. The corresponding error bars indicate the
errors of the means in each D4000 group of galaxies.
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Figure 2.11: Top panel: the Kormendy relation for spheroids, with the D4000 strength
color-coded. The color bar in top right indicates the D4000 strength. The black
straight line is the linear fit to our sample of spheroids. The black dashed line is the
Kormendy relation for relatively local (i.e., 0.01 < z < 0.3) early-type galaxies derived
in the SDSS i-band from (Bernardi et al., 2003a, Bern03b). The empty diamonds are
early-type galaxies at 1.2 < z < 1.7 from (Longhetti et al., 2007, Long07). All of the
data points are corrected for the cosmological dimming (1+2z)%. Bottom panel: the fit
residuals of spheroids to the Kormendy relation depending on their D4000 strength.
Note that the weak D4000 strength spheroids tend to lie below the fitting line, while
the strong D4000 strength spheroids tend to lie above the fitting line. See text for
details.
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a linear fit to our sample of spheroids and derived the following fitting relation:
piesr = (3.47 £ 0.31)logio Ry e + 16.31 £ 0.11. (2.3)

The slope of 3.47 + 0.31 derived for our sample spheroids shows a comparable range
with that of 3.29 + 0.09 derived for the local early-type galaxies from Bernardi et al.
(2003a) except for a larger uncertainty of the fit and a slightly steeper slope value.

Other than the general trend of the Kormendy relation shown in our sample of
spheroids, we further check any dependence on the stellar properties of spheroids
presented by the D4000 strength in this scaling relation. We divide the spheroids
into weak and strong D4000 groups as in Section 2.5.4 and calculate the residuals of
the surface brightness to the linear fit that is expressed in Equation 2.3. The residuals
are shown in the bottom panel of Figure 2.11. As likely inferred from the top panel,
at fixed effective radius the weak D4000 spheroids tend to have larger (fainter) surface
brightness (luminosity) than the strong D4000 spheroids by ~ 0.8 mag, except for
the large effective radius range (i.e., log Ryesr 2 0.6) where the statistical trend for
the weak and strong D4000 groups is not clearly seen mainly due to fewer number of
sample spheroids.

If the difference in the residuals to the fitting line between the weak and strong
D4000 groups primarily originated from the difference in their light profiles, a possible
explanation for the trend shown in the weak D4000 spheroids lying below the fitting
line and the strong D4000 spheroids lying above the fitting line in surface brightness
is that the strong D4000 spheroids generally have more concentrated and dense stellar
light profiles than the weak D4000 spheroids, resulting in smaller (brighter) surface
brightness (luminosity) in the strong D4000 strength spheroids. This explanation
is consistent with the results shown in Figures 2.9 and 2.10 where the same strong

D4000 spheroids tend to have larger Sérsic index and >, values.
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Overall, the analysis performed in this section regarding the Kormendy relation
for our sample of spheroids seems to support the idea that quenching of star formation
activities is indeed related to the internal structure of galaxies (e.g., Bell et al., 2012;

Lang et al., 2014, at least apparently in spheroids.).
2.6 Discussion
2.6.1 Morphological Dependence on the “Downsizing” Trend

Our main result is that there is a morphological dependence of the “downsizing”
trend, such that galaxies with a prominent bulge component show a stronger mass
quenching trend than galaxies without a prominent bulge component, even at a fixed
stellar mass (i.e., Figures 2.5 and 2.7 and Table 2.2). This suggests that the ‘mass’
quenching is accelerated only after galaxies acquire a prominent bulge component.
The acceleration of the mass quenching trend after the acquisition of a prominent
bulge component in galaxies is likely to be due to either the role of a bulge component
in preventing star formation activities, or the fading of a star-forming disk component,

or both of the two effects working simultaneously.

Table 2.3: Mean p—values from the K—S tests for the pairs of the D4000 strength

distributions between two selected morphological types.

Morphology  Spheroids Early-type Disks Late-type Disks Irregulars
Spheroids 1.0 0234+ 021 3.77x107°+£3.00x107° 481 x1077 £351x10°°
Early-type disks — ¢ 1.0 0.006 + 0.016 0.0003 £ 0.0014
Late-type disks — — 1.0 0.04 £+ 0.08
Irregulars — — — 1.0
@ The ‘=’ mark indicates that the corresponding value is already given in the symmetric column and row.
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The role of a bulge component in preventing subsequent star formation activities
in galaxies has been extensively discussed in previous studies (e.g., Dekel et al., 2009;
Saintonge et al., 2012; Bluck et al., 2014; Lang et al., 2014; Tacchella et al., 2015;
Huertas-Company et al., 2016) where the gravitational potential of a prominent bulge
component can stabilize the gas disk, preventing the gas disk from forming stars. At
least, the quenching mechanisms associated with the prominence of a bulge compo-
nent seem to exist in our sample of galaxies as well, as most of our quenched galaxies
are bulge-dominated systems as shown in Figure 2.3.

Additionally, the presence of star-forming blue spheroids among our sample (i.e.,
spheroids that are outside the quiescence region in the UV J diagram of Figure 2.3
and have the D4000 strength less than 1.5) supports the idea that the emergence of a
prominent bulge component precedes the departure from the star-forming populations
(e.g., Lang et al., 2014). The presence of blue spheroids at similar redshifts (0.7 < z <
1.3) has been also reported by Powell et al. (2017), where the most likely mechanism
responsible for the formation of blue spheroids was mentioned to be major mergers
of star-forming disk galaxies. If most blue spheroids indeed originated from major
mergers of star-forming disk galaxies, it would be interesting to note that most blue
spheroids are relatively low mass systems (i.e., log(M./Mg) < 10.0). This is seen
in Figure 2.5 and Table 2.2 for our sample of blue spheroids, and from Figure 7 for
those in Powell et al. (2017). For these less massive systems, mergers that they might
encounter would be likely to be major mergers for them (that is, merger mass ratio
less than 4:1) due to their relatively low masses, which could possibly transform their
morphologies into spheroids. Once they obtain a spheroidal morphology from the
major mergers, the dominance of a bulge component-related quenching mechanisms
such as gravitational stabilization of gas disks to prevent forming stars (e.g,. Martig

et al., 2009; Saintonge et al., 2012) and the energetic active galactic nuclei (AGN)
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feedback triggered by major mergers (e.g., Springel et al., 2005; Hopkins et al., 2007)
would be likely to occur, turning blue spheroids into red and quiescent spheroids and
accelerating their mass quenching trend likely along with the associated size-mass
relation for quiescent galaxies.

However, we also note that there are additional mechanisms that could possibly
contribute to the formation of blue spheroids other than major mergers of star-forming
disk galaxies. For instance, the ‘rejuvenation’ of red spheroids by an external source
could make the red spheroids blue again (e.g., Salim and Rich, 2010). In addition,
environmental effect is one of the candidates that could contribute to the formation
of blue spheroids (Lopes et al., 2016). Although a single mechanism can not be
pinned down for explaining the formation of blue spheroids (Tojeiro et al., 2013),
the tendency towards a high asymmetry index in blue spheroids reported by several
studies (e.g., Lopes et al., 2016; Powell et al., 2017) seems to favor that most of blue
spheroids come from merger-related mechanisms.

Late-type disks in our study, however, do not seem to show such a strong mass
quenching trend as spheroids do (that is, Figure 2.5 and Table 2.2). The main reason
for late-type disks not to show the strong mass quenching trend is likely the dom-
inance of mostly star-forming disk components in them, at least at the redshift of
interest (i.e., 0.6 < z < 1.2). The blue (thus, star-forming) disk components might
resist against the mass quenching trend while the parent galaxies continue to grow in
mass, unless they experience significant changes in their evolutionary paths such as
additional gas supply or major mergers that could disrupt their disk components and
consequently turn them into bulge-dominated systems morphologically. The resis-
tance of star-forming disk components against the mass quenching mechanism seems
to be related to what is called ‘slow quenching’ where gas exhaustion in late-type

galaxies occurs slowly over several Gyr. (e.g., Schawinski et al., 2014). Assuming
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that the ‘slow quenching’ mechanism also works for our sample of late-type disks,
they are expected to evolve into either massive red late-type disks or early-type disks
(in case they have grown their bulge components more efficiently) unless they have
experienced abrupt changes.

Although further analysis such as environmental effects, AGN activity, and struc-
tural parameters from bulge—disk decomposition are required to draw firm conclu-
sions on the evolution of late-type disks, what is seen in our results (e.g., Figure 2.5,
Table 2.2, and Section 2.5.2) for them is that they do not tend to follow a strong mass
quenching trend as bulge-dominated systems do, most likely due to the dominance of
their star-forming disk components.

Lastly, we note that some quiescent late-type disks do exist in our sample, although
they are a significantly smaller fraction of the population than their star-forming coun-
terparts, as previously reported (e.g., McGrath et al., 2008; Bell et al., 2012). Using
D4000 > 1.5 as a criterion, there are 22 quiescent galaxies among 133 late-type disk
galaxies (i.e., 16.5 %), as given in Table 2.2. Dust reddening can increase the D4000
measurements for late-type disks that are near edge-on viewing angles. If we use an
axis ratio < 0.5 as a marker of edge-on geometry, and eliminate such inclined galaxies
from our quiescent late-type disk sample, there are still 7 quiescent late-type disks
(i.e., 5.3 % of the full late-type disk sample; see Section 2.5.2 for details). A similar
fraction of late-type disks (4 of 133 galaxies, or 3.0 %) are identified as quiescent using
the criterion sSFR < 107 !1%yr~!. Regarding the possible mechanisms responsible for
quiescent late-type disks, external processes such as environmental effects are often
considered (e.g., Bassett et al., 2013). Further analysis on environmental properties
of quiescent late-type disks at intermediate redshifts is expected to shed some light

on the formation mechanisms of these rare population of quiescent late-type disks.
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While spheroids and late-type disks show distinct trends (including the mass
quenching trend) in the correlations between stellar properties and galaxy structural
properties explored in this study, early-type disks show intermediate trends that are
between spheroids and late-type disks. This sounds obvious as the morphological se-
lection of early-type disks is designed to do so, considering both the fractions f,n and
faisk to be larger than 2/3 (see Section 2.3.2 for details). Regarding this, it is interest-
ing to note that even among early-type disks there are visually-identifiable morpholog-
ical differences between moderately massive star-forming (that is, log(M. /M) > 10.0
and sSFR > 107%yr~!) and massive quiescent galaxies (that is, log(M, /M) > 10.0
and sSFR < 107%yr~1), as previously mentioned in Section 2.5.3. In other words,
massive star-forming early-type disks tend to have blue star-forming disk components,
while the massive quiescent counterparts show more spheroid-like morphologies. This
trend seems to suggest that morphological transformations in early-type disks grad-
ually occur from disk-dominant systems to bulge-dominated systems as they become
older and more massive.

Irregulars in our study overall seem to show the well-known properties such as
relatively young stellar populations that are revealed by their colors, D4000 strength,
and sSFR distributions and low concentration of light profiles as shown in their Sérsic
index and ¥, distributions as previously reported (e.g., Oh et al., 2013; Eales et al.,
2017). The mass quenching trend in irregulars does not seem significant, yet is slightly
stronger in moderately high stellar mass regime (that is, log(M. /M) 2 10.0) than
that in late-type disks based on the correlation between the D4000 strength and
stellar mass in Figure 2.5 and Table 2.2. The slightly stronger mass quenching trend
in irregulars in the moderately high stellar mass regime, however, is likely to be
attributed to the presence of two different types of irregulars (i.e., typically young

and star-forming clumpy irregulars and galaxy interaction-driven irregulars) in our
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total sample of irregulars as discussed in Section 2.5.2, rather than their intrinsic
“downsizing” trend.

Regarding the evolution of irregulars, the well-known sequence of average stellar
properties (e.g., age and metallicity) of galaxies along the Hubble sequence detailed
in the local Universe (e.g., Oh et al., 2013; Khim et al., 2015) and the decrease in the
fraction of irregulars at least since z ~ 2 (Huertas-Company et al. (2016)) seem to
suggest that the majority of irregulars have undergone morphological transformations
from clumpy irregulars to structured late-type disks over time as long as they remain
relatively undisturbed. Numerical simulations of the early evolution of disk galaxies
performed by Noguchi (1999), for instance, show that clumpy structures in a galactic
disk can evolve to organized bulge and disk components likely into be late-type disks.

Our discussion in this section on the morphological dependence on the “downsiz-
ing” trend is further supplemented by the p-values from the K—S test for the D4000
strength distributions between spheroids, early-type disks, late-type disks, and ir-
regulars. The associated p-values are tabulated in Table 2.3. In order to confirm
that the p-values derived from the pairs of the D4000 strength distributions among
morphologies statistically exist, we performed 1,000 K—S tests by considering the
D4000 measurement errors to be the Gaussian random errors each time. Therefore,
the p-values shown in Table 2.3 are the mean p-values of the 1,000 different K—S
tests, and the associated standard deviations are also given in the table. As shown
in the table, it is interesting to note that all of the p-values are sufficiently low (that
is, compared to the typically-employed p-value of 0.05) to suggest that the D4000
strength distributions (and thus, likely the overall age distributions of constituent
stellar populations of galaxies) of the four morphological types are statistically differ-
ent from one another. The only exception is the case between spheroids and early-type

disks with the associated p-value of 0.23. The case between spheroids and early-type
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disks is likely to be related to their morphological similarity of being bulge-dominated
systems.

Although the results from the K-S test seem interesting by themselves, they should
not be regarded as evidence for a morphological dependence on the “downsizing”
trend because the K-S test does not consider the stellar mass distribution of each
morphological type. Rather, the results from the C-vM test for the correlation be-
tween the D4000 strength and stellar mass shown in Section 2.5.2 could indicate the
morphological dependence on the “downsizing” trend since the C-vM test considers
both the D4000 strength and the stellar mass distributions simultaneously. Recall-
ing the results from the C-vM test shown in Section 2.5.2, both results from the
C-vM test and the K-S test show qualitatively similar trends, i.e., all pairs of the two
selected morphological types show statistically different distributions except for the
case between spheroids and early-type disks with the associated p-values of 0.16 and
0.23 for the C-vM test and the K-S test, respectively. If the morphological selection
is the only criterion applied to separate galaxies into the four morphological types,
the results from the C-vM test shown in Section 2.5.2 for the correlation between
the D4000 strength and stellar mass would be a piece of supporting evidence for a

morphological dependence on the “downsizing” trend indeed.
2.6.2 Morphological Dependence on Concentration of Light Profiles

As discussed in Sections through 2.5.2, 2.5.3, and 2.5.4, the concentration of galax-
ies’ light profiles (as explored by the Sérsic index and X in this study, and often by
the stellar surface density within the central 1 kpc in other works) is related to the
stellar properties of galaxies. Quiescent galaxies tend to have more concentrated light
profiles, indicating the predicting power of identifying quiescent galaxies through con-

centration (Franx et al., 2008; Fang et al., 2013; Omand et al., 2014; Williams et al.,
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2017).

Regarding the correlation between the concentration (equivalently, compactness)
of light profiles of galaxies and quiescence, in addition to the possible physical mech-
anisms to explain the correlation, we also note that there is another possible explana-
tion named the “progenitor effect” (Lilly and Carollo, 2016; Abramson and Morishita,
2018), which is somewhat of the “progenitor bias” (van Dokkum and Franx, 1996)
in terms of selecting sample of galaxies over a span of cosmic time. This “progeni-
tor effect” shows that the correlation between the central surface density and galaxy
sSFR is naturally reproduced by assuming the evolution of the observed size-mass
relation for star-forming galaxies and the appropriate mass-quenching trend (Peng
et al., 2010a; Carollo et al., 2013), rather than invoking any physical link between the
two parameters (that is, Figure 5 in Lilly and Carollo (2016)).

Although both the possible physical mechanisms and the “progenitor effect” can
explain the strong correlation between the concentration of light profiles of galaxies
and the quiescence, it is clear that most of quiescent galaxies (i.e., D4000 > 1.5) with
high concentration (i.e., Sérsic index > 4 and ¥, 2> 10° Mykpc~2) are morphologically
bulge-dominated systems in our study (Figures 2.6, 2.8, 2.9, and 2.10). Thus, it
seems reasonable to assume that mechanisms responsible for higher concentration
of light profiles are involved with visually-identifiable morphological transformations
into bulge-dominated systems, likely either by the bulge growth or the fading of a
disk component, or both effects working simultaneously.

In this regard, other than the discussion on the bulge growth in Section 7?7, several
studies mainly with low—z (0.03 < z < 0.11) galaxy samples (e.g., Vulcani et al., 2015;
Carollo et al., 2016) have suggested that the fading (or removal) of a disk component is
the main cause for galaxies to be morphologically transformed into bulge-dominated

systems, rather than the bulge growth itself. In particular, Carollo et al. (2016)
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quantitatively demonstrated how the (either uniform or differential) fading of a disk
component could make a bulge to total light ratio (B/T) increase without invoking
actual bulge growth. (for instance, B/T can increase from 0.4 to 0.63 with the fading
of a disk component by ~ 1 mag for an ordinary star-forming galaxy.)

Although our morphological analysis in this study alone cannot pin down which
mechanism (that is, the bulge growth or the fading of a disk component) is more
important than the other for morphological transformations into bulge-dominated
systems, what is shown here is that the correlation between the concentration of light
profiles of galaxies and the quiescence is involved with visually-identifiable morpho-
logical transformations of galaxies such that only bulge-dominated systems tend to
have higher light concentration profiles with the signature of quiescence, since late-
type disks and irregulars do not show such higher concentration of light profiles with

the quiescence.
2.7 Summary

In this study, we have explored galaxy morphology and the associated stellar prop-
erties of galaxies in the redshift range 0.6 < z < 1.2 by utilizing visual morphology,
photometric, and spectroscopic information taken together. We have identified both
spectroscopically and photometrically ‘red and dead’ galaxies in the UV J diagram
and further found that most (~ 97 %) of these quiescent galaxies are morphologically
bulge-dominated systems.

Also, we have investigated a morphological dependence in the mass quenching
trend in the diagram of the D4000 strength vs. stellar mass. In this diagram, we find a
morphological dependence such that bulge-dominated systems show more significant
mass quenching compared to disk-dominant systems within the same stellar mass

range (i.e., Figure 2.5 and Table 2.2). This trend is most likely due to the dominance
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of a blue star-forming disk component in late-type disks that would dilute the mass
quenching trend compared to the bulge-dominated counterparts.

The correlations between the D4000 strength and galaxy structural parameters
such as the Sérsic index and the stellar surface density within the effective radius
(which is often considered to be related to the quiescence), 3., show that only some
fraction of the bulge-dominated galaxies have large D4000 strength (D4000 > 1.5), ¥,
(Xe 2 10° Mykpe™?), and Sérsic index (Sérsic index 2> 4), indicating that not all of
the bulge-dominated galaxies have high concentration light profiles with the signature
of quiescence. On the other hand, the late-type disks and irregulars generally show
neither such highly concentrated light profiles nor signatures of quiescence.

A morphological analysis on the correlations between sSFR, stellar mass, Y., and
the Sérsic index basically shows qualitatively similar trends to those based on the
D4000 strength. In particular, in the diagram of sSFR vs. stellar mass, bulge-
dominated systems such as spheroids and early-type disks are clearly separated into
the star-forming sequence and the quiescent sequence, while late-type disks and ir-
regulars within the same stellar mass range considered have formed the star-forming
sequence only, which is likely due to the star-forming disk or clumpy components in
them.

The difference in the concentration of light profiles between weak and strong
D4000 galaxies in each morphological type is shown to be the most significant in
spheroids and the least significant in late-type disks (i.e., Figures 2.9 and 2.10). The
Kormendy relation for spheroids further shows that at fixed effective radius strong
D4000 spheroids tend to have smaller (brighter) surface brightness (luminosity) than
weak D4000 counterparts by ~ 0.8 mag on average, suggesting more concentrated
light profiles in strong D4000 strength spheroids at fixed effective radius. Although

the correlation between the high concentration light profiles and the quiescence in
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spheroids could be alternatively explained by the combination of the observed evo-
lution of the size-mass relation for star-forming galaxies and the “progenitor” effect
of quiescent populations (i.e., Lilly and Carollo, 2016), the morphological analysis
regarding this correlation in our study suggests that most quiescent and centrally
dense galaxies at intermediate redshifts at least have a visually-identifiable promi-
nent bulge component and that none of late-type disks and irregulars show the high
concentration light profiles with the signature of quiescence.

Taken together, our analysis of galaxy structure (including visual morphology)
and stellar properties of galaxies through photometric and spectroscopic information
as well as galaxy structural parameters indicates that physically-motivated quench-
ing mechanisms are required to appropriately explain the morphological behavior
shown in the various diagrams explored in this study. Observationally, future studies
with significantly larger sample of galaxies are expected to enable us to better un-
derstand the morphology-entangled galaxy properties and the associated quenching
mechanisms at intermediate redshifts statistically. All in all, our findings suggest a
morphological dependence of the downsizing trend, and a tight correlation between
quenching and the presence of a prominent bulge component, such that most of

quenched galaxies at intermediate redshifts are bulge-dominated systems.
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Chapter 3

THE IMPORTANCE OF STAR FORMATION INTENSITY IN LYa ESCAPE
FROM GREEN PEA GALAXIES AND LYMAN BREAK GALAXY ANALOGS

3.1 Abstract

We have studied ultraviolet images of 40 Green Pea galaxies and 15 local Lyman
Break Galaxy Analogs to understand the relation between Lya photon escape and
central UV photometric properties. We measured star formation intensity (SFI, star
formation rate per unit area) from the central 250 pc region (Sasopc) using the Cos-
mic Origins Spectrograph near-ultraviolet images from the Hubble Space Telescope.
The measured Saz0pe 0of our sample Green Peas ranges from 2.3-46 M yr—' kpce™2,
with a geometric mean of 15M, yr~! kpc=2 and a standard deviation of 0.266 dex,
forming a relatively narrow distribution. The Lyman Break Galaxy Analogs show
a similarly narrow distribution of Sasope (0.271 dex), though with a larger mean of
28 My yr~! kpc™2. We show that while the Ly« equivalent width (EW(Lya)) and
the Lya escape fraction (f2¥%) are not significantly correlated with the central SFI
(S250pc), both are positively correlated with the ratio of surface brightness to galaxy
stellar mass (Sas0pe/Mstar), With correlation coefficients (p-values) of 0.702 (1 x 107%)
and 0.529 (5x 107%) with EW(Ly«) and fL¥*, respectively. These correlations suggest
a scenario where intense central star formation can drive a galactic wind in galaxies

with relatively shallow gravitational potential wells, thus clearing channels for the

escape of Lya photons. This chapter previously published as Kim et al. (2020).
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3.2 Introduction

Green Pea galaxies are a class of local starburst galaxies that were discovered
by the citizen science “Galaxy Zoo” project based on the Sloan Digital Sky Survey
(SDSS) (Lintott et al., 2008). As inferred from their nickname, their optical color is
greenish due to their strong [OIII] emission line at their redshifts (i.e., 0.1 < z < 0.35),
and their morphology seen in SDSS images is mostly compact and unresolved (e.g.,
Cardamone et al., 2009). Studies on Green Peas (GPs) have shown that they are low
stellar mass (8 < log(Mstar/Me) < 10) and metal-poor galaxies for their stellar mass
with typically low intrinsic extinction (E(B — V) < 0.2) and high [O111]/[O 11] ratios,
experiencing intense star formation activities (i.e., 10~"yr=! < specific star formation
rate (sSFR) < 107%yr™1) (e.g., Amorin et al., 2010; Izotov et al., 2011; Jaskot and
Oey, 2013; Yang et al., 2016, 2017a, and references therein). In particular, their UV
properties have shown that majority of GPs are Lya-emitters (LAEs) and some of
which have been confirmed as Lyman-continuum (LyC) leakers (e.g., Henry et al.,
2015; Yang et al., 2016, 2017a; Izotov et al., 2016, 2018c; Orlitova et al., 2018).

In the field of cosmology, LyC leakers are important possible contributors for
reionizing the early Universe (z > 6). Therefore, in consideration of the associations
between LAEs and LyC leakers (e.g., Verhamme et al., 2015; de Barros et al., 2016;
Izotov et al., 2016), searching for LAEs and understanding the Lya escape mech-
anisms is of astrophysical interest (e.g., Ahn et al., 2003; Verhamme et al., 2006;
Gronke and Dijkstra, 2016). An ideal approach for studying LAEs would be directly
measuring their physical properties from observation (e.g., Dey et al., 1998; Rhoads
et al., 2000; Gawiser et al., 2007). However, since most of LAEs are observed at high
redshift (z = 2, e.g., Song et al., 2014; Shibuya et al., 2019, and reference therein),

directly observing them has been challenging mainly due to their observed faintness
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associated with redshift and the intervening intergalactic medium (IGM) absorption
along the line of sight. In this regard, an alternative approach for studying high-z
LAEs would be studying the physical properties of local analogs of high-z LAEs such
as GPs (e.g., Izotov et al., 2011; Yang et al., 2016, 2017a).

Morphologically, it has been reported that LAEs are typically “compact”, often
with multiple clumps in the rest-frame UV continuum (i.e., the effective radius Reg
< 1.5 kpe) over a wide range of redshift 0 < z < 6 (e.g., Bond et al., 2009; Malhotra
et al., 2012; Jiang et al., 2013; Paulino-Afonso et al., 2018; Shibuya et al., 2019;
Ritondale et al., 2019, and references therein). While there is an overall consensus
regarding the compact and clumpy morphologies of most of LAEs studied, it does not
seem entirely clear how these compact morphologies could be related to the observed
Lya profiles—and more fundamentally, whether the compact/clumpy morphology of
Lya-emitting galaxies is one of the important physical conditions that makes a galaxy
a Lya-emitting galaxy (e.g., Malhotra et al., 2012; Izotov et al., 2018a).

In this context, we investigate the central UV photometric properties of LAEs
and continuum-selected Lyman Break Galaxy Analogs (LBAs), and the associations
with the observed Ly« line properties based on GPs and local LBAs (i.e., Heckman
et al., 2005). We utilize the Cosmic Origins Spectrograph near-ultraviolet images
(COS/NUV) acquisition images from the Hubble Space Telescope (HST) and the
measured Lya properties from the literature (i.e., Alexandroff et al. 2015; Yang
et al. 2017, hereafter Y17). The physical proximity of our sample GPs and LBAs
(ie., 0.1 < 2 < 0.35) and the high angular resolution (i.e., 0.0235 arcsec pixel ') of
the COS/NUYV images are suitable for studying the spatially-resolved central region
properties of GPs and LBAs.

Section 3.3 describes our galaxy sample and the central star formation intensity

measurements. In Section 3.4, we present our results. In Section 3.5, we discuss the
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implications of these results and summarize our primary conclusions. Throughout
this paper, we adopt the AB magnitude system and the ACDM cosmology of (Hy,
Qum, Q) = (70 kms™! Mpc™t, 0.3, 0.7).

3.3 Samples and Data Analysis
3.3.1 Green Pea and Lyman Break Galaxy Analog Sample

Our Green Pea sample is drawn from the 43 galaxies presented in Y17. As
described in that paper, all of the galaxies have been observed with HST/COS
spectroscopy and the associated NUV imaging through the COS acquisition mode
ACQ/IMAGE with MIRRORA except for two galaxies (Green Pea ID 002140052
and 0938+5428) that have been observed with the MIRRORB configuration. We
adopt additional information (e.g., Green Pea ID, equivalent width of the Ly« line
EW (Lya), Lya escape fraction fL4 and E(B—V)) for our sample Green Pea galax-
ies from Y17. Among the 43 galaxies, we exclude the two galaxies observed with
the MIRRORB configuration in this study. We additionally exclude another galaxy
(Green Pea ID 0747+2336) because the galaxy has no Lya emission line detected in
the COS spectroscopy observation (see Y17 for details). Therefore, our final Green
Pea sample consists of 40 GPs.

The Lyman Break Galaxy Analog sample is drawn from 21 galaxies analyzed by
Alexandroff et al. (2015). From the 21 galaxies, we only selected galaxies observed
with the MIRRORA configuration, leaving 15 galaxies. LBA ID, galaxy stellar mass,
and EW(Ly«) are adopted from Alexandroff et al. (2015). E(B — V') value for the
Milky Way extinction is obtained from the NASA/IPAC Galactic Dust Reddening

and Extinction tool. Ha and HB fluxes for the Balmer decrement method to derive

an internal extinction correction in Section 3.3.3 are obtained from the MPA-JHU
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catalog (Brinchmann et al., 2004; Tremonti et al., 2004). We also note that 5 of
the 15 LBA sample have been classified as GPs in Y17 (i.e., GP (LBA) ID 0055-0021
(J0055), 0926-+4428 (J0926), 1025+3622 (J1025), 142841653 (J1428), and 1429+0643
(J1429)), and thus were already included in the 40 sample GPs. Therefore, the net
increase in sample size is 10 additional objects classified as LBAs but not GPs. We
note that any statistics quoted for the LBA sample include all 15 LBAs (both the 10
“pure” LBAs and the 5 overlap objects.)

For this combined sample of GPs and LBAs we use of the COS/NUV images to
derive their central UV photometric properties. The exposure time of the images is
typically greater than 100 seconds. The pivot wavelength of the observed NUV filter
is 2319.7 A.

3.3.2  Deconvolution and Segmentation Maps

We derive segmentation maps of individual galaxies from the NUV images using
an approach based on Haar wavelet decomposition. In order to compare the cen-
tral properties of the entire sample without bias from redshift-dependent resolution
effects, we first deconvolved raw NUV images of galaxies with the COS/NUV PSF
image of star P330E taken during the HST program 11473 ! . Specifically, we uti-

lized the Python-based Richardson-Lucy deconvolution package 2

to perform the
deconvolution.

We then proceeded with a Haar wavelet decomposition, which represents the
galaxy image as a weighted sum of (mutually orthogonal) 2D boxcar functions. The

denoising procedure discards terms in that sum whose coefficients are not signifi-

cantly different from zero, given the noise in the data. Our Haar denoising procedure

thttp : //www.stsci.edu/hst/cos/documents/isrs/ISR2010_10.pdf

https : //scikit-image.org/docs/dev/api/skimage.restoration.html
#skimage.restoration.richardson_lucy
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3 is a 2d generalization of the 1D TIPSH algorithm that Kolaczyk (1997) originally
developed for modelling transient light curves.

We also estimated the sky background and subtracted from the processed (i.e.,
PSF-deconvolved and Haar wavelet denoised) COS/NUV images. The sky is mea-
sured by taking the average background values from the four 50 x 50 pixel corner
regions of the 200 x 200 pixel (4.7” x 4.7") galaxy images.

We then apply the Petrosian (1976) method to the processed and sky-subtracted
images to derive the galaxy segmentation maps. The Petrosian method identifies the
central region of a galaxy by defining a local surface brightness threshold Iy such
that Tinresn =7 X I(I > Lipwesn)- (That is, the threshold surface brightness is a factor
of 1 below the average surface brightness enclosed within a contour having surface
brightness Iipresn. While Iiesn is implicitly defined, it is nevertheless a uniquely
defined quantity for surface brightness profiles where both local surface brightness and
total luminosity remain finite, as physics demands of real galaxies.) The ILipesn that
satisfies the above Petrosian equation is found by sorting image pixels in descending
surface brightness order, and thus the associated contour with Iij.en i not in general
circular. This method has the advantages of being independent of the redshift of
a galaxy, and relatively insensitive to dust reddening. We adopt n = 0.2, which is
widely used for deriving galaxy segmentation maps (e.g., Shimasaku et al., 2001). The
derived segmentation maps of galaxies are used for measuring the total bolometric

luminosity to compare with the central SFI in Section 3.4.1.
3.3.3 Star Formation Intensity Measurements from the Central 250 pc Region

We measure the star formation intensity (SFI, star formation rate per unit area

which is equivalent to star formation rate surface density (SFRD)) from the central

3http : //butler.lab.asu.edu/wavelet_denoising
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Figure 3.1: Examples of COS/NUV images of some Green Pea samples. Each row
shows an individual Green Pea. From left to right, the raw NUV image, the PSF-
deconvolved image, the Haar-denoised image, and the segmentation map are dis-
played, respectively. All images are 3” x 3" sized. Green Pea ID is marked top

middle and a green bar indicates 1 kpc in the raw NUV image. The color bar at the

bottom represents flux in the unit of count s=*.

region of galaxies based on the UV surface brightness in the processed COS/NUV
images described in Section 3.3.2. Our approach is similar to that employed in Meurer
et al. (1997); Hathi et al. (2008); Malhotra et al. (2012).

We first apply extinction corrections and k-correction to estimate the intrinsic UV
continuum flux measured at the same rest-frame wavelength for each galaxy. We apply
the Milky Way extinction correction following the method of Fitzpatrick and Massa
(1990) and Fitzpatrick (1999). We also perform an internal extinction correction
adopting the Balmer decrement method and the extinction law from Calzetti et al.

(2000). The k-correction is performed with respect to the mean rest-frame wavelength
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of 1877.15 A in the Green Pea sample. We adopt the intrinsic UV slope of -2 for
typical starburst galaxies (e.g., Hathi et al., 2008; Malhotra et al., 2012). The galaxy
center is set as the brightest pixel in the extinction and k-correction processed NUV
images.

We then resample each image to a common pixel scale of 10 pc pixel ', using the
IRAF “magnify” task with a redshift-dependent magnification factor. At this point,
the images of our different sample galaxies have been processed to compensate for
nonuniform properties introduced by distance (PSF deconvolution; pixel resampling),
redshift (k-correction), and extinction (both foreground and internal).

We then measure the UV luminosity from the central 250 x 250 pc region (Lo 250pc
in the unit of L) together with the associated central SFI (Ss50pc in the unit of
L kpc™2), by directly summing up the flux from 25 x 25 resampled pixels. We adopt
the solar bolometric magnitude of 4.74 (Bessell et al., 1998) and the UV to bolometric
luminosity ratio (Lyy/Lpo) of 0.33 for typical starbursts (e.g., Meurer et al., 1997;
Hathi et al., 2008). We also convert luminosities (L) into equivalent star formation
rates (Mg yr~') by using the scale factor Ly /4.5 x 10Le, = SFR/(1 M, yr=!). This
factor is derived by Meurer et al. (1997) based on starburst population modelling
with a solar metallicity and a Salpeter (1955) IMF with lower and upper limit masses
of 0.1 My and 100 M, respectively.

Examples of raw NUV images, the deconvolved images, the Haar wavelet denoised
images, and the derived segmentation maps of some sample galaxies are shown in

Figure 3.1. Also, the measured Sysopc and Loy total are provided in Table 3.1.
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Table 3.1: The measured Sosope and Lo total, and adopted EW(Lya)

Sample Galaxies

and fLve of

Green Pea ID® SDSS ObjID? logSas0pe®?  log(SFI)©:© 10gLbol total ! 1og(SFR)©Y  EW(Lya)h fLyci
(Lo kpe™2) (Mg yr~ ! kpe™?) (Lg) (Mg yr=1)  (4)
0055-00217 1237663783666581565 11.099 + 0.100 1.445 + 0.100 10.411 + 0.171 0.757 + 0.171 3.20 0.005
0303-0759 1237652900231053501 10.876 + 0.025 1.223 + 0.025 10.124 + 0.054 0.470 =+ 0.054 14.17 0.098
0339-0725 1237649961383493869 10.851 + 0.050 1.198 =+ 0.050 10.808 + 0.083 1.155 =+ 0.083 6.74 0.016
074943337 1237674366992646574 10.901 + 0.054 1.247 + 0.054 10.962 £ 0.105 1.310 + 0.105 8.86 0.010
075141638 1237673807042708368 10.393 % 0.075 0.740 £ 0.075 10.149 + 0.149 0.496 + 0.149 15.77 0.043
08050925 1237667729656905788 10.725 + 0.077 1.071 £ 0.077 10.582 + 0.141 0.929 + 0.141 9.20 0.009
081542156 1237664668421849521 10.690 + 0.017 1.036 + 0.017 9.793 + 0.035 0.139 + 0.035 82.15 0.327
082242241 1237664092897083648 11.054 + 0.038 1.401 + 0.038 10.437 + 0.076 0.784 + 0.076 51.62 0.037
091141831 1237667429018697946 11.197 + 0.017 1.543 + 0.017 10.621 + 0.033 0.968 =+ 0.033 56.53 0.177
091743152 1237661382232768711 11.311 + 0.032 1.658 + 0.032 10.760 + 0.045 1.107 + 0.045 37.97 0.169
0925+1403%  1237671262812897597 11.042 + 0.014 1.389 + 0.014 10.500 =+ 0.028 0.846 = 0.028 90.01 0.186
0926444287  1237657630590107652 10.915 £ 0.080 1.262 % 0.080 10.328 £ 0.115 0.675 £ 0.115 47.85 0.287
0927+1740 1237667536393142625 10.489 + 0.071 0.835 + 0.071 10.479 + 0.126 0.826 =+ 0.126 7.20 0.013
1009+2916 1237665126921011548 10.470 £ 0.047 0.817 + 0.047 9.884 + 0.078  0.230 + 0.078 69.54 0.373
101844106 1237661851459584247 10.557 + 0.045 0.904 + 0.045 10.101 + 0.104 0.457 + 0.104 33.05 0.059
1025436227  1237664668435677291 10.780 + 0.048 1.126 + 0.048 10.433 £ 0.096 0.779 =+ 0.096 26.27 0.154
103242717 1237667211592794251 10.408 + 0.064 0.755 + 0.064 9.990 + 0.108  0.337 + 0.108 5.50 0.009
1054+5238 1237658801495474207 11.045 + 0.034 1.392 + 0.034 10.705 £ 0.053 1.052 =+ 0.053 17.65 0.112
112246154 1237655464839479591 10.866 + 0.033 1.213 £ 0.033 9.957 + 0.057 0.304 % 0.057 59.95 0.187
113346514 1237651067351073064 10.507 £ 0.030 0.854 =+ 0.030 10.334 + 0.060 0.681 £ 0.060 42.30 0.422
113743524 1237665129613885585 10.903 + 0.029 1.250 £ 0.029 10.483 £ 0.059 0.829 + 0.059 40.45 0.157
115243400F  1237665127467647162 10.961 + 0.021 1.308 + 0.021 10.671 + 0.039 1.018 =+ 0.039 74.45 0.287
120542620 1237667321644908846 10.942 + 0.039 1.289 =+ 0.039 10.422 £ 0.073 0.769 =+ 0.073 3.00 0.006
121941526 1237661070336852109 10.897 + 0.023 1.244 + 0.023 10.243 + 0.036 0.590 + 0.036 164.55 0.702
124440216 1237671266571387104 10.697 + 0.021 1.044 + 0.021 10.558 £ 0.065 0.904 =+ 0.065 46.98 0.077
124941234 1237661817096962164 10.749 + 0.019 1.096 + 0.019 10.404 + 0.047 0.751 + 0.047 101.82 0.412
133346246F  1237651249891967264 10.538 + 0.017 0.885 & 0.017 10.176 + 0.047 0.523 =+ 0.047 72.34 1.180
1339+1516 1237664292084318332 10.984 + 0.037 1.331 + 0.037 10.091 £ 0.054 0.438 £ 0.054 44.74 0.034
142444217 1237661360765730849 10.724 + 0.033 1.071 + 0.033 10.101 + 0.069 0.448 + 0.069 89.53 0.290
1428+16537  1237668297680683015 11.192 + 0.032 1.539 + 0.032 10.761 £ 0.070 1.108 = 0.070 29.07 0.106
1420406437  1237662268069511204 11.045 + 0.073 1.392 + 0.073 10.459 + 0.094 0.806 + 0.094 42.75 0.123
144044619 1237662301362978958 11.154 + 0.040 1.501 =+ 0.040 10.815 + 0.068 1.162 =+ 0.068 33.82 0.128
1442-0209F  1237655498671849789 11.124 + 0.018 1.470 + 0.018 10.416 £ 0.042 0.763 £ 0.042 134.90 0.430
145444528 1237662301900964026 11.118 =+ 0.036 1.465 + 0.036 10.496 + 0.069 0.843 £ 0.069 29.95 0.061
145742232 1237665549967294628 10.804 + 0.019 1.151 £ 0.019 9.987 + 0.044  0.334 £ 0.044 5.30 0.010
1503+3644F  1237661872417407304 10.811 + 0.014 1.158 & 0.014 10.262 + 0.025 0.609 + 0.025 106.61 0.431
1514+3852 1237661362380734819 10.876 + 0.031 1.223 + 0.031 10.272 £ 0.051 0.619 =+ 0.051 60.00 0.698
154343446 1237662336790036887 10.024 + 0.080 0.371 =+ 0.080 9.654 & 0.141  0.001 + 0.141 5.40 0.024
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1559+0841 1237662636912280219 10.628 + 0.039 0.975 £ 0.039 9.936 + 0.068 0.283 4 0.068 95.96 0.735

223741336 1237656495641788638 10.752 + 0.054 1.099 + 0.054 10.758 + 0.124 1.104 + 0.124 15.31 0.063
LBA ID!

JO150 1237649918971084879 11.019 + 0.070 1.365 =+ 0.070 10.431 + 0.145 0.778 + 0.145 3.04
J0213 1237649919510446221 11.318 + 0.073 1.665 + 0.073 10.317 + 0.092 0.664 + 0.092 9.20
J0921 1237657242433486943 11.440 + 0.021 1.787 =+ 0.021 10.885 + 0.041 1.232 + 0.041 4.01
J2103 1237652598489153748 11.471 + 0.134 1.818 =+ 0.134 10.517 + 0.147 0.864 =+ 0.147 25.56
Ji112 1237657591929831540 11.236 + 0.058 1.582 + 0.058 10.683 + 0.082 1.030 + 0.082 7.60
J1113 1237667212133728444 10.620 + 0.033 0.966 =+ 0.033 10.290 + 0.133 0.637 + 0.133 0.85
J1144 1237662225675124894 10.687 + 0.049 1.034 + 0.049 10.573 + 0.109 0.919 + 0.109 0.78
J1416 1237662528992378986 11.240 + 0.094 1.587 =+ 0.094 10.504 + 0.101 0.851 =+ 0.101 1.69
J1521 1237662264860344485 10.980 + 0.072 1.327 + 0.072 10.456 + 0.095 0.802 + 0.095 3.96
J1612 1237662637450592299 11.447 + 0.071 1.794 + 0.071 10.857 + 0.088 1.204 + 0.088 13.60

?Green Pea IDs match those in Yang et al 2017.

®SDSS DR14 BestObjID.

“The associated errors are flux measurement uncertainties based on photon counting statistics (i.e., Poisson statistics) and
propagation of the errors during the image calibration procedures such as flat-field correction. Resulting errors are typically
0.05 dex and 0.081 dex in Sa50pc and Lpol,total, respectively. Additional sources of measurement uncertainty come from

the UV-continuum extinction corrections and the k-correction described in Section 3.3.3. These corrections are typically 0.29 dex
and 0.04 dex, respectively, with uncertainties that are considerably smaller than the corrections but still potentially significant.
4 The measured Sa50pc in the unit of Lg kpc_Q. See Section 3.3.3 for details.

¢ The measured star formation intensity (SFI) in the unit of Mg yr’1 kpcf2, which is converted from

Lo kp(:72 into equivalent star formation rate surface density (SFRD). See Section 3.3.3 for details.

f The measured Lpol,total in the unit of Lg. See Section 3.3.3 for details.

9 The measured star formation rate in the unit of Me yrfl, which is converted from L into

equivalent star formation rate (SFR). See Section 3.3.3 for details.

P Equivalent Width of Lya emission line. EW(Lya) is measured in Yang et al. 2017 and Alexandroff et al. (2015)

for the sample GPs and LBAs, respectively. The typical measurement uncertainties

are ~ 15 % mainly dominated by the systematic error.

g Lya Escape fraction measured in Yang et al. 2017. The typical measurement uncertainties are ~ 15 %

mainly dominated by the systematic error.

J Green Peas that are also classified as Lyman Break Galaxy Analogs by Alexandroff et al. (2015).

F Confirmed Lyman continuum leakers identified by Izotov et al. (2016).

L Lyman Break Galaxy Analog IDs match those in Alexandroff et al. (2015).
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3.4 Results

3.4.1 Equivalent Width and Escape Fraction of Lya Emission versus the Central
SFI

We now investigate whether the Lya properties of GPs and LBAs are related

to their central SFI. 4 Figure 3.2 shows the relations between EW(Lya), fX¥® and

Sosope. First of all, the measured log(Sasope/ Me yr~* kpe™2) for 40 sample GPs ranges
from ~ 0.37 to ~ 1.66, with a mean log(Sas0pc/ M yr~* kpe=2) of 1.17. Compared

to approximately two orders of magnitude distributions of EW(Lya) and fZ¥® of

sample GPs, the distribution of their Sos0pc is narrower by an order of magnitude.
It has a standard deviation of 0.266 dex, which corresponds to a factor of ~ 1.85.
For the 15 sample LBAs (that is, including the 5 LBAs also classified as GPs), their
measured log(Sasope/ Me yr—! kpe™2) is typically larger than that of GPs. The mean

log(Sas0pe/ Me yr—! kpe™2) is 1.45 with a standard deviation of 0.271 dex.

Ly«
esc

We find no significant correlations of either EW(Ly«) (panel (a)) or (panel
(b)) with Sasope, at least for our sample of GPs (i.e., the diamond symbol in the
figure) with their relatively narrow dynamic range of Sas0pc. The associated Spearman
correlation coefficients (hereafter, ;) (p-value) with EW (Lya) and fL¥ are only 0.074
(0.7) and -0.027 (0.9), respectively. For comparison, the total bolometric luminosity
Lol total sShows weak and statistically insignificant anti-correlations with EW(Lya«)
and fL¥e with the associated 7, values (p-values) of -0.206 (0.2) and -0.230 (0.2),
respectively. Even with the inclusion of LBAs, the correlation between EW(Ly«)

and Sasope in panel (a) does not seem significant, with the associated ry (p-value) of

-0.079 (0.6).

4We note that our analysis with our sample LBAs is limited to their EW(Ly«), since there is no

measured fL¥< for our sample LBAs from the literature.
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Figure 3.2: EW(Lya) (panel (a)) and fZ¥* (panel (b)) vs. Sasope for sample GPs
and LBAs and sample GPs only, respectively. The associated r4 values (p-values) are
shown in bottom left of each panel. In panel (a), the blue crosses are LBAs, while
the blue-filled diamonds are the LBAs that are also classified as GPs (See Section
3.3.1 for details). The red-filled diamonds indicate the five confirmed LyC leakers
from Izotov et al. (2016). The typical measurement error in Sasop. due to photon
counts and propagation of the errors during the image calibration procedures such as
flat-field correction is 0.05 dex, which corresponds to 0.125 error in magnitude. The
typical error is marked in bottom right in panel (b).
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We also mark the five confirmed LyC leakers from Izotov et al. (2016) among our
sample GPs in the figure (i.e., the red-filled diamonds). The Sss0,. that we derived
for these LyC leakers using NUV-continuum flux is in broad agreement with that
derived using Hf luminosity and the measured NUV-continuum size (i.e., in the unit
of scalelength) in Izotov et al. (2016), matching within a factor of ~ 2, except for one
galaxy (Green Pea ID 1333+6246) that shows a factor of ~ 3 difference between the

studies.
3.4.2 Examining Specific Star Formation Intensity

The specific star formation rate (sSFR), defined as star formation rate normalized
by stellar mass, is a powerful summary statistic for the level of star formation in
galaxies (e,g., Whitaker et al., 2012; Kim et al., 2018). Since the power available to
drive galactic winds increases with increasing star formation, while the escape velocity
for such winds increases with stellar mass, it is reasonable to expect galactic scale
outflows to be more common and stronger where sSFR is high. Very actively star-
forming galaxies like Green Peas and higher redshift Lya emitters commonly have
sSFR > 10~ 8yr~!, implying stellar mass doubling times of < 10® yr (e.g., Cardamone
et al., 2009; Izotov et al., 2011; Finkelstein et al., 2015; Yang et al., 2017a; Jiang

et al., 2019b).

Lya

esc

Next, therefore, we examine the dependences of EW(Ly«), and Sysope on
both sSFR and also the specific star formation intensity (sSFI), which we define as
the SFT divided by total stellar mass. LAEs, including GPs, typically have low stellar
mass (8 < log(Mstar/Ms) S 10) (e.g., Gawiser et al. 2007; Pirzkal et al. 2007;

Y17), and show an anti-correlation between stellar mass and EW(Lya) (e.g., Marchi

et al., 2019). This provides a further empirical motivation to investigate the effect

Ly«
esc

of stellar mass on the observed trends between EW (Ly«), and Sosopc. Figure
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3.3 again plots both EW(Lya) and fX¥* but now as functions of Sasope divided by
stellar mass (1ogS250pc/Mstar). For our sample GPs, we find that both EW(Lya) and
feLs%O‘ show significant positive correlations with logSasope/Mstar- The correlations with
10gSa50pc/ Mstar are stronger than those with sSFR (which are rg = 0.475, p = 2x1073;
and 7, = 0.420, p = 7x 1073, respectively.) Moreover, when our sample LBAs are also
considered in the correlation between EW (Lya) and logSasope/Mstar (i-€., panel (a) in
the figure), the associated ry value shows the most significant correlation coefficient
of 0.702 with its p-value of 10~® among the ones we explored. All the correlation
coefficients are summarized in Table 3.2.

As in Figure 3.2, the five confirmed LyC leakers are marked in the red-filled
diamonds in Figure 3.3. In the parameter space of Sasope/Mstar, all five LyC leakers
have Sasope/Mstar 2 10777 yrt kpc_z, larger than the median of 10781 yr—1 kpc_2 of

the entire sample distribution.
3.5 Discussion and Conclusions

In this study, we have identified a sample of Green Pea and Lyman Break Ana-
log galaxies, which are (respectively) some of the best local analogs of high-z Lya-
and Lyman break galaxies. Using this sample, we have measured the central UV
SFI (Sas0pc) and specific star formation intensity Sasope/Mstar, and investigated the
correlations between these two quantities and Ly« line strength, as characterized by
EW(Lya) and fL¥. We summarize our primary results and conclusions below.

First, the central UV SFI of GPs and LBAs is approximately three orders of
magnitude larger than typical for normal star-forming galaxies (e.g., Kennicutt, 1998).
Moreover, this SFI has a relatively narrow distribution, with ¢ ~ 0.27 dex. And, the
typical SFI for LBAs is about double that for GPs. (Specifically, the mean Sasgpc is

~ 28 M yr~t kpc? for LBAs, and 15 Mg, yr~! kpc™2 for GPs).
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Table 3.2: The Spearman Correlation Coefficients Between Parameters, and the As-

sociated Probability Values

EW(Lya) Sl
Parameter Ts P Ts P
GP only
SFI = Sas0pc 0.074 0.7 -0.027 0.9
Lol total -0.206 0.2 -0.229 0.2

sSFR = SFR /M., 0475 2x107% 0420 7x 1073
1/Mggar 0544 3x107* 0503 1x1073
SSFI = Sosope/Mgtar  0.626 2 x 1075 0.529 5 x 10~*

GP+LBA
SFI = Sas0pc -0.079 0.6
Lo total -0.272  0.06

SSFR = SFR /Mya 0.617 2 x 1076
1/ My 0.645 4 x 1077
sSFI = SQSOpC/Mstar 0.702 1x1078
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Figure 3.3: Same as Figure 3.2, but for against logSasopc/Mstar 01 x-axis. The more
significant positive correlations of EW(Lya) and f24* with logSasope/Mstar than with
Sasope are shown.
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Such high SFI may blow significant holes in the ISM, where the HI column density
(Nu1) becomes low enough that Ly« photons escape more easily. We note that most
Lya-emitting galaxies have compact morphological properties (e.g., Malhotra et al.,
2012; Alexandroff et al., 2015; Verhamme et al., 2017; Izotov et al., 2018a; Ritondale
et al., 2019), and that their small sizes allow moderate star formation to produce the
comparatively high SFI (> 0.1M yr~! kpc™2, Heckman (2001); Izotov et al. (2016))
needed for this mechanism.

High SFTI is linked to high central pressure F,. This pressure is most likely dom-
inated by contributions from stellar winds and (possibly) supernovae feedback from
the central starburst regions, and may drive galactic outflows (e.g., Heckman et al.,
2015; Heckman and Borthakur, 2016). (Note, however, that intense star formation
in nascent massive star clusters can generate high ambient pressure, but under some
conditions may also lead to radiative cooling that reduces the resulting feedback
(e.g., Silich and Tenorio-Tagle, 2018)). Indeed, all of our sample GPs and LBAs have
SFI > 0.1Mg yr—" kpc 2, which is a suggested SFI threshold for galactic-scale out-
flows (i.e., Heckman, 2002). Adopting the relationship between the effective surface
brightness Seg and Py of Seg/10' Le, kpe™? = Py/1.63 x 10~%dy cm~2 (which Meurer
et al. (1997) derived from a starburst population model), the Sasop. distribution of
our Green Pea and LBA samples corresponds to the Py range of 106! Kem ™ < Py /kg
< 107%* Kem™®, with a median Py/kg of 10597 Kem ™3, where kg is the Boltzmann
constant. Although the details and uncertainties should be considered, the Py/kg
distribution derived using Sasope is largely consistent with the gas pressures derived
using optical emission lines in a sample of GPs and LBAs (i.e., Jiang et al., 2019b).

However, high SFI alone does not guarantee high Lya photon escape, since the
direct comparisons between Sasope, EW(Lya), and f4* do not show significant posi-

€esc

tive correlations. In particular, our sample LBAs show larger Sssop. than our sample
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GPs do, but do not necessarily show larger EW(Ly«) (i.e., Figure 3.2). The absence
of significant correlations between EW(Lya) or fZ4* and Sasop. suggests that addi-
tional physical properties beyond high SFT alone must play a large role in Ly« photon
escape. These could include low gas density associated with the ISM geometry, low
stellar mass, low gas-phase metallicity, and so on (e.g., Gawiser et al. 2007; Shibuya
et al. 2014; Song et al. 2014; Y17).

The strongest correlations in our study are of EW(Lya) and fZ¥* with sSFI =
Sosope/Mstar (Figure 3.3 and Table 3.2), and not with Syspp. alone. This suggests
that stellar mass (or related galaxy properties) plays a role in Lya escape, such that
galaxies with lower stellar masses have higher Lya escape for any particular value of
Sosope. The correlations of EW (Lya) with Sosope/Mstar (1s = 0.626, p =2 x 107°) and
FEve with Sasope/Mstar (rs = 0.529, p = 5 x 10~*) are stronger than the corresponding
correlations with 1/Mg,, alone (ry = 0.544, p = 3x107%; and 4 = 0.503, p = 1x1073).
They are likewise stronger than the correlations with sSFR, as examined in Section
3.4.2.

The correlation between EW(Lya) and sSFI becomes even stronger when we add
the LBAs to the sample, with 7y = 0.702 and p = 1078,

We suggest Lya escape in galaxies that have high sSFI results from an interstellar
medium with holes in the neutral hydrogen distribution, and/or outflow of neutral
hydrogen (with consequent reduction of resonant scattering optical depth). Such ISM
geometry and kinematics would be produced by the combination of high pressure in
regions of high SFI, which provides a driving force for outflows that clear neutral
hydrogen; and low mass, which results in shallow gravitational potentials and makes
it easier for winds to effectively remove material from the neighborhood of the star

formation. There is a metallicity dependence in the conversion from Ha luminosity

to SFR, but over the full metallicity range of our sample (7.7 < 12+41og(O/H) < 8.5)
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this conversion factor changes only 0.1 dex (c.f., Figure 6 of Lee et al., 2009). This is
insignificant compared to the 2.5 dex spread we observe in sSFI.

The importance of sSFI in UV photon escape is further demonstrated by a progres-
sion in measured sSFI between LyC leakers, GPs, and LBAs. LyC leakers typically
show the highest sSFI, GPs the next, and LBAs the lowest (i.e., panel (a) in Figure
3.3). Both Lyman continuum and Ly« escape are enabled by low HI column densi-
ties, but Lyman continuum escape tends to require lower columns than Lya escape,
especially given that resonant scattering effects may enable Lya to escape for a wider
range of geometries (e.g., Neufeld, 1991).

In conclusion, we have examined the relation between Lya emission and multiple
tracers of star formation activity. We find that both high star formation intensity
(SFI, defined as star formation rate per area) and high specific star formation rate
(sSFR, star formation rate per unit stellar mass) are general properties of Green Peas
and Lyman Break Galaxy Analogs, distinguishing them from the broader population
of star-forming galaxies. But beyond that, we have demonstrated that the specific star
formation intensity (sSFI, defined as SFI per unit stellar mass) is the most powerful
predictor of Lya emission. This is likely because channels of low HI opacity are more
easily cleared in galaxies with high sSFI, due to the interplay between star formation

intensity that drives galactic winds and gravitational potential that impedes them.
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Chapter 4

THE COMPACT UV SIZE OF GREEN PEA GALAXIES AS LOCAL ANALOGS
OF HIGH REDSHIFT LYa-EMITTERS

4.1 Abstract

We study the dependence of Lya escape from galaxies on UV continuum size and
luminosity using a sample of 40 Green Pea (GP) galaxies, which are the best local
analogs of high-redshift Lya emitters (LAEs). We use the high angular resolution
(0.0235 arcsec pixel ') Cosmic Origins Spectrograph near-ultraviolet images from the
Hubble Space Telescope to measure the UV size and luminosity. Like most galaxies
the GPs show a log-normal size distribution. They also show a positive correlation
between size and luminosity. The slope of the size-luminosity relation for GPs is
consistent with those of continuum-selected star-forming galaxies at low and high
redshifts. A distinctive feature of GPs is a very compact typical radius of 0.28 +0.14
kpc. The peak of the size distribution and the intercept of the size-luminosity relation
of GPs are noticeably smaller than those of typical star-forming galaxies at similar
redshifts. There are statistically significant anti-correlations found between 7, 50,
the Lya equivalent width (EW(Lya)), and the Lya escape faction ( 1<), suggesting
that small UV-continuum radii are crucial for Ly« emission. GPs and high-redshift
LAEs have similar sizes, once spatial resolution effects are properly considered. Our

results show that a compact size is crucial for escape of Lya photons, and that Ly«

emitters show constant characteristic size independent of their redshift.
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4.2 Introduction

Lya-emitting galaxies (i.e., Lya-emitters, LAEs) are a class of galaxies character-
ized by spectra with prominent Ly« emission lines. Since Lya photons are usually
generated by intense star formation activity, most LAEs have relatively high star
formation rate (SFR) for their stellar mass (i.e., specific star formation rate (sSFR)
2> 107%yr~!) and relatively young stellar population ages (< 50 Myr) (e.g., Malhotra
and Rhoads, 2002; Gawiser et al., 2007; Pirzkal et al., 2007; Finkelstein et al., 2015).
However, because Lya photons are resonantly scattered by neutral hydrogen and
significantly affected by dust absorption/scattering (e.g., Ahn et al., 2003), not all
actively star-forming galaxies (SFGs) have observable Lya emission, which requires
that Lya photons manage to escape from star-forming regions within the galaxy all
the way to the intergalactic medium (IGM). So, what are the properties of LAEs that
allow Ly« to escape?

Lya emission from galaxies is also one of the most promising indicators for iden-
tifying Lyman-continuum (LyC) leakers (i.e., galaxies that emit significant amounts
of ionizing radiation to the IGM) (Verhamme et al., 2015; de Barros et al., 2016;
Izotov et al., 2016; Gazagnes et al., 2020). LyC leaking galaxies are important for
cosmology, because they were significant and probably dominant sources of the pho-
tons that drove reionization of the early universe (z > 6). Thus, studying the physical
properties of LAEs and understanding their Lya (and potentially LyC) escape mech-
anisms have been important topics in the fields of galaxy evolution and cosmology,
respectively (e.g., Malhotra and Rhoads, 2002; Malhotra et al., 2012; Rhoads et al.,
2000, 2014; Finkelstein et al., 2015; Oyarzin et al., 2017, and references therein).

Multiple observations and morphological analysis of LAEs show that they are

mostly compact (with effective radius reg < 1.5 kpe), sometimes with clumpy features
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shown in UV continuum, at high redshifts 2 < 2z < 7 (e.g., Dow-Hygelund et al., 2007;
Overzier et al., 2008; Bond et al., 2009; Taniguchi et al., 2009; Bond et al., 2012;
Malhotra et al., 2012; Jiang et al., 2013; Paulino-Afonso et al., 2018; Shibuya et al.,
2019; Ritondale et al., 2019). Based on the approximately constant typical sizes of
LAEs over a wide span of redshift (2 < z < 6), Malhotra et al. (2012) suggested that
the compact size of LAEs is a crucial physical condition for a galaxy to become an
LAE, as recent analytic calculations on morphologically compact conditions for LyC
leakers also suggest (Cen, 2020). This has been supported by later studies (e.g., Jiang
et al., 2013; Paulino-Afonso et al., 2018), but others (notably Shibuya et al., 2019)
have challenged this with the view that LAEs follow similar size-luminosity relations,
and show size evolution with redshift similar to high redshift Lyman Break Galaxies.

Extending this redshift dependence to lower redshifts would give a more sensitive
test of whether the characteristic radius of LAEs evolves like (1 4 z)~*37 (Shibuya
et al., 2019) or is flat. Going from z = 6 to 2 gives a factor of 3 change in the size
while going to z = 0.3 predicts more than a factor of 10 in radius change. Green
Peas are the best low redshift analogs of high-redshift LAEs in terms of equivalent
width distribution (Yang et al., 2016). Green Peas were selected as high equivalent
width [OIII] emitters in a citizen science project, and have generally low metallicities
and low masses (Cardamone et al., 2009; Amorin et al., 2010; Jaskot and Oey, 2013;
Henry et al., 2015; Izotov et al., 2016; Yang et al., 2016, 2017c,b; Izotov et al., 2018b;
Orlitova et al., 2018; Jiang et al., 2019a,c; Jaskot et al., 2019).

This is the second of the series of papers where we investigate the UV continuum
morphologies of Green Pea (GP) galaxies to understand the mechanisms enabling
Lya escape. In the first paper (Kim et al., 2020) we investigated the effects of star-
formation per unit area (star formation intensity, SFI) and specific star-formation

rate (sSFR). In this paper we investigate the UV size and luminosity of a sample
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of GPs that were observed with the Cosmic Origins Spectrograph near-ultraviolet
(COS/NUV) acquisition images from the Hubble Space Telescope (HST). The high
angular resolution (i.e., 0.0235 arcsec pixel ') of the COS/NUV images and the low
redshifts (0.1-0.3) of GPs have enabled us to measure the spatially resolved UV sizes
with a factor of ~ 2 better resolution limit compared to other HST instrument-+filter
combinations typically used for measuring the sizes of high-z LAEs (i.e., 0.047 arcsec,
vs. 0.09 arcsec for the Advanced Camera for Surveys (ACS) F850LP filter, and 0.13
arcsec for the Wide Field Camera 3 (WFC3) F160W) (Windhorst et al., 2011). We
use this exquisite spatial resolution to test whether low-redshift LAEs have compact
physical sizes, which would be expected if the small sizes of high-z LAEs are causally
linked to Lya escape. Alternatively, if high-z LAEs are compact merely because
high-z galaxies are compact in general, we would expect their local counterparts to
be larger. We also use our data set to study more general aspects of the relation
between Lya escape and UV continuum size.

Section 4.3 describes our galaxy sample and procedures for UV size and luminosity
measurements. In Section 4.4, we present our results. We summarize our conclusions
in Section 4.5. Throughout this paper, we adopt the AB magnitude system and the
ACDM cosmology of (Hy, Q,, Q2a) = (70 kms™ Mpc™, 0.3, 0.7).

4.3 Sample and Data Analysis
4.3.1 GP Sample

Our GP sample consists of the 40 galaxies that are analyzed and presented by
Yang et al. 2017b (hereafter Y17) and Kim et al. (2020) (hereafter K20). Our sample
GPs have redshifts 0.1 < z < 0.35. We adopt GP ID and Ly« properties such as
the equivalent width of Ly« line (EW(Lya)), the Ly« escape fraction (f£¥®), and the

€esc
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Lya luminosity (L(Ly«)) from Y17. We also adopt galactic internal extinction (Aint),
Milky Way extinction (Ayw), and the k-correction (k) values from K20 to derive the
extinction and k-corrected UV luminosity at rest-frame wavelength of 1877 A of our
sample GPs in Section 2.2.

As described in K20, the 40 sample GPs have been observed with the COS/NUV
acquisition images with the MIRRORA configuration. The pivot wavelength of the
observed filter is 2319.7 A . The exposure time of the NUV images of our sample GPs
is mostly greater than 100 s. For more details we refer the reader to Paper I (K20:

Kim et al., 2020).
4.3.2 Size and Luminosity Measurements

We measure the UV-continuum size and luminosity of our sample GPs using
the same point-spread function (PSF)-deconvolved, Haar-wavelet denoised, and sky-
subtracted COS/NUYV images that we presented in K20 and used in K20 to measure
the central star formation intensity (SFI, star formation rate per unit area) of this
sample. As a brief description of the image processing, the 200 x 200 pixel (4.7”
x 4.7") raw NUV images are first deconvolved with the PSF image of star P330E
observed during the HST program 11473 ! . The PSF-deconvolved images are then
Haar-wavelet denoised by applying the 2D generalized TIPSH algorithm 2 originally
developed in 1D for modelling transient light curves (Kolaczyk, 1997). The processed
images are then sky-subtracted. We refer to Section 2.2 of K20 for further details.

To measure size, we first derive the galaxy center and apparent axis ratio b/a
(and ellipticity e = 1 — b/a) by performing surface brightness profile fitting using the
public software GALFIT (version 3.0.5) (Peng et al., 2002, 2010a). During the fitting

thttp : //www.stsci.edu/hst/cos/documents /isrs /ISR2010_10.pdf
http : //butler.lab.asu.edu/wavelet_denoising
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procedure, we assume one component Sérsic profile, and the associated background
noise o images are internally generated by considering image information such as
exposure time, readout noise, and the number of combined images from the image
header. The initial guesses for galaxy center, apparent magnitude, and the effective
radius are adopted from the measured values in K20. Specifically, the brightest pixel
of the NUV images, and the Petrosian-based galaxy segmentation maps and the pixel-
count based size parameter (Petrosian, 1976; Law et al., 2007; Ribeiro et al., 2016) are
used to obtain initial values of the galaxy center, apparent magnitude, and effective
radius. The initial values for b/a and Position Angle (i.e., the direction of galaxy
major axis in the sky) are set 0.8 and 0 degree, respectively for all sample galaxies.
Additionally, we put constraints on the fitting range of some parameters. A fitting
solution for this type of multi-parameter fit does not always guarantee a physically
sound result, even with a reasonably good reduced-x? value (e.g., Peng et al., 2010a;
Meert et al., 2015; Kim et al., 2016, for relevant discussions). Therefore, to make sure
that the fits are physically motivated, the fitted galaxy center is to be within 5 pixels
from the initial galaxy center; the effective radius is greater than 1 pixel but less than
the twice the total radius derived from the galaxy size parameter mentioned above;
the Sérsic index is between 1 and 8; and the b/a value is fitted between 0.2 to 1.
From the fit results, we employ the apparent axis ratio (b/a) and the galaxy
center values to measure size and luminosity. Specifically, we adopt the Petrosian
radius definition (Petrosian, 1976) for size measurement. Since the Petrosian radius
depends on the surface brightness profile (i.e., a curve of growth) of a galaxy, this
size definition has the advantages of being redshift independent, less sensitive to
dust reddening, and insensitive to variations in the Signal to Noise ratio and in the
limiting surface brightness of the observations (Petrosian, 1976; Lotz et al., 2004).

The Petrosian radius r,, is defined to be the radius at which the surface brightness
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p(rp) is equal to a factor of n times the mean surface brightness fi(r < r,) within
the r,. That is, u(r,) = n x o (r <rp). A constant n value is typically set to 0.2
(e.g., Petrosian, 1976; Conselice et al., 2000; Shimasaku et al., 2001; Lotz et al., 2004;
Guaita et al., 2015). We adopt the same 7 value of 0.2 for our size measurement.

To solve for the above Petrosian equation, we measure the surface brightness
profile of galaxies by performing the IRAF ellipse task with the processed NUV images.
During the ellipse task, we fix the galaxy center and the ellipticity € with the values
obtained from the GALFIT results. The measured surface brightness profile of sample
GPs is used to find the r,. The exact value of r,, is calculated by first finding the two
closest radii to r, at which the surface brightnesses are measured, and then performing
linear interpolation or extrapolation with these two closest radii to derive the exact
that satisfies the Petrosian equation. The typical difference between the exact value of
rp derived and the two closest radii found in the measured surface brightness profile is
only 0.24 pixels (equivalently 0.0056 arcsec). This small interpolation/extrapolation
corresponds to the ~ 4% relative difference between the derived r, and the two
closest radii (that is, 1 — (ra/rp) ~ 0.04 where 77 is the mean radius of the two
closest radii). Therefore, we do not expect the details of our interpolation procedure
(e.g., the polynomial degree used) to significantly change our measured sizes.

We subsequently measure the UV-continuum luminosity L, and the Petrosian
half-light radius 759 based on the r, by following the conventional definitions of L,
and rs (e.g., Shimasaku et al., 2001). The L, is defined to be the total flux within
the enclosed area of 2r, from galaxy center, and the r5, to be the radius within
which the half of L, is enclosed. As in the r, measurement, we perform the same
linear interpolation/extrapolation to derive the exact values of L, and r5. The
measured 759 of our sample GPs in pixel unit ranges from 2 pixel < r5o < 17 pixel,

with a median of 4.1 pixel, first and third quartile values of 2.7 pixel and 5.3 pixel,
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and a standard deviation of 2.7 pixel. The measurement uncertainties in L, and
rso are derived considering the Poisson statistics (i.e., photon counting statistics)
and propagation of the errors during the image calibration procedures such as flat-
field correction obtained from the provided COS/NUV error images. The typical
measurement uncertainties in L, and rzy in our sample GPs are 0.3 mag and 0.023
kpc, respectively.

Lastly, the measured L, is corrected for galactic internal extinction (A ), Milky
Way extinction (Ayw), and the k-correction (k) with the values obtained from K20
(see Section 4.3.1 for details). By adopting the characteristic luminosity at z ~ 3
(L4 ,—3) which corresponds to UV magnitude of -21, the L, of our sample GPs ranges
from 0.08L, ,—3 to 1.9L, ,—3, with a median L, of 0.5L, ,—3. We also calculate the
circularized half-light radius (i.e., 7cr50 = 750 X \/b/a). We use 7y 50 for subsequent
analysis in this study. The measured 7, 750, Tcir 50, b/a, and L,, as well as the adopted

extinction (Aj,, and Ayw) and k-correction (k) values are listed in Table 2.1.
4.4 Results and Discussion
4.4.1 Size Distribution of GPs

In this section, we investigate the UV size distribution of our sample GPs. Figure
4.1 shows the distribution of 7, 50. Our sample GPs show mostly small UV sizes with
a median 7, 50 of 0.284 kpc and a 1o spread of 0.15 kpc, marked as the vertical dashed
line and the horizontal solid line in figure 4.1, respectively. The size distribution is
relatively narrow as its semi-interquartile range is only 0.085 kpc. The mean 7, 50
of 0.33 kpc is larger than the median, due to the presence of a long tail toward large

sizes as shown in the figure.
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Figure 4.1: The size (7cir50) distribution of 40 sample Green Pea galaxies. The vertical
dashed line indicates the median rg, 50 of 0.284 kpc, while the horizontal solid line
indicates a 1o of 0.15 kpc. The 25th and 75th quartiles of the size distribution are
0.228 kpc and 0.398 kpc, respectively, marked as the vertical dot-dashed lines. The
semi-interquartile range of the distribution is 0.085 kpc. The dotted curve shows the
log-normal fit to the size distribution. This fit has median size (7yeq) of 0.31 kpc and
the width of (o, 5)) of 0.41. The fitted log-normal probability density function is
scaled by a factor of 0.13 to visualize with the actual distribution.

We also fit the size distribution of our sample GPs with a log-normal distribution:

2 .
1 exp [_ In (rclr750/rmed)] : (41>

p(reirs0) = —
k) 2
Oln(rcir,so)rcir,SO 27T 2O-ln(rcir,SO)

where p(7cir50) is the log-normal probability density function of 7, 50, and ryeq and
Oln(rerso) are the median size and the width of the fitted log-normal distribution,
respectively. As shown in Figure 4.1, the size distribution of our sample GPs is well
fitted by a log-normal function (i.e., dotted line) with the associated ry,eq and Oln(reir.50)

of 0.31 kpc and 0.41, respectively.
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A relevant interpretation to the log-normal distribution of galaxy size might come
from theoretical galaxy disk formation models (e.g., Peebles, 1969; Fall and Efs-
tathiou, 1980; Barnes and Efstathiou, 1987; Mo et al., 1998) where the pre-collapse

dark matter (DM) halo angular momentum—parameterized as the dimensionless spin

J|E‘1/2

sz Where J, E, M, and G indicate the total angular momentum,

parameter A =
energy, and mass of the system, and the gravitational constant, respectively—is pre-
dicted to have a log-normal distribution with the associated peak value Apeq and the
width o1,y of ~ 0.05 and ~ 0.5 — 0.6, respectively (Barnes and Efstathiou, 1987;
Warren et al., 1992; Cole and Lacey, 1996; Davis and Natarajan, 2009). Assuming
that the baryonic component acquired most of its angular momentum through its
surrounding dark matter halos and that the galaxy disk size is largely determined by
the multiplication of A by the virial radius (R.) (e.g., Fall and Efstathiou, 1980; Mo
et al., 1998), it seems reasonable to expect that the galaxy disk size distribution also
follows a log-normal distribution, reflecting the underlying dark matter halo proper-
ties. Our fitted log-normal UV size distribution of sample GPs with the associated
Oln(rr.g0) Of 0.41 shows a ~ 20% narrower width compared to the predicted dark mat-
ter halo X\ distribution with the associated o,y of ~ 0.5, but is broadly consistent

with other types of star-forming galaxies at low and high redshifts (e.g., de Jong and
Lacey, 2000; Shen et al., 2003; Huang et al., 2013).

4.4.2 UV Size-Luminosity Relation of GPs

The size-luminosity relationship for galaxies is a key piece to understand the
growth history of galaxies over cosmic time. For the high-z universe, the UV size-
luminosity relations of star-forming galaxies such as LAEs and UV continuum-selected
Lyman Break Galaxies (LBGs) have been previously investigated (e.g., Oesch et al.,
2010; Huang et al., 2013; Jiang et al., 2013; Ono et al., 2013; Shibuya et al., 2015).

93



The size-luminosity relation is often parameterized as a power-law with a slope of «:

I a
Tcir,50 = 70 (LLOV) ) (42)

where Lyy, Lo, and rg are the UV luminosity of galaxies, the same characteristic
UV luminosity as the L, ,—3 of Myy = —21 that we adopted in Section 2.2, and the
intercept at L, respectively.

The fitted o and rg of our sample GPs are 0.23 £+ 0.08 and 0.37 + 0.03 kpc,
respectively. The slope value is consistent within the uncertainties with those for
high-z (2 < z < 8) star-forming galaxy populations, which show a slope range of
0.15 < a < 0.5 with the typical a of ~ 0.27 (Grazian et al., 2012; Jiang et al.,
2013; Huang et al., 2013; Shibuya et al., 2015; Curtis-Lake et al., 2016). A brief
interpretation on the slope of the size-luminosity relation might come from theoretical
galaxy disk formation models (as in Section 3.1). Based on the Tully-Fisher relation
and the assumed constant mass-to-light (M /L) ratio of disks, the fiducial slope of
the size-luminosity derived is 1/3 (Mo et al., 1998). The deviation from the fiducial
slope value could be due to varying M/L ratio and/or stellar feedback such as SN
feedback from star formation in disks, as such effects can change the slope value
(Wyithe and Loeb, 2011; Liu et al., 2017). The fitted slope of our sample GPs is
broadly in agreement within the uncertainties with the suggested value of 0.25 from
the semi-analytic model that accounts for the effect of SN feedback (Liu et al., 2017).

Figure 4.2 shows the UV size-luminosity relation of our sample GPs. Com-
paring the the distribution of individual data points to lines of constant effective
star formation intensity (Ses) demonstrates that all of our sample GPs have Seg 2
1 My, yr~! kpc=2, which is 2+ orders of magnitude above those of typical star forming
galaxies (< 0.01 Mg yr~t kpc™2) (e.g., Kennicutt, 1998). This is mainly due to the

compact sizes of GPs given their UV luminosity. Here, the effective SFI is defined as
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Sef = 275“?350 <Mipz§_1>. To convert the measured UV luminosity to the correspond-
ing SFR, we adopt the solar bolometric magnitude of 4.74 (Bessell et al., 1998), and
the UV to bolometric luminosity (Lyo) ratio (Lyy/Lpo) of 0.33 and the scale factor
Lyo/ (4.5 x 10°Lg) = SFR/(1M, yr~!) that are derived from the starburst popula-
tion modelling by Meurer et al. (1997). The starburst population modelling assumes
a solar metallicity and the Salpeter initial mass function (Salpeter, 1955) with upper
and lower mass limits of 0.1 My and 100 M, respectively.

The effective SFI of our sample GPs mostly ranges from 1 to 30 My yr~! kpc™2 as
shown in the figure. The range of the effective SFI is similar to the central 250 pc re-
gion SFT (Sa50pc) that we reported in K20, which ranges from 2.3 to 46 Mg, yr~! kpc™
with a mean Sasope of 15 Mg yr—! kpe™2 for the same sample GPs. This is not un-
expected, since the typical e, 50 of our sample GPs is ~ 0.3 kpc (i.e., Figure 4.1), so

that the effective SFI is measured in a region that largely overlaps the central 250pc

for most sample objects.
4.4.3 Correlations between UV Size and the Lya Properties of GPs

In this section, we investigate the possible correlations between UV size and the

Lya
esc

Lya properties such as EW(Lya), and L(Lyc«) in our sample GPs. Figure 4.3

shows the correlations between 7, 50 and EW(Lya), f24* and L(Lya). Panel (a)
shows the correlation between 7, 50 and EW(Lya). Based on the distribution and the
associated Spearman correlation coefficient (hereafter, r5) (p-value) of —0.429 (6 x
1073), there is a statistically significant anti-correlation between the two parameters
such that a smaller UV size is preferred for a larger EW(Lya).

The similar anti-correlation with the associated rs (p-value) of —0.64 (0.03) was

reported based on 12 local star-forming galaxies (0.03 < z < 0.2) from the Lyman

alpha reference sample (LARS) (Guaita et al., 2015). For high-z LAEs at z ~ 2.1
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Feir,50 [kpc]

Figure 4.2: The UV-continuum size vs. luminosity relation of GPs. The linear-fit to
the UV size-luminosity relation (i.e., Equation 4.2) shows the slope a of 0.23 £ 0.08
and the intercept ry of 0.37 & 0.03 kpc, respectively. The solid line indicates the
fitted line. The dashed lines indicate a constant effective SFI defined in Section
4.4.2. The comparison of individual data points with the constant effective SFI lines
shows that GPs have SFI that is relatively high (by least 2 order of magnitude)
compared to typical star-forming galaxies. (GPs have Seg = 1My yr~! kpe™2, vs.
~ 0.01My yr=! kpc™2 for typical low-redshift star forming galaxies). The typical
measurement errors of 0.025 kpc and 0.28 mag in 7, 50 and UV magnitude are marked
in bottom right. The red-filled diamonds are the five confirmed LyC leakers from
Izotov et al. (2016).
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and 3.1, there is a systematic trend seen such that high EW(Ly«) sample LAEs have
a smaller median UV size compared to that of low EW(Ly«) sample LAEs (i.e., Bond
et al., 2012). Also, a linear-fit to the UV size and EW(Ly«) relation for a sample of
high-z LAEs at 2 < 2z < 6 showing a negative slope of -3.5 by Paulino-Afonso et al.
(2018) seems qualitatively consistent with the anti-correlation shown in our sample
GPs.

A correlation between 7 50 and fZ4* is shown in panel (b), which shows a qual-
itatively similar anti-correlation to that in panel (a). The associated 7y (p-value) is
-0.358 (0.02). The distribution and the associated ry seem to suggest that a smaller
UV size is preferred for larger fZ¥®. The same correlation was investigated based
on the 12 LARS sample galaxies, although their rg (p-value) of —0.22 (0.48) is not
statistically significant (Guaita et al., 2015).

Panel (c) shows the correlation between 7, 50 and L(Lya). First, we note that one
galaxy (GP ID 0339-0725) is omitted from this panel only, since it has no reported
L(Lya) in Y17. Compared to the other correlations examined above with EW(Lya)
and fLve L(Lya) does not show a statistically significant anti-correlation with r; 50,
as the associated rs (p-value) is only —0.216 (0.2). Nonetheless, it also seems evident
that the large rey 50 is not preferred for high L(Lya) either, as a previous study
(Paulino-Afonso et al., 2018) shows a negative slope —0.51 of the linear fit to the UV
size and L(Ly«) relation based on a sample of high-z LAEs.

The five confirmed LyC leakers in our sample GPs are marked as the red diamonds
in Figure 4.3. Due to their high values of EW(Lya), fX¥ and L(Lya) (Y17), and
relatively small 7., 50 compared to the sizes of the entire sample GPs, the confirmed
LyC leakers occupy the top left of each panel (that is, small 7, 50 and large EW(Lya)

(panel (a)), fue (panel (b)), and L(Lya)(panel (c)), respectively).
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Figure 4.3: The correlations between re, 50 vs. EW(Lya) (panel (a)), f24* (panel (b)),

and L(Lya) (panel (c)). The format is the same as in Figure 4.2. The associated 7y
values (p-values) are shown in bottom right of each panel. Note that the presented
Lya properties (i.e., EW(Lya), fkve and L(Lya)) largely show anti-correlations
with re 50 in our sample GPs. The horizontal error bar in panel (c) indicates the
typical measurement uncertainties of 0.025 kpc in 7, 50. The typical measurement
uncertainties of the adopted EW (Ly«), f£¥* and L(Lya) from Y17 are ~ 15% mainly

esc
dominated by the systematic error.
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4.4.4 The Size of GPs Compared to High-z LAEs

Malhotra et al. (2012) predict that the sizes of Lya galaxies should be similar
at all redshifts, so GPs should have similar sizes to high-z galaxies. Shibuya et al.
2019, however, predict that the sizes of Lya galaxies should evolve with redshift as
Teirs0 X (14 2)7 with (8) values of —1.37, similar to those of Lyman Break Galaxies
(LBGs). At redshift of GPs (2 = 0.1 — 0.3) these predictions differ by a factor of
10. But the average size of Ly« galaxies seems to decrease by a factor of 3 instead of
increasing by a factor of 10.

The left panel of Figure 4.4 shows the compilation of the median physical sizes of
our sample GPs and high-z LAEs as a function of redshift. For the sizes of high-z
LAEs at 2 < 2z < 7, we refer to previous studies (i.e., Malhotra et al., 2012; Bond
et al., 2012; Jiang et al., 2013; Paulino-Afonso et al., 2018; Shibuya et al., 2019;
Ritondale et al., 2019). The median size of our sample GPs (i.e., the filled diamond)
does not follow the predicted size growth evolution of either LAEs (i.e., the dashed
line) or LBGs as suggested by previous studies (i.e., Bouwens et al. 2004 for LBGs and
Shibuya et al. 2019 for LAEs)— the plotted size evolution curves of LAEs and LBGs
in the figure show the reported power-law fitting slope () values of —1.37 + 0.65
and —1.05 4 0.21 in the relation of re, 50 o< (1 + 2)? for high-z LAEs and LBGs,
respectively. Also, to derive the intercept of each size evolution curve we use the
reported size at z ~ 3.5 (for LAEs) and at z ~ 5 (for LBGs), respectively from
the previous studies (see Figure 9 of Shibuya et al. (2019) for LAEs and Figure 4 of
Bouwens et al. (2004) for LBGs for details).

In particular, the median size of 0.284 kpc of our sample GPs is approximately an
order of magnitude smaller than predicted using the LAE size evolution models from

Shibuya et al. (2019). Our size measurement uncertainties are typically ~ 0.03 kpc
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and cannot explain the discrepancy. This size difference does not change significantly
even if we divided our sample GPs depending on the specific Lyy and/or EW(Ly«)
bins similar to previous studies for the size of LAEs. For example, a subset of our
sample with luminosities 0.3 < L/L, ,—3 < 1 and EW(Lya) > 204 contains 16 GPs
whose median size is 0.30 4+ 0.15 kpc, indistinguishable from the result for our full
sample. The mean and median sizes of our GP sub-samples with various different
Lyy and EW(Lya) cuts are listed in Table 2.2.

On average GPs show radii that are a factor of ~ 3 smaller compared to high-
z LAEs (i.e., 0.284 kpc vs. ~ 1 kpc). This difference is due to both the angular
resolution of the HST instruments which would increase as (1+z) for the same rest
wavelength, and also due to the angular diameter distance increase with redshift.
The spatial resolution for different instruments is shown in the right panel of Figure
4.4. If we assume that the sizes of LAEs is unchanged with redshift and convolve the
median GPs radius of 0.284 kpc with the typical PSF FWHM of 0.09” of ACS/WFC
instrument or the typical PSF FWHM of 0.13” of WFC3/IR, the measured radii of
high-z LAEs are consistent with the radii of GPs. In the right panel of Figure 4.4 we
show the results of convolving measured median angular size of GPs (black diamond)
with three different PSF FWHM of different instruments (that is, COS/NUV (blue
diamond), ACS/WFC (green diamond), and WFC3/IR (orange diamond)) to show
the effects of different PSF FWHM on the measured size of galaxies.

This result is supported by measurements of the UV continuum size for lensed
LAEs at z = 2-3 by Ritondale et al. (2019), who find ry,,; = 0.5617091% kpc, with the
corresponding circularized size of 0.403 + 0.213 kpc (the open circle in the left panel
of Figure 4.4). This measurement is ~ 2.5 times smaller than the sizes measured for
non-lensed LAEs at similar redshifts, and broadly comparable to the sizes of GPs,

suggesting again that spatial resolution limits size measurements for high-redshift
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Figure 4.4: Left: The median UV-continuum size of sample GPs (the filled diamond
at z ~ 0.25) compared to those of high-z LAEs. The sizes of high-z LAEs are from
the literature (asterisk: Malhotra et al. (2012; M12), x mark: Bond et al. (2012;
B12), cross: Jiang et al. (2013; J13), square: Paulino-Afonso et al. (2018; PA18),
triangle: Shibuya et al. (2019; S19), and circle: Ritondale et al. (2019; R19)). The
associated error bar indicates the 1o standard deviation of size distribution of re-
spective sample galaxies except for that of R19 which shows the uncertainties derived
from random MCMC realizations to quantify errors of their size measurements of
lensed LAEs. The data point for B12 for the z = 3.1 sample LAEs is shifted by 0.2 in
x-axis for clarity. The solid horizontal line is the weighted mean size of the combined
sample LAEs of M12 and PA18, and the dot-dashed lines are the associated weighted
standard deviation of the weighted mean size. The dashed line is the predicted size
evolution of LAEs based on S19. The dotted line is the predicted size evolution of
LBGs from Bouwens et al. (2004). Our sample GPs do not follow either of these pre-
dicted size evolution models. The small median size of sample GPs dose not change
significantly even if the sample GPs are divided into specific Lyy and EW(Ly«) bins
as listed in Table 2. See the text for detail. Right: Same as the left panel, but for
the corresponding angular sizes of GPs and high-z LAEs that are PSF-convolved in
quadrature, except for the size of lensed LAEs (circle). The typical PSF FWHM of
different HST instrument filters are marked as the colored horizontal lines. The blue,
green, and orange diamonds are the PSF-convolved angular sizes of original median
physical size of sample GPs (black diamond) by employing the different PSF FWHM
indicated by each corresponding color. Note that the PSF-convolved angular sizes of
GPs and high-z LAEs are largely constant.
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LAEs.
4.5 Summary and Conclusions

In this study, we have measured the UV-continuum size and luminosity of a sample
of 40 GPs. As GPs are some of the best local analogs to high-z LAEs, their physical
proximity and the high spatial resolution (0.0235 arcsec pixel ') of COS/NUV images
have enabled us to study the UV size and luminosity properties of LAEs in local
universe and compare with those of high-z LAEs in detail. The main results are

summarized as follows.

e GPs show compact sizes with a median 7, 50 of 0.284 kpc £ 0.15 kpc. The size
distribution (Figure 4.1) is narrow (with its semi-interquartile range of 0.085
kpc) and is well-fitted by a log-normal distribution with the associated width
Oln(rers0) Of 0.41. While the log-normal shape of the size distribution of GPs is
largely consistent with other types of star-forming galaxies, the peak (rey 50 at

~ 0.3 kpc) of the distribution is smaller due to the compact sizes of GPs.

e The UV size-luminosity relation of GPs (Figure 4.2) shows a fitted slope of
0.23 + 0.08 and an intercept ro at Myy = —21 of 0.37 £0.03 kpc. The fitted
slope value is broadly consistent with those of high-z LAEs and LBGs, and
local late-type galaxies (0.15 < o < 0.35) within the uncertainties. Also, the
effective SFI of our sample GPs shown in the size-luminosity relation indicates
relatively high SFI for GPs (1—30 My yr~! kpc™2), exceeding the typical SFI

of star-forming galaxies by 2 orders of magnitude or more.

Lya
esc

e There are anti-correlations between UV-continuum size (7¢y50), EW(Lya),
and L(Ly«) in sample GPs (Figure 4.3). In particular, the anti-correlations be-

tween rers0, EW(Lya), and fZ¥%are statistically significant, and suggest that

€sc
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small UV-continuum sizes are associated with Lya galaxies.

e The size comparison of sample GPs with high-z LAEs (Figure 4.4) shows that
the typical size of GPs (i.e., 0.284 kpc) is a factor of ~ 3 smaller than those
of high-z LAEs (~ 1 kpc) over a redshift range 2 < 2z < 6. Also, the compact
size of GPs does not seem to follow the predicted size evolution of either high-z
LAEs or LBGs, rather showing a factor of ~ 10 smaller size than the predicted

size at low redshits.

e The smaller size of our sample GPs compared to those of high-z LAEs, is
however, due to the different seeing effects between low-z GPs and high-z LAEs
(Figure 4). Once the different seeing effects are properly taken into account,

their sizes are consistent with negligible evolution.

All in all, our UV size and luminosity analysis of GP galaxies suggests that a
compact size is crucial for escape of Lya photons, and that LAEs show constant

characteristic size independent of their redshift.
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Table 4.1: The Measured Parameters of Sample Galaxies.

Green Pea ID" SDSS ObjID" muy 4 Myy 4 -~ Farso™ Terp Tetep 79 blat A" Ayw ™ kn
(mag) (mag) (arcsec) (kpe) (arcsec) (kpe) (mag) (mag) (mag)
0055-0021 1237663783666381565 20,42 = 0.51 2002 + 051 0.098 + 0.016 0.279 % 0.046 0.247 = 0.062 0.706 % 0.179 0.60 + 0.02 0.850 0.184 0.123
0303-0759 1237652900231053501 20.95 = 0.23 1913 + 023 0.066 + 0.002 0.187 % 0.007 0.157 % 0.011 0.443 £ 0.030 0.78 + 0.02 0 0.716 0.128
0339-0725 1237649961383493860 20.12 % 0.30 2137 + 030 0.115 + 0.008 0.465 + 0.032 0.247 % 0.027 0.998 + 0.110 0.63 % 0.01 0.387 0.447 0043
074943337 1237674366992646574 20.32 % 0.34 2170 + 034 0.135 0012 0.563 = 0.049 0.250 = 0.032 1.042 £ 0.133 0.45 % 0.01 0.832 0.405 -0.065
075141638 1237673807042708368 21.93 = 0.46 -19.64 + 046 0.094 0011 0.384 % 0.046 0.220 = 0.044 0.899 + 0.180 0.65 % 0.01 0.609 0.264 -0.050
0805+0925 1237667729656905788 2213 = 0.46 2107 + 046 0.108 + 0.017 0.514  0.079 0.216 = 0.047 1.026 + 0.223 0.76 % 0.04 1.686 0.154 -0.160
0815+2156 1237664668421849521 20.92 0,15 -18.37 £ 0.15 0.059 + 0.001 0.145 £ 0.003 0.140 = 0.006 0.349 + 0.015 0.81 %001 0.054 0.208 0173
0822+2241 1237664002897083648 20.86 = 0.31 2036 + 031 0.075  0.004 0.264 % 0.016 0.183 = 0.020 0.642 % 0.071 0.8 0.02 0.781 0.320 0.035
091141831 1237667429018697946 20.56 = 0.16 2099 £ 0.16 0.064 % 0.002 0.258 + 0.006 0.147 £ 0.007 0.597 + 0.027 0,65+ 0.01 0.686 0.206 0046
0917+3152 1237661382232768711 20.60 £ 0.21 -21.40 £ 0.21 0.054 £ 0.002 0.239 £ 0.010 0.112 + 0.007 0.497 + 0.031 0.88 £ 0.02 0.783 0.143 -0.111
0925414037 1237671262812897597 21.19 £ 0.14 0.053 £ 0.001 0.236 + 0.004 0.127 £ 0.005 0.567 + 0.021 0.92 £ 0.02 0.555 0.225 -0.112
0926+4428 1237657630590107652 .12 + 0.41 0.097 £ 0.012 0.296 =+ 0. 0.223 £ 0.039 0.678 £ 0.118 0.67 4 0.01 0.292 0. 0.099
0927+1740 1237667536393142625 21.30 £ 0.41 0.109 £ 0.012 0.471 £ 0.051 0.235 £ 0.041 L1018 £ 0.177 0.77 £+ 0.02 0.742 0.220 -0.090
1009+2916 665126921011548 21.46 £+ 0.31 -18.89 + 0.31 0.067 £ 0.005 0.238 £+ 0.016 0.140 £ 0.015 0.500 £ 0.053 0.65 £ 0.02 0 0.163 0.024
101844106 661851459584247 21.28 £ 0.40 -19.57 + 0.40 0.144 £ 0.021 0.541 £+ 0.078 0.270 £ 0.047 1014 £+ 0.176 0.82 £+ 0.02 0.380 0.099 -0.002
1025+ 2+£0.35 -19.96 + 0.35 0.283 + 0.032 0.640 £ 0.071 0.625 £ 0.097 1414 £ 0.219 0.51 £ 0.01 0.338 0.082 0.201
103242717 21.22 £0.38 -19.10 £ 0.38 0.100 £ 0.010 0.320 £ 0.032 0.213 £ 0.032 0.682 £ 0.104 0.92 £ 0.02 0.384 0.150 0.077
105445238 19.80 + 0.22 -21.14 £ 0.22 0.094 £ 0.004 0.370 £ 0.017 0.194 £ 0.014 0.765 £ 0.055 0.93 £ 0.01 0.280 0.107 -0.029
112246154 21.52 £ 0.26 -19.01 £+ 0.26 0.042 £ 0.002 0.140 £ 0.005 0.104 £ 0.008 0.348 £ 0.027 0.75 £+ 0.02 0.514 0.058 0.056
113346514 20.59 £ 0.24 -20.08 £ 0.24 0.116 £ 0.006 0.443 £ 0.021 0.239 £ 0.018 0.911 £ 0.070 0.74 £ 0.01 0.162 0.079 -0.010
113743524 1237665129613885585 19.77 £ 0.23 -20.34 £ 0.23 0.114 £ 0.006 0.369 £ 0.018 0.240 £ 0.019 0.776 £ 0.060 0.44 £ 0.01 0.171 0.132 0.074
1152434007 1237665127467647162 20.95 £ 0.15 -21.14 £ 0.15 0.058 £ 0.001 0.284 £ 0.007 0.113 £ 0.005 0.551 + 0.024 0.78 £ 0.01 0.480 0.143 -0.179
120542620 1237667321644908846 2170 £ 030 -20.66 + 0.30 0.055 + 0.003 0.269 + 0.016 0.127 £ 0.013 0.617 + 0.064 0.80 + 0.02 0.750 0.138 -0.180
121941526 1237661070336852100 20.37 £ 0.16 -19.65 £ 0.16 0.066 + 0.002 0.214 £ 0.006 0.149 + 0.007 0.483 + 0.023 0.94 £ 0.01 0 0.190 0.072
124440216 1237671266571387104 20.16 + 0.2 -20.67 + 020 0.186 + 0011 0.703 + 0.043 0.438 + 0.048 1731 4 0.183 0.76 = 0.01 0.251 0179 -0.006
124941234 1237661817006962164 20.86 + 0.19 -20.38 + 0.19 0.099 + 0.003 0.401 + 0.014 0.198 + 0.012 0.806 + 0.047 0.71 £ 0.01 0.343 0217 0.048
13334+6246° 1237651249891967264 2145 + 021 -19.94 £ 021 0.075 + 0.002 0.347 + 0.000 0.184 + 0.011 0.853 + 0.052 0.6 + 0.01 0 0.140 -0.140
133941516 1237664202084318332 21.05 = 0.25 -19.40 £ 025 0.052 + 0.002 0.165 = 0.008 0.109 = 0.009 0.349 + 0.028 089+ 0.02 0.452 0219 0.078
142444217 1237661360765730849 20.50 = 0.26 -19.36 + 0.26 0.086 + 0.005 0.266 + 0.014 0.191 = 0.017 0.591 % 0.051 0814001 0.111 0.074 0.091
142841653 1237668207650683015 19.48 + 0.27 2098 + 027 0.112 % 0.006 0.342 + 0.017 0.278 + 0.026 0.850 + 0.079 0814001 0.690 0.142 0.097
142940643 1237662268069511204 19.75 £ 0.35 2014 + 035 0.087 4 0.008 0.257 + 0.023 0.195 = 0.024 0.574 % 0.072 0.82 %+ 0.02 0.208 0.183 0.112
144044619 1237662301362978058 20.26 = 0.26 2153 + 026 0.077  0.005 0.344 % 0.020 0.169 = 0.015 0.753 % 0.067 0.76  0.01 0.613 0.103 0111
1442-0200° 1237655498671840789 21.28 = 0.19 2050 + 0.19 0.051 % 0.001 0.226 % 0.006 0.112 % 0.006 0.490 + 0.028 0.76 + 0.02 0.388 0.302 -0.009
145444528 1237662301900964026 21.20 % 0.27 0.53 % 0.27 0.055 + 0.003 0.226 + 0.012 0.125 % 0.011 0.515 + 0.046 0.90 % 0.02 0.691 0.303 0057
145742232 1237665549967294628 20.75 % 0.20 -18.92 + 0.20 0.077 + 0.002 0.200 + 0.006 0.194 % 0.012 0.503 + 0.031 0.97 + 0.02 0.237 0.347 0.159
1503436447 1237661872417407304 2147 013 2026 + 0.13 0.047  0.001 0.236 % 0.005 0.104 = 0.004 0.519 % 0.018 0.82 001 0.031 0111 0201
151443852 1237661362380734819 21.35 = 0.24 2010 + 024 0.040 + 0.002 0.192 % 0.007 0.099 = 0.007 0.474 + 0.032 0.60 001 0 0.157 0164
154343446 1237662336790036887 2170 = 047 -18.22 + 047 0124 % 0018 0.387 + 0.057 0.260 = 0.058 0.842 & 0.182 0.61 002 0 0.214 0.087
15390841 1237662636912280219 22.05 = 0.28 1927 £ 028 0.049  0.003 0.216 % 0.011 0.093 = 0.008 0.409 + 0.036 0.84 % 0.02 0 0.282 0105
2237+1336 1237656405641788638 20.56 = 0.41 2137 £ 041 0.166 + 0.020 0.730  0.088 0.381 = 0.070 1670 & 0.300 0.90  0.02 0.521 0.418 -0.099

@ Green Pea IDs match those in Yang et al 2017.
" SDSS DR14 BestObjID.

© The measured apparent NUV magnitude

4 The associated errors are magnitude measurement uncertainties based on photon counting statistics (i.c., Poisson statistics) and propagation of the errors during the image calibration procedures such as flat-field correction.
© The extinction and k-corrected absolute UV magnitude at 1877 A

1/ The circularized Petrosian half-light radius in the unit of arcsec.

¥ The associated errors are based on the associated flux measurement uncertainties.

" The circularized Petrosian half-light radius in the unit of kpc a

uming the adopted cosmological parameters in Section 4.2

* The circularized Petrosian radius in the unit of arcsec.

J The cireularized Petrosian radius in the unit of kpe assuming the adopted cosmological parameters in Section 4.2.

¥ The apparent axis ratio and the associated uncertainties derived from the GALFIT surface brightness fitting in Section 4.3.2.

! The internal extinction correction derived in Kim et al. 2020 based on the Balmer decrement. Zero indicates that the observed ratio of Ha / HAis smaller than 2.86. See their section 2.3 and also Section2.2 of Yang et al. 2017b for details
 The Milky Way extinction correction derived in Kim et al. 2020 based on the NASA/IPAC Galactic Dust Reddening and Extinction tool. See their section 2.3 for details

* The k-correction derived in Kim et al. 2020 at 1877 A assuming the UV slope of -2. See their section 2.3 for details.

9 Confirmed Lyman continuum leakers identified by Izotov ef al. (2016)
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Table 4.2: The Representative UV Size of GP Sub-samples with Different Different

Lyy and EW(Lya) Criteria.

Criteria No EW(Lya) Cut EW(Lya) > 20 A
Lyv/Ly,—3 (Number of Galaxies)  (Number of Galaxies)
0.08-0.3 (13) (8)

Mean / Median

0.26 / 0.22 £+ 0.12 kpc

0.24 / 0.22 £ 0.13 kpc

0.3-1
Mean / Median

(19)
0.34 / 0.28 % 0.14 kpc

(16)
0.34 / 0.30 =+ 0.15 kpc

1-1.9
Mean / Median

(8)
0.44 / 0.46 £ 0.16 kpc

(3)
0.29 / 0.28 £ 0.05 kpc

0.08-1.9
Mean / Median

(40 = Full GP sample)
0.33 / 0.28 £ 0.15 kpc

(27)
0.30 (0.26) & 0.14 kpc
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Chapter 5

CONCLUSIONS

In this dissertation, we investigated the three main studies of galaxy structural
properties and their possible associations with star formation quenching mechanisms
and Ly« escape mechanisms in galaxies. The relatively high spatial resolution of the
Hubble Space Telescope (HST) images enables us to explore the galaxy structural
properties such as size, surface density, and visually-classified morphology in detail.

In Chapter 2, we utilized both photometric and spectroscopic data from the Hubble
Space Telescope to explore the relationships among 4000 A break (D4000) strength,
colors, stellar masses, and galaxy structural properties such as visually-classified mor-
phology and stellar surface density. The galaxy sample consists of 352 galaxies with
log(M,/Mg) > 9.44 at intermediate redshifts (i.e., 0.6 < z < 1.2). For morphologi-
cal information, we divided galaxies into four morphological types depending on the
prominence of bulge component into spheroids, early-type disks, late-type disks, and
irregulars. We first identified authentically quiescent galaxies in the U —V vs. V —J
diagram based on their spectroscopic D4000 strengths. This spectroscopic identifica-
tion is in good agreement with their photometrically-derived specific star formation
rates (sSFR). Morphologically, ~ 97 % of these newly identified quiescent galaxies
have a prominent bulge component. However, not all of the bulge-dominated galaxies
show the signature of quenching.

We further found that bulge-dominated galaxies show positive correlations among
the D4000 strength, stellar mass, and the Sérsic index, while late-type disks do not
show such strong positive correlations. Also, bulge-dominated galaxies are clearly

separated into two main groups in the parameter space of sSFR vs. stellar mass and
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stellar surface density, >, while late-type disks and irregulars only show high sSFR.
This split is directly linked to the ‘blue cloud” and the ‘red sequence’ populations,
and correlates with the associated central compactness indicated by »,. While star-
forming massive late-type disks and irregulars (with D4000 < 1.5 and log(M./My) 2
10.5) span a stellar mass range comparable to bulge-dominated galaxies, most have
systematically lower ¥, < 10°Mokpe=2. The Kormendy relation for spheroids shows
that large D4000 (D4000 > 1.5) spheroids (thus, older luminosity-weighted average
age of constituent stellar populations) have more concentrated stellar light profiles
than low D4000 (D4000 > 1.5) spheroids. The results suggests that the presence of
a bulge is a necessary but not sufficient requirement for quenching at intermediate
redshifts.

In Chapter 3, we studied ultraviolet images of 40 Green Pea (GP) galaxies and 15
local Lyman Break Galaxy Analogs (LBAs) to understand the relation between Ly«
photon escape and central UV photometric properties. Specifically, we measured star
formation intensity (SFI, star formation rate per unit area) from the central 250 pc
region (Sas0pc) using the Cosmic Origins Spectrograph near-ultraviolet (COS/NUV)
images from the HST. The images are Haar wavelet denoised to reduce the noise, and
subsequently PSF-deconvolved to compensate for the different redshifts of sample
galaxies. Also, Milky Way and internal extinction corrections and k-correction are
applied.

2 with a

The measured Sasope of sample GPs ranges from 2.3-46 Mg, yr~! kpe™
mean of 15M, yr~! kpc™2 and a standard deviation of 0.266 dex, forming a relatively
narrow distribution. The sample LBAs show a similarly narrow distribution of Sas0pe
(0.271 dex), though with a larger mean of 28 Mg yr~! kpc=2.

We showed that while the Ly« properties of GPs such as the Lya equivalent width

(EW(Lya)) and the Lya escape fraction (f¥*) are not significantly correlated with

€sc
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the central SFI (Sas0pc), both EW(Lya) and fX4* are positively correlated with the
ratio of surface brightness to galaxy stellar mass (Sasopc/Mstar) that can be regarded
as specific star formation intensity (sSFI), with the associated Spearman correlation
coefficients (p-values) of 0.702 (1x107%) and 0.529 (5% 10~*) with EW(Lya) and fL¥,
respectively. If galaxy stellar mass is considered a proxy for gravitational potentials,
these correlations suggest a scenario where intense central star formation can drive
a galactic wind in galaxies with relatively shallow gravitational potential wells, thus
clearing channels for the escape of Lya photons.

In Chapter 4, we measured the UV-continuum size and luminosity of a sample of
40 Green Pea (GP) galaxies at 0.1 < z < 0.35 to investigate their UV photometric
properties and possible associations with Lya escape mechanisms. We utilized the
same processed COS/NUYV images as in Chapter 3. To measure the size of galaxies,
we adopted the definition of Petrosian radius for our size measurements.

The measured circularized half-light radius (re;50) of GPs shows compact sizes
with a median of 0.284 kpc and a standard deviation of 0.15 kpc. The size distribution
of sample GPs shows a relatively narrow distribution with its semi-interquartile range
of 0.085 kpc. We showed that while the log-normal shape of the size distribution and
the slope of the size-luminosity relation of GPs are largely consistent with those of
other star-forming galaxies at low and high redshifts, the peak of the size distribution
and the intercept of the size-luminosity relation of GPs are noticeably smaller than
typical star-forming galaxies at similar redshifts due to compact typical sizes of GPs.

Also, the rg, 50 shows anti-correlations with the Lya equivalent width, the Lya
escape faction, and the Lya luminosity, suggesting that small UV-continuum radii
are crucial for Lya emission. The size comparison of GPs with high-redshift Lyman

Alpha Emitters (high-z LAEs) shows that GPs and high-z LAEs have similar sizes,

once spatial resolution effects are properly considered. The results in this chapter
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show that a compact size is crucial for escape of Lya photons, and that LAEs show
constant characteristic size independent of their redshift.
Therefore, the three studies presented in this dissertation emphasize the impor-

tance of galaxy structural parameters in star formation quenching and in Ly« escape.
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