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Abstract

Mass and angular momentum are two fundamental quantities governing the evolution of
galaxies. Nevertheless, because measuring the angular momentum of galaxies is difficult and
requires significant resource, the effect of angular momentum on galaxy evolution remains
poorly understood in observations. This dissertation research uses the surface brightness of
galaxy disks as a proxy for the angular momentum and studies its effect on galaxy evolution.
I have measured the surface brightness profiles from multi-wavelength photometry of 501
nearby late-type galaxies selected from the ALFALFA survey. With this homogeneous
data set, I can investigate the surface brightness dependence on galaxy properties at fixed
stellar mass. I have concluded that at fixed stellar mass, lower surface brightness galaxies
contains more hydrogen gas, are less efficient in forming stars and consist of stars of lower
abundance of heavy elements. However, the average ages of galaxies do not appear to
depend on the surface brightness. Combining analytical chemical evolution models, I have
constrained the gas inflow and outflow rates relative to the star-formation rate. At fixed
mass, lower surface brightness galaxies experienced higher accretion rates. The surface
brightness dependence is stronger in low mass galaxies. The model is not able to put
meaningful constraints on the properties of gas outflow. Lastly, I have investigated the
intriguing bimodal distribution of surface brightness found in the literature. I show that
the bar-driven secular evolution redistributes the matter angular momentum, therefore,

alters the surface brightness distribution.
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Chapter 1

Introduction

1.1 The Angular momentum of a disk galaxy

Disk galaxies show remarkable regularities. Observationally, disk galaxies follow scaling
relations among their circular velocities, luminosities, and sizes. One of the most firmly
established empirical scaling relations is the Tully-Fisher relation (Tully & Fisher 1977);
a tight correlation between the total luminosity and the rotation speed of a disk galaxy,
holding across many magnitudes in luminosity (Verheijen 2001; Masters et al. 2006; Pizagno
et al. 2007). Also, there is a tight correlation between the luminosity and the size of the
galaxy disk (Dalcanton et al. 1997; de Jong & Lacey 2000; Graham 2002; Shen et al. 2003;
Courteau et al. 2007). These scaling relations suggest that galaxy evolution is well regulated,
and the current properties of galaxies are tied to the primordial properties of dark halos and
proto-galaxies, namely the mass and angular momentum. Understanding the effect of mass
and angular momentum on galaxy evolution is fundamental in describing the evolution of
the Universe.

Dark matter halos form from primordial density perturbations. High-density peaks
collapse faster and form high mass halos. Baryonic matter in dark halos subsequently cools
down, further collapses and forms galaxies. Apparently, the mass of the halos governs the
evolution of galaxies. The effect of mass on galaxy evolution has been extensively studied

observationally. Many galaxy properties are strongly correlated with the stellar and halo

1



mass, e.g., the average stellar age (Gallazzi et al. 2005, 2014), the metal content in the
interstellar medium and the stars (ISM, Tremonti et al. 2004; Gallazzi et al. 2005; Savagilio
et al. 2005; Lee et al. 2006), and the star-formation rate (Noeske et al. 2007; Daddi et al.

2007; Dutton et al. 2010; Sparre et al. 2015).

On the other hand, the halo acquires angular momentum during formation as a
consequence of the tidal field of surrounding environment and merger events (Warren et al.
1992; Catelan & Theuns 1996a,b; Cole & Lacy 1996; Lemson & Kauffmann 1999; Steinmetz
& Navarro 1999; Navarro & Steinmetz 2000). The angular momentum prevents baryons
from collapsing isotropically but causes them to settle in a rotationally support disk. Thus,
the angular momentum determines the disk size, the surface density, and likely the Hubble
morphological type of the disk. Baryons in high angular momentum halos will distribute

wider because of the stronger rotational support.

In practice, the spin parameter A (Peebles 1969) is often used to quantify the angular

momentum of a halo. The ) is defined as:

o J‘EP/Q
T GMB/2’

(1.1)

where G, J, E, and M are Newton’s gravitational constant, the total angular momentum,
total energy, and total mass of the halo, respectively (Mo et al. 1998). The parameter A
has been a crucial element for modeling important physical quantities of disk galaxies such
as the disk size, star-formation rate, morphology, and rotational velocity (Dalcanton et al.

1997; Dutton et al. 2007; Dutton 2009).

Nevertheless, given the importance of the spin parameter from a theoretical aspect,
there are only a handful of galaxies with well measured A (Romanowsky & Fall 2012;
Obreschkow & Glazerbrook 2014). Unlike the mass, it is much more difficult to measure
the angular momentum. To measure the mass, it only requires the integrated light from
either stars or gaseous component to calculate the baryon content. The total mass can

be estimated from the circular velocity, assuming the galaxy is rotationally-supported. On
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the contrary, measuring the angular momentum requires not only the integrated value,
but also the spatially-resolve mass distribution and velocity profile. The expensive cost
in observational resource makes it impractical to measure the A for a large number of
galaxies. Moreover, such measurement only accounts for the angular momentum of baryonic
matter. The velocity of dark matter is not measurable thus the angular momentum. These

difficulties hinder the comparison between theoretical predictions and observations.

To circumvent this fundamental difficulty, Hernandez & Cervantes-Sodi (2006)
demonstrated that to first order, the spin parameter of disk galaxies can be approximated
using the disk scale length of the stellar disk and the rotational velocity measured from
the integrated spectrum. This approach reduces the observational resource required for
studying the angular momentum content of galaxies, thus, can be applied to a large number
of galaxies to with results from cosmological simulations (Cervantes-Sodi et al. 2008), even

beyond the local universe (Cervantes-Sodi et al. 2012).

The most simple and easiest proxy is perhaps the surface brightness of galaxies.
Assuming the baryon disk and the halo have the same specific angular momentum, galaxies
in high angular momentum halos form extended, low surface brightness disks because of
stronger rotational support. Although the surface brightness of the disk, in fact, depends not
only on the angular momentum but also other factors such as the mass and the concentration
of the halo (Dalcanton et al. 1997; Mo et al. 1998; Dutton et al. 2007), the anti-correlation
between the angular momentum and the surface brightness generally holds. Because the
surface brightness is a quantity that is easy to measure, it has been extensively used as a
fundamental property of galaxies. I will review studies on the surface brightness of galaxy

disks in the next section.



1.2 The surface brightness of galaxies

1.2.1 Definition of surface brightness

In the literature, the word ”surface brightness” has various definitions. Although sharing

the same name, these ”surface brightness” can be very different from each other in quantity.

A commonly used quantity is the effective surface brightness, r.ss, the average surface
brightness within the radius enclosing 50% of the galaxy light. Also, the surface brightness
can be defined as the average surface brightness within an isophot measured at given surface

brightness, for example, 25 mag arcsec™2.

The surface brightness adopted in this study is the central surface brightness of the disk.
The azimuthal-averaged light profile of galaxy disks can be parameterized by an exponential

as a function of distance to the galaxy center:

w(r) = po + 1.0857 x exp(r/h), (1.2)

where h is the scale length, the distance that the surface brightness falls to 1/e of its
maximum value and pg is the central surface brightness of the disk, the value of the
exponential at 7 = 0. We should note that the pg does not represent the actual surface
brightness of the galaxy at the center. Many galaxies consist of structural components other
than an exponential disk, such as stellar bar or bulge, therefore, the surface brightness at
galaxy center is different from pg. The pg is a characteristic value describing the property
of the disk component of the galaxy. Practically, to derive the g and h of a disk, structural
components at the inner part of the galaxy like the bar and the bulge are either modeled

with other mathematical forms or are masked from the modeling.

The difference among different surface brightness measurements and the effect of galaxy
structure is illustrated in Figure 1.1. Figure 1.1a is the image of Malin 1, a massive bulged-
galaxy with faint and extended disk (Bothun et al. 1987). Figure 1.1b shows the azimuthally-

averaged 1-D surface brightness profile of Malin 1. Arrows in Figure 1.1b indicates the
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Figure 1.1 (a): HST WFPC2 F814W image of Malin 1 (Barth 2007). The faint disk of
Malin 1 extends to at least 100 kpc (~ 70”) from the galaxy center, but it is barely visible
with this scaling. (b): R-band surface brightness profile of Malin 1 (Lelli et al. 2010). The
effective radius (Rcff) is indicated by the arrow. The effective surface brightness (pery),
the average surface brightness within R, f f, is indicated by the horizontal dotted line. The
slant dashed line represents the exponential disk fit and the central surface brightness of
the disk (po).

effective surface brightness. The dashed line represents the exponential fit to the disk and

2 in surface

the central surface brightness (po). The two measures differ ~ 4 mag arcsec™
brightnesses. For Malin 1, the effective surface brightness measures mostly the property of
the bulge. Also, the surface brightness at the center of Malin 1 is not the same as the uq,

because the center of Malin 1 is dominated by the prominent bulge, but po only measures

the disk component.

The principal focus of this study is the angular momentum content of galaxies and galaxy
disk, therefore, I adopt po as the surface brightness measure as it represents the property
of the disk better. Unless otherwise mentioned, the word ”surface brightness (SB)” in this

study refers to ug.



1.2.2 The surface brightness dependence on galaxy properties

The majority of early explorations on the effect of surface brightness took a simple approach;
defining a sample of galaxies with fainter than a value as low surface brightness (LSB)
galaxies, then comparing their physical properties to "normal”, or higher surface brightness

(HSB) galaxies.

Early perception of LSB galaxies is that they are low mass, fairly blue systems with
relatively high gas content and low metallicities (de Blok et al. 1995; McGaugh & de Blok
1997; Bell et al. 1999; Gerritsen & de Blok 1999; Galaz et al. 2002; Boissier et al. 2003).
From these results, LSB galaxies are usually described as dormant galaxies which started
forming stars later and in an inefficient manner so that they have a higher fraction of

younger stars and exhibits bluer colors, low SFRs, and large gas reservoirs.

However, later observations show that LSB galaxies have remarkably diverse properties.
(1) Very red LSB galaxies have been found in optical surveys (Burkholder et al. 2001). (2)
LSB galaxies with near-solar abundance also exist (Bell & de Blok 2000). (3) In spite that
LSB galaxies on average have higher gas abundance, extremely gas-poor LSB galaxies have
been found (Burkholder et al. 2001). The spread in color, metallicity, and gas content show

that they may actually have traveled along diverse evolutionary paths.

Part of these scatter in physical properties should be expected because the LSB galaxies
in fact constitute a heterogeneous sample. An LSB galaxy can be a massive galaxy with
extended distribution of stars, or a low mass galaxy so that it is faint. On the other hand,
a compact, low mass galaxy may not be defined as an LSB galaxy. It is not clear which
factor contributes more to the properties of LSB galaxies. In other words, we cannot tell
whether mass and angular momentum is the main driver. It is necessary to decouple the

effect of the angular momentum from the effect of mass.

However, we were confined by the relatively small number of LSB galaxies and their
physical properties. Finding galaxies with low surface brightness is naturally difficult, not

to mention the requirement to obtain extra information such as gas content or metallicity.
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Our understanding toward the low surface brightness end of the distribution is limited by

their faint nature.

But the game starts to change. Nowadays, large-scale surveys have released a prodigious
amount of data in a broad wavelength range. Investigating physical properties of galaxies
in a wide range of parameter space at the same time becomes possible. For example, the
Sloan Digital Sky Survey (York et al. 2000) has provided optical images and structure
parameters for more than a million galaxies (Simard et al. 2011). At other wavelengths,
blind surveys such as the Galaxy Evolution Explorer (GALEX; Martin et al. 2003) and the
Wide-Field Infrared Explorer (WISE; Wright et al. 2010) image the ultra-violate and near-
IR sky. The Arecibo Legacy Fast ALFA Survey (ALFALFA; Haynes et al. 2011) measures
H1 gas content of galaxies. These data provide information on gas content, star-formation
rate, stellar populations, and structures of stellar components. The synergy among these
public surveys can potentially lead to a statical view of the effects of mass and angular

momentum on galaxy formation and evolution.

1.2.3 The distribution of surface brightness

Obtaining the intrinsic distribution of the surface brightness of galaxies is difficult because
the visibility of galaxies is biased by natural observing conditions. The night sky brightness
limits our ability to find diffuse objects. Below a certain percentage of the night sky
brightness, no galaxy would be seen. For a galaxy, only those part brighter than this
threshold can be detected. Therefore, the observed galaxy population is altered from the

true population by the night sky brightness (Impey & Bothun 1997).

Freeman (1970) made an early attempt at quantifying the surface brightness distribution
of spiral galaxy disks. Freeman (1970) found that most disks have similar B-band surface

brightness piop ~ 21.65 mag arcsec” 2.

This value was considered as a characteristic
property of all galaxy disks. However, later observations with deeper images found a large

number of galaxies with surface brightness much lower than the Freeman value (Davies
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1990; Sprayberry 1994; O’Neil et al. 1999). The Freeman value is the only the property of

the input galaxy catalog rather than the general galaxy population.

For a galaxy disk with surface brightness close to the night sky brightness, it appears
much smaller and fainter because most part of the disk is blended with the night sky
emission thus not seen (O’Neil et al. 2000). The galaxy appears smaller and fainter than
its intrinsic properties. Therefore, a magnitude-limit or a size-limit sample selects against
low SB galaxies, and this effect is a strong function of distance (see Tully 2015, for an

example).

To better recover the intrinsic distribution of galaxy surface brightness, a volume-limited
sample is essential to mitigate the incompleteness at the low surface brightness end. An
intriguing distribution of surface brightness was revealed in the nearby Ursa Major complex
(D = 18 Mpc). Tully & Verheijen (1997) found a double-peaked distribution of surface
brightness among 62 Ursa Major member galaxies. The mean surface brightness of the two
peaks differ by ~ 2 mag arcsec™2 (Figure 1.2). The bimodal distribution is contradictory
to the theoretical prescription, which predicts a single-peak distribution (Dalcanton et al.

1997).

The bimodality was later observed in the Virgo cluster. From a sample of 286 Virgo
cluster galaxies, McDonald et al. (2009) also found a ~ 2 mag arcsec2 difference between
the two peaks of the distribution. Furthermore, the peak pp magnitudes of the Virgo cluster

are consistent with the peak magnitudes of the Ursa Major galaxies.

However, the work of Tully & Verheijen (1997) and McDonald et al. (2009) both include
only a small portion of the sky and it is still questionable if the bimodality is a general
property. Later, Sorce et al. (2013) analyzed po at 3.6um for 438 galaxies with distances
D < 20 Mpc selected from the Spitzer Survey of Stellar Structure in Galaxies (S*G; Sheth
et al. 2010). This sample consists of galaxies from a large area of the sky (|b] > 30deg)
and contains galaxies in both the field and clusters. Similar to what was found in the Ursa

Major complex and the Virgo cluster, the bimodality of ug is also presented in a sample
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Figure 1.2 The surface brightness bimodality found in the literature. Left: The K’-band
surface brightness distribution of 62 Ursa Major members, modified from Tully & Verheijen
(1997). Galaxies appear to avoid the regime of surface brightness i g ~ 18.5. Right: The
3.6um surface brightness distribution of 438 galaxies selected from the S*G survey, modified
from Sorce et al. (2013). A deficit of galaxy at po 36 ~ 21.5 is found. The distribution is
better fit by two Gaussian profiles than one Gaussian profile.

dominated by field galaxies, suggesting that the bimodal distribution may be prevalent in

all environments.

This peculiar bimodal distribution of g poses a challenge to current theories of galaxy
formation. So far, no theoretical work has ever directly predicted such a distribution. On
the observational side, some possible explanations have been briefly mentioned (Tully &
Verheijen 1997; McDonald et al. 2009), but there is a lack of observational evidence to
either support or reject these speculations. We will have to explain the bimodal surface

brightness distribution before claiming that we understand galaxy formation and evolution.

1.3 Overview of this dissertation

This dissertation research is designed to investigate the effect of angular momentum on
galaxy evolution, using surface brightness as a proxy. With the synergy of archival

surveys, we are able to access multi-dimensional information for a large number of galaxies.



Therefore, we can have a more complete view from an ensemble of galaxies, on that suffers
less from variations among individuals.

Using public data from several large surveys, I investigate the surface brightness
dependence on galaxy properties in Chapter 2.  With multi-wavelength data and a
sufficiently large sample, I am able to isolate the effect of surface brightness from galaxy
mass. In Chapter 3, I investigate the surface brightness dependence on the chemical
abundance of galaxies. I use chemical evolution models to constrain the properties of the gas
flow of galaxies and provide a theoretical explanation for the surface brightness dependence
on the metallicity. In Chapter 4, I investigate the effect of internal structure formation in
the disk on the surface brightness and provide an explanation for the intriguing bimodal
surface brightness distribution of disks. Chapter 5 summarizes the major conclusions and

outlines possible future directions of related work.
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Chapter 2
The surface brightness dependence on physical

properties

2.1 Introduction

In the current cosmological paradigm, cosmic structures grow hierarchically. Matter
associated with peaks in the primordial density field gravitationally collapses and forms
dark matter halos. Baryons cool and condense near the centers of the halos and form
galaxies (White & Rees 1978; White & Frenk 1991). Theoretical and numerical calculations
suggest dark matter halos should form with a wide range of mass and angular momenta.
Galaxies forming in these halos, therefore, distribute across a wide range of mass and surface
brightness (hereafter, SB). Baryons in high-mass or low-spin halos collapse to form high SB
galaxies, while baryons in low-mass or high-spin halos cannot collapse all the way due to
stronger rotational support and form lower SB galaxies (Dalcanton et al. 1997; Mo et al.
1998; Dutton et al. 2007). A clear picture of galaxy formation and evolution requires the
exploration of the full range of galaxy characteristics in both mass and the SB to obtain an
unbiased view.

Observational work is biased against the low luminosity and the low surface brightness
end of the distribution due to their faint nature. Especially for galaxies with low SB,
the outskirts of low SB galaxies are embedded in the night sky background, thus cannot

be detected. Therefore, low SB galaxies look smaller and are visible out to a smaller
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distance than galaxies with the same luminosity but higher surface brightness (Disney 1976;
Bothun et al. 1997). Knowing this intrinsic observational bias, a series of efforts has been
devoted to constructing samples of low surface brightness (LSB) galaxies for further detailed

investigation (Schombert et al. 1992; Impey et al. 1996; O’Neil et al. 2000).

Numerous studies have characterized the physical properties of galaxies at the faint end
of the SB distribution. First, the star-formation rate (SFR), derived from either UV or Ha
emission, of LSB galaxies is low (Schombert et al. 2001). Second, LSB galaxies have bluer
optical and NIR colors (Galaz et al. 2002; Schombert & McGaugh 2014), although larger
scatter in optical colors are also identified (Boissier et al. 2003). Third, LSB galaxies on
average have higher ratios of gas to stellar masses (McGaugh & de Blok 1997). The last,
LSB galaxies contain less heavy elements in both their interstellar medium (ISM) and their

stellar components (Ellison et al. 2009; Wu et al. 2015).

Given these general properties, LSB galaxies are actually heterogeneous. The LSB
class contains galaxies from a wide range of size, luminosity, and morphology from dwarf
irregulars to giant disk galaxies. A galaxy can be classified as LSB because of either low
stellar mass content or extended matter distribution. Although LSB galaxies share similar
physical properties, it is difficult to link these properties back to fundamental physical
parameters: the mass and the angular momentum. Simply from the observed properties of
LSB galaxies, we do not know which factor is the main driver. It is already well known that
the properties of galaxies are strongly correlated with stellar mass, where low mass galaxies
are generally bluer, with lower SFR, more gas-rich, and metal-poor (Tremonti et al. 2004;
Gallazzi et al. 2005; Noeske et al. 2007; Huang et al. 2012). Therefore, at least part of the
physical properties of LSB galaxies can be attributed to their less massive nature. Whether
and how much the compactness, or the angular momentum, affects galaxy evolution still

remains obscured.

To understand how galaxy evolution is controlled by mass and the angular momentum,
it is necessary to separate the mass dependence from the SB dependence. However, there

have been only limited efforts in doing so (e.g., Ellison et al. 2009). The main purpose of
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this study is to establish the baseline measurements of galaxy properties as a function of
both the SB and stellar mass. We will use multi-wavelength data from public large surveys
to derive the galaxy colors, SFR, and gas content of galaxies across a wide range of SB
and stellar mass. We will compare galaxies with different SBs at fixed mass, in order to
isolate the dependence of mass from that of the SB. We describe the sample selection and
derivation of galaxy properties in Section 2. The SB dependence is presented in Section 3.
Section 4 contains the discussion of the implications of the SB dependence seen from our

results.

2.2 Data

2.2.1 Sample Selection

One of the goals of this study is to investigate the SB dependence on the physical properties
of galaxies down to a low SB regime poorly sampled by previous studies. To properly
sample the low SB regime, we do not use optically-identified catalogs because they are
intrinsically biased towards high mass, high SB galaxies (Bothun et al. 1997; Dalcanton et
al. 1997). Instead, we select our galaxy sample from the H 1 sources detected by the Arecibo
Legacy Fast ALFA Survey (ALFALFA; Haynes et al. 2011), then measure their structural
parameters using images from the Wide-Field Infrared Explorer (WISE; Wright et al. 2010).
By using an Hi1-based mother sample, we mitigate the bias against low SB galaxies. We
note that this sample is biased against gas poor, red low SB galaxies, which are intrinsically

difficult to be detected in both optical wavelength and H1 21 cm.

All our galaxy have H1 flux from the ALFALFA survey, therefore, we can derive their
atomic gas content. Combined with the stellar mass and the star-formation rate (SFR,
see Section 2.2.4), we can discuss the star-formation properties. Moreover, the ALFALFA
field overlaps with the SDSS field. The multi-wavelength broadband photometry will give

further hints regarding the ages and metallicities of galaxies.
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From the ALFALFA survey, we select sources with heliocentric velocities Vj,e; < 3000 km
s~1. The velocity, or equivalently, rough distance limit is chosen as a compromise between
sample size and completeness. At larger distances, only H 1 massive galaxies will be detected
by ALFALFA. Also, the angular resolution of the WISE images prevents us from measuring
the structure parameters of stellar disks for fainter or less extended galaxies, thus causing
potential bias. Including galaxies at large distances will not obtain more galaxies at the low
SB regime, which is our interest.

We select galaxies with my < 16, b > 0.8, and axis ratios b/a > 0.35. The my
is the apparent magnitude measured in the WISE W1 3.4um band. The a and b are the

major and minor axes measured at puy = 25 mag arcsec” 2.

We consider measurements
from galaxies fainter or smaller than these limits to be not reliable. The limit on the axis
ratio removes edge-on galaxies, where correction of the geometric effect of the inclination is

less certain. We will describe how we measure the magnitude and surface brightness in the

following sections. In total, we select 501 galaxies from the ALFALFA survey.

2.2.2 Surface photometry

For this study, we perform surface photometry on the SDSS u/, ¢',7',i’,2’, WISE W1 3.4um,
W2 4.5pum, W3 12pum, W4 22um, and GALEX FUV and NUV images of each galaxy, using
elliptical apertures with fixed centers, orientations and shapes with varying major axes in
step of 3”. Our structure parameters are measured from the W1 images, which has a spatial
resolution of ~ 6", thus justifying the 3” step to sample the radial profiles of galaxies.

We determine ellipses for surface photometry from W1 images as following. We use the
shape from the RC3, or SDSS r’-band when needed, to measure the sky level for the first
pass. We then fit an ellipse to the isophot at 25 mag arcsec ™2 of the sky-subtracted image. If
the shape and the orientation of the output ellipses are consistent with those of input ellipses,
we use these parameters as our input for surface photometry. If the shapes of input and
output ellipses are inconsistent (AP.A. > 20deg or Ab/a > 0.2), we choose the better one

based on visual inspection. The chosen orientation and shape are then applied for surface

18



photometry at all bands. We correct the Galactic extinction based on the extinction map
of Schombert et al. (2001) and estimate the internal extinction following the prescription
of Tully et al. (1998) based on the HI line width and the inclination of galaxies, where we
have the information for all galaxies. Throughout this paper, we convert extinction among

different filters using the conversion factors provided by Yuan et al. (2013).

For GALEX bands, we adopt a different prescription for internal extinction because the
Tully et al. (1998) calibration does not cover UV wavelengths. Instead, we estimate the
internal extinction from the observed UV colors of galaxies. We follow the calibration of
Hao et al. (2011):

Appy = 3.83 x [(FUV — NUV ) s — 0.022], (2.1)

We will use GALEX UV band to derive the SFR (Section 2.2.4). Some galaxies do not
have both FUV and NUV measurements. We will exclude them from the sample when we

discuss the SFR.

2.2.3 Deriving the central surface brightness

We measure the SB from the 3.4um W1 band in this study. The 3.4uym W1 band is nearly
free from concern for internal extinction. We fit the annuli-averaged surface brightness

profile in W1 using a form of

w(r) = po + 1.0857 x exp(r/h), (2.2)

where g is the central surface brightness of the disk and h is the scale length. To exclude
the effect of the bulge, we adopt a fiducial fitting range between effective radius, r., and the
radius of isophot of 25.5 mag arcsec™2, ro5.5. In some cases, the surface brightness at r is
still affected by the bulge or bar. We then manually adjust the inner fitting range to avoid
the effect of structures in the inner part of the galaxy. Adjusting the fitting range affects the

result. To access the effect from the fitting range, we perform the same fitting procedure,
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but change the inner limit from r, to 0.97, and 1.1r.. We find that, as long as the bulge is
not included in the fit, for most galaxies, the uncertainty in SBs is < 0.3 mag arcsec 2.
The central surface brightness is then corrected for the geometric effect of the inclination

as follow (Tully et al. 1996):

po,i = po — 2-5log(b/a), (2.3)

where a and b are the major and minor axis of the galaxy, respectively. The inclination-

corrected central surface brightness, 110, is the SB we use in this study.

2.2.4 Stellar Mass, (Gas Mass, and Star-formation Rate

For stellar masses, we adopt the color-dependent stellar mass-to-light ratio from W1 and

W2 magnitudes (Cluver et al. 2014):

1og T = —1.93(W 1y ega — W2y ega) — 0.04, (2.4)

where Wlyegq = Wlap —2.699, W2y ey, = W24p —3.339, and T is the mass-to-light ratio
at W1 band. T is calculated for every annulus until the largest annulus with reliable W2
photometry and then fixed for larger radius. Our sample galaxies have typical mass-to-light
ratio T = 0.57 in the W1 band.

The H1 mass is calculated as My = 2.356 x 10° x D? x F, where D is distance in Mpc
and F is H1 flux from the ALFALFA survey in Jy. We adopt Myom = 1.4 X Mgy to include
the contribution from helium and metals.

The SFR is derived from the extinction-corrected FUV luminosities. Besides FUV
luminosity, the WISE W3 and W4 bands can also be used to estimate the SFR. The W3
12pm covers the 11.3um Polycyclic Aromatic Hydrocarbon (PAH) emission associated with
star-forming regions and the W4 22um traces the thermal emission warm dust heated by
new-born stars. However, the W3 and W4 bands are much shallower than the GALEX FUV
band. Only 47% (22%) of our sample is detected in W3 (W4), and they are exclusively high

mass, high SB galaxies. On the other hand, 88% of the sample is detected in both NUV
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and FUV. Therefore, we adopt only the GALEX FUV flux as the star-formation indicators
in the study. We convert the extinction-corrected FUV luminosity to SFR according to
Kennicut (1998):

SFR(My yr™ 1) = 1.4 x 1072L, (erg s~ 'Hz™!) (2.5)

For distances, we use the Extragalactic Distance Database! (EDD; Tully et al. 2009)
as the main source. We adopt the group distance, Dgp, in the “Cosmicflows-2 Distances“
section of EDD as our primary distance. For distances not available in EDD, we take
distances from the ALFALFA survey and converted to Hy = 75 km s~ 'Mpc ™! in order to

be consistent with EDD distances.

2.3 Results

2.3.1 Galaxy properties as a function of surface brightness

Figure 2.1 shows galaxy properties as a function of SB. Figure 2.1(a) and Figure 2.1(b) plot
baryon components, the stellar mass and H1 mass. Figure 2.1(c) and Figure 2.1(d) show the
optical and the NIR colors. Figure 2.1(e) and Figure 2.1(f) plot the WISE W3 12um and
the extinction-corrected GALEX FUV magnitudes, two tracers for star-formation rates.

The SBs of galaxies show weak to medium correlations with all physical properties
examined. In general, galaxies with higher SBs are more massive, redder in both optical
and NIR colors, and have more active star-formation activities. These statements appear
to be in broad agreement with the majority of previous studies.

Nevertheless, the gas mass, the color, and the star-formation rate are all known to have
strong dependences on stellar mass; higher mass galaxies are redder, on average contain
more gas and have higher SFR (Huang et al. 2012; Noeske et al. 2007). Figure 2.2 plots the
galaxy properties as a function of M,. Figure 2.1 and Figure 2.2 together show that the
overall M, and po dependence on galaxy properties are similar. This is expected from the

positive correlation between M, and uo (Figure 2.1a).

"http://edd.ifa.hawaii.edu/
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Figure 2.1 Galaxies properties as a function of surface brightness. (a): stellar mass, (b):
Hr1 gas mass, (¢): u' — 1’ color, (d): 2/ — W1 color, (f): absolute W3 magnitude, and (f):
absolute FUV magnitude.

Table 2.1 Spearman rank correlation coefficients
My o -0 Z-W1 W3 FUV
pwo -0.26  -0.30 -0.64 0.67 0.61
M, 0.54 0.43 0.67 -0.86 -0.85
(/J,(),Ms) = —0.62

Visually inspection on Figure 2.1 and Figure 2.2 finds that the physical properties in
general exhibit tighter correlations with M, than with pg. Table 2.1 lists the Spearman
correlation rank coefficients between My, pg, and other galaxy properties. The Spearman
rank correlation coefficients suggest the same conclusion that M, better correlates with all
galaxy properties. These simple observations suggest that the dependence on the SB is
mainly driven by the dependence on the stellar mass. The SB has a relatively minor effect,
if any. Therefore, in order to access the effect from the SB, it is necessary to take away the
effect of stellar mass. In the next section, we will investigate the effect of SB by comparing

galaxies properties at fixed stellar mass.
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Figure 2.2 Galaxies properties as a function of stellar mass. (a): stellar mass, (b): HI gas
mass, (¢): u' — 7’ color, (d): 2’ — W1 color, (e): absolute W3 magnitude, and (f): absolute
FUV magnitude.

2.3.2 Surface brightness dependence

Figure 2.3 plots the galaxy properties as a function of stellar mass, with galaxies colored by
their SBs. Instead of plotting the FUV magnitudes, we convert it to the SFR. Figure 2.3
also plot the specific SFR (SSFR), the SFR divided by stellar mass and the star-formation
efficiency (SFE), the SFR divided by gas mass. If the SB has strong effects on galaxy
properties at fixed mass, data points of different colors should separate from each other in
the vertical direction. On the contrary, we find in Figure 2.3 that at fixed stellar mass,
galaxies of given SB spread widely in the vertical axis and overlap with galaxies of different

SBs.

To better examine the SB dependence, we calculate the median properties of galaxies in
each 0.5 dex stellar mass bin and each 1 mag arcsec™2 bin. Figure 2.4 shows the median gas
mass and colors and their uncertainties calculated from the bootstrap resampling. We show
data points calculated from at least 15 galaxies in a stellar-mass-SB bin to avoid large bias

from outliers. The SB range discussed here is mainly 23 > pg,[3.4) > 19, which corresponds
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Figure 2.3 Galaxy properties as a function of stellar mass. (a) u’ — r’ color, (b) 2/ — W1
color, (c) H1 gas mass, (d) SFR, (e) SSFR, and (f) SFE. Each galaxy is colored by the
surface brightness. Between 23 < po < 19, galaxies in the same 1 mag arcsec™2 bin are
represented by the same color (green, yellow, orange, and red). Galaxies with pg > 23 or
o < 19 are plotted in blue and magenta, respectively.
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Figure 2.4 The median galaxy properties as a function of stellar mass. (a) H1 gas mass, (b)
u' —7' color, (c) 2’ —W1 color. We group galaxies in 0.5 dex stellar mass and 1 mag arcsec™2
SB bins and calculate the median and errors from bootstrap resampling. We only show data
derived from at least 15 galaxies in each M,-SB bin to avoid large bias from outliers. For
galaxies with pg > 23, we use a larger 1 dex stellar mass bin and plot them using dashed
lines. Colors represent the SBs. Red represents the highest SB bin and blue the lowest.

to 30 Mg pc=2 < po < 1,200 Mg pe=2. We also plot galaxies with Ho,[3.4) > 23, the low SB
regime which is poorly covered by previous studies. However, there are fewer galaxies with
such low SBs in our sample. Therefore, we use a larger 1 dex stellar mass bin for these low

SB galaxies and plot them with dashed lines to distinguish it from other subsamples.

We see in Figure 2.4a that there is a correlation between the SB and the gas mass.
At fixed stellar mass, low SB galaxies are systematically more gas-rich. However, at the
high-mass end, the SB dependence weakens. Figure 2.4b and Figure 2.4c show the optical
and the NIR colors. For the v’ — 1’ color, there is only at most a slight SB dependence. The
correlation between the SB and the u’ — 7’ color mainly reflects that high mass galaxies are
redder, and they also have high SB. On the contrary, the z/ — W1 color is driven by both
the stellar mass and the SB. At fixed stellar mass, the 2’ — W1 color increases ~ 0.08 when
the SB increases 1 mag arcsec ™2 between 23 > p9 > 19. We will discuss the implication of

the SB dependence on colors in Section 4.

Next, we examine the SB dependence on the SFR. Figure 2.5 plots the SFR as a function
of stellar mass, separate by the SB. We see in Figure 2.1f and Figure 2.2f that the FUV

magnitude strongly correlates with the SB and the stellar mass. Figure 2.5a shows that the
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Figure 2.5 The median SFR as a function of stellar mass. (a) SFR, (b) SSFR, and (c) SFE.
The median and the uncertainty are calculated as describe in Figure 2.4. The SFR are
derived from FUV luminosities. The SFR and SSFR of galaxies do not depend on the SB,
but the SFE does.

correlation is mainly driven by the stellar mass but not the SB. At fixed stellar mass, the

SB dependence is nearly negligible comparing to the stellar mass dependence.

Figure 2.5b plots the specific SFR (SSFR), the SFR divided by the stellar mass, as a
function of stellar mass. This is similar to Figure 2.5a, but the SB dependence is better
presented after being normalized by the stellar mass. At fixed stellar mass, the SFR changes
by < 0.1 dex level while the SB changes by 2 mags arcsec 2. There is a tentative inverse of
the SB dependence at log(M,/Mg) < 8.5, where low SB galaxies have higher SFR at fixed
stellar mass. However, we do not have a reliable measurement at this lowest mass, low SFR
bin. We see in Figure 2.1 that only sources with Mpyy < —14 are detected. At pg > 23,
only the brightest population will have SFR measurements, therefore, the median SFR for

the lower SB bins are likely over-estimated due to incompleteness at lower SFR.

We show the SFE in Figure 2.5¢. First, the SFE is stellar-mass-dependent. High-mass
galaxies on average have higher SFE. This is consistent with previous results from galaxies
with log(M,/Mg) 2 9 (Boselli et al. 2014). Besides the stellar mass dependence, the SFE
shows a strong SB dependence. High SB galaxies have higher SFE at fixed stellar mass.

We will discuss the implication on the star-formation history in Section 4.
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2.4 Discussion

In Section 3, we have examined the influence of SB on several physical properties of galaxies.
We have decoupled the dependence between the stellar mass and the SB and are able to

investigate the effect of each parameter separately. We interpret the result in this section.

2.4.1 Colors

In this study, we present the SB dependence on the optical ' — r’ and the NIR 2/ — W1
colors. Combining the broad band optical and NIR colors provides a proxy for investigating
the stellar ages and metallicities of a large sample of galaxies. Figure 2.6 is the color-color
diagram of stellar population synthesis model grids from Conroy et al. (2009) and Conroy &
Gunn (2010). We connect models with the same star-formation histories by solid lines and
models with the same stellar metallicities by dashed lines. The v’ — 7’ color is sensitive to
star-formation histories and relatively insensitive to stellar metallicity. The 2’ — W1 color,
on the other hand, is nearly independent of the star-formation history for galaxies with
optical color v’ — " > 1.0.

The underlying physics is that the optical colors at shorter wavelength probe the main
sequence turn-off, which is age-sensitive. On the other hand, for galaxies with intermediate-
age stellar populations, the NIR flux is dominated by the red giant branch (RGB) and the
thermal pulsing asymptotic giant branch (TP-AGB) stars, whose colors are metallicity-
sensitive. We see in Figure 2.4 that most of our data points have v’ —7" > 1.0. The 2’ — W1

color is qualitatively a good proxy for the stellar metallicities in our case.

NIR color

The strong influence of the stellar mass and the SB on the 2z’ — W1 color can be interpreted
in terms of the stellar mass and the SB dependences on the stellar metallicity. The stellar
mass dependence had been reported in previous spectroscopic studies (Gallazzi et al. 2005;

Panter et al. 2008; Gonzalez Delgado et al. 2014).
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Figure 2.6 Grids of stellar population synthesis models FSPS (Conroy et al. 2009; Conroy
& Gunn 2010) for different star formation histories and metallicities. The numbers in the
parenthesis (tf,7) represent for the decay time scale of exponential SFH and the time when
star formation started. 7 = inf indicates constant star formation rate. The model shows
that the 2/ —W1 color is sensitive to metallicity but insensitive to age expect for the youngest
galaxies. The u' — 7’ color is on the other hand sensitive to stellar ages but insensitive to
metallicity.
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The SB dependence on stellar metallicity is expected from the SB dependence on the
gas-phase metallicity. Ellison et al. (2009) showed that high SB galaxies on average have
higher gas-phase metallicity at fixed stellar mass. Because stars form out of the ISM, to
first order, we expect that the stellar metallicity should follow the same dependence as that

of gas-phase metallicity.

Although the positive SB dependence is an expectation, the strength of the effect is
remarkable. At fixed stellar mass, we find that the 2’ — W1 changes ~ 0.2 mag across the
SB range we probe (2-3 mags arcsec”2), which roughly corresponds to a ~0.5 dex change

in metallicity according to the models (see Figure 2.6).

Gallazzi et al. (2005) have shown that there is a significant scatter between the stellar
mass and the metallicity, especially for lower mass galaxies. The scatter at fixed mass at
log(M,/Mg) < 10 is about 0.5 dex. We note that our study and the one of Gallazzi et al.
(2005) use galaxy samples based on different selection criteria, so it is not proper to compare
the numbers directly. In addition, metallicity inferred from broadband colors is model-
dependent (Conroy & Gunn 2010). Here we simply demonstrate that qualitatively, the SB
can potentially account for a significant part of the scatter in the stellar mass-metallicity
relation. The surface density may play an important role in the chemical evolution of

galaxies.

Optical color

Some early studies reported that low SB galaxies have on average bluer optical colors (de
Blok et al. 1995; Gerristen & de Blok 1999; Burkholder et al. 2001; Zhong et al. 2008), but
red low SB galaxies also exist (O’Neil et al. 2000; Boissier et al. 2003). The blue optical
color is often interpreted as young and metal-poor stellar population. Boissier et al. (2003)
further argued that low SB galaxies should have sporadic star-formation histories in order
to explain the existence of red low SB galaxies. In this view, red low SB galaxies are those

galaxies between two active star-formation periods.
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We have seen in Figure 2.4 that unlike the NIR color, the optical v’ — 7’ color does not
show a strong SB dependence. The positive correlation between the SB and v’ — r’ color
is mainly driven by the stellar mass. Although there is a tentative SB dependence that
high SB galaxies are redder, at fixed stellar mass, the SB affects the v’ — ' color by at
most ~ 0.1 mag across the SB range probed. We note that our sample selection is biased
against gas-depleted galaxies, which is expected to have redder v’ — r’ colors. Therefore, at
low-mass end, the median v’ — ' color measured from our sample may be bluer than the

underlying population.

The SB dependence found in previous studies and in Figure 2.1 is likely mostly the
dependence on stellar mass. Low SB galaxies have bluer optical color because they are on

average less massive. At fixed stellar mass, low SB galaxies are not necessarily younger.

2.4.2 Star formation rates

Early studies often described low SB galaxies as dormant galaxies which posses immense
gas reservoir but do not actively forming stars (Gerristen & de Blok 1999). This property is
a direct expectation from their low surface density. Because of the weaker self-gravitation,
low surface density disks are stable against both global and local growth of instability
(Dalcanton et al. 1997; Mihos et al. 1997; Mayer & Wadsley et al. 2004; Ghosh & Jog
2014). Gas clouds in low SB disks thus experience less cloud compression and collision,

which can trigger star formation.

We see in Figure 2.5a and Figure 2.5b that the SFR is nearly independent of the SB at
fixed stellar mass. It appears to be in tension with theoretical expectations. Nevertheless,
Figure 2.5¢ shows that the SFE is SB dependent. At fixed stellar mass, lower SB galaxies
possess more gas (Figure 2.4c), but are inefficient in turning the gas reservoir into stars.
The null dependence of SB on SFR is the combined effect of the gas mass and SFE. Low

SB galaxies are forming stars slowly from their immense gas reservoir.
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2.4.3 Remarks on Surface Brightness

The surface brightness is extensively used to measure the effect of internal structure and
local density on galaxy evolution. The implicit assumption in using surface brightness is
that it is a good proxy for surface density. This assumption works better when the surface
brightness is measured at a near-IR wavelength, where the stellar mass-to-light ratio is
less dependent on properties of galaxies. However, it is worth noting that the surface
brightness is only a proxy for the stellar component of galaxies. The gaseous component is
ignored. Therefore, the ”surface density” inferred from the surface brightness is essentially

the 7stellar surface density” but not the ”baryonic surface density”.

Using H1 21 c¢m line measurements from the ALFALFA survey and photometry from
the SDSS, Huang et al. (2012) investigated the global scaling relations between the stellar
and the gas mass of a sample of ~ 10,000 galaxies. From the scaling relation presented by
Huang et al. (2012), galaxies with M, < 10°7M,, are gas-dominant (Mpy; > M,). Thus,
for small galaxies, the gaseous component can be non-negligible if the baryonic content is

the concern.

In addition to being used as a proxy for surface density, the SB is also taken as a proxy
for the specific angular momentum of their parent halos. Low SB galaxies are considered
as forming from halos of high specific angular momenta (Dalcanton et al. 1997; Boissier et
al. 2003). As we have emphasized in this manuscript, the SB is strongly correlated with
the stellar mass. Low SB galaxies can simply be less-massive galaxies. Using the SB as a
proxy for angular momentum will only be meaningful while comparing galaxies of the same

masses.

Moreover, secular evolution induced by internal structures such as stellar bars and spirals
can redistribute angular momentum and matter within the galaxy disk, thus altering the
SB (Hohl 1971; Lynden-Bell & Kalnajs 1972; Debattista et al. 2006; Minchev et al. 2011,
2012). Secular evolution can induce ~ 0.5 mag arcsec™2 change in SB (Wu et al. 2016, in

prep; see Chapter 4), a noticeable amount comparing to the intrinsic dispersion of SB at
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fixed mass (~ 3 mag, Figure 2.2). The SB observed today may not be representative for

the property of the host halos.

Because of the issues mentioned above, we should be careful interpreting results on the
SB effect reported in the literature. The majority of studies defined “low surface brightness
(LSB)” galaxy samples by selecting galaxies with surface brightness fainter than a certain
value, then compared the properties of the LSB sample to other “normal”, or high surface
brightness (HSB) galaxies. However, this simple definition yields a heterogeneous sample.
An LSB galaxies may be a massive galaxy with an extended distribution of stars, a less
massive galaxy, or a galaxy massive in baryons but gas-rich. These samples do not represent
either high angular momentum galaxies, low surface density galaxies, or low mass galaxies.

All conclusions made from “LSB” samples have to be interpreted with extra care.

2.4.4 Conclusion

We have re-examined the SB dependence on various galaxy properties at fixed stellar mass.
This is the first step toward understanding the effect of angular momentum on galaxy
evolution. We find some previous perceptions of the effect of SB should be reconsidered.
Lower SB galaxies are inefficient in forming stars, but they are not necessarily quiescent due
to their large gas reservoir. At fixed stellar mass, there is little evidence that the optical color
of galaxies changes along with the SB. It is questionable whether LSB galaxies build up their
mass with a different star-formation history as some studies suggested (e.g., Boissier et al.
2003). However, the integrated broadband color is a crude proxy for star-formation history,
therefore, we cannot draw a firm conclusion. Spatially resolved spectroscopy will help derive
the stellar age profiles of galaxy disks. We will understand better whether galaxies with
different SBs build up through the same star-formation history or not. In the near future,
large IFU galaxy surveys such as MANGA (Bundy et al. 2015) and SAMI (Bryant et al.
2015) will observe galaxies with stellar masses log(M,/Mg) 2 out to ~ 2.5R., provide

samples with wider ranges of stellar masses and surface densities, allowing more detailed
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investigation. We find that the metallicity strongly depends SB and we will investigate the

origin of the effect in the next chapter.
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Chapter 3
The influence of surface brightness on the

mass-metallicity relation

3.1 Introduction

Chemical enrichment is one of the keys to understand the evolution of galaxies. Heavy
elements, or metals, are synthesized in stars then released into the interstellar medium
(ISM) by stellar winds or supernova explosions. The metal-enriched ISM subsequently acts
as the raw material for the next generation of new-born stars. Tight relations between the
stellar mass and both gas-phase and stellar metallicities were discovered, such that galaxies
with larger stellar masses on average have higher metallicities (Tremonti et al. 2004; Gallazzi
et al. 2005; Savaglio et al. 2005; Lee et al. 2006).

To first order, the origin of the mass-metallicity relation can be understood as a simple
process of recycling of metals in the ISM. Galaxies with larger stellar mass have synthesized
and released more heavy element throughout their lives, therefore, higher metallicity is
naturally expected. Nevertheless, this simple picture does not tell the whole story. As
pointed out by Tremonti et al. (2004), the dispersion in the mass-metallicity relation cannot
be explained simply by measurement uncertainties of metallicity. There must be other
factors affecting the metallicity.

Several studies have been searching for parameters beyond stellar mass that affect

metallicity. An anti-correlation between gas-phase metallicity and star formation rate (SFR)
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has been found both locally and at high redshifts, where at fixed stellar mass, galaxies with
higher SFR have lower metallicity (Ellison et al. 2008; Mannucci et al. 2010; Lara-Lépez
et al. 2010; Yabe et al. 2015). A similar anti-correlation seems also to be present between
the gas content and metallicity, where gas-rich galaxies have on average lower metallicity
(Bothwell et al. 2013; Hughes et al. 2013). There is also a dependency on galaxy structure,
such that larger, or lower surface brightness, galaxies tend to have lower metallicity for their

stellar mass (Ellison et al. 2008; Liang et al. 2010; Salim et al. 2014).

Most of these results are obtained with data from SDSS fiber spectra. Although the
sample size is large and provides good statistics, data from fiber spectra have fundamental
issues. The spectroscopic information, including SFR and metallicity, comes from only the
center of the galaxy while stellar mass, gas mass, and galaxy structure are derived from
imaging with different apertures. Moreover, the coverage varies among galaxies, depending
on the size, structure and distance of galaxies. Therefore, some of the dependencies on a
second parameter could come from aperture effects (Ellison et al. 2008; Hughes et al. 2013;
Sanchez et al. 2013). This calls for an approach that uses spatially resolved information
regarding metallicity.

In the interpretation of the observed relationship between integrated metallicity and
stellar mass, it has become clear that a simple closed box chemical evolution model with no
exchange of material between the galaxies and their outside environment (Searle & Sargent
1972; Pagel & Patchett 1975) is insufficient. In reality, galaxies experience gas inflows from
mergers and accretion and outflows caused by feedback from supernovae, starburst or AGN
and, thus the close-box assumption does not hold. Exchanging material between galaxies
and the environment modifies the metallicity of galaxies. By introducing inflow and outflow
activities, theoretical models are able to reproduce quantitatively the observed integrated
mass-metallicity relation (Spitoni et al. 2010; Peeples & Shankar 2011; Zahid et al. 2012;
Lilly et al. 2013; Zahid et al. 2014).

With spatially resolved observations, to overcome the uncertainties mentioned above

a modified theoretical approach is also required, which utilizes the additional information
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coming from the measurement of radially resolved metallicity profiles. Recently, a variety
of such models has been presented (Pilkington et al. 2012; Mott et al. 2013; Kudritzki et
al. 2015). This allows the imposition of constraints on the inflow and outflow properties
of individual galaxies by chemical evolution models (Ascasibar et al. 2015; Kudritzki et al.
2015), and then the investigation of whether there is any dependence on other physical
properties of galaxies.

In this paper, we focus on the effect of surface brightness on the mass-metallicity relation.
The surface brightness, or surface density, of a galaxy depends on the angular momentum
of a galaxy for a given mass (Dalcanton et al. 1997; Mo et al. 1998), which is affected by
the mass loss and accretion history of a galaxy (Dutton & van den Bosch 2012). We will
examine the interplay among surface brightness, metallicity, and properties of inflow and
outflow of gas from nearby galaxies, where the spatially-resolved information is available. In
Section 2, we describe the data sets used in the analysis. Section 3 presents the dependence
of metallicity on surface brightness inferred from both spectroscopy and broadband color
in two independent samples. We use chemical evolution models to constrain the inflow
and outflow of galaxies in Section 4, and discuss possible implications and systematics in
Section 5. The summary is given in Section 6. We use AB magnitudes in this paper unless

noted.

3.2 Data and Analysis

3.2.1 Samples

In this paper, we present two samples of galaxies with metallicities estimated from spectra
of H1I regions and broadband colors respectively. We use data from surveys including the
WISE, the SDSS, and the ALFALFA. The synergy among these large surveys allows us
study a large number of galaxies with homogeneous observations. The distribution of the
stellar mass, gas mass, gas fraction, and surface brightness of the sample is presented in

Figure 3.1.
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Figure 3.1 Distributions of stellar mass, gas mass, stellar-to-gas mass ratio and surface
brightness with the spectroscopic sample (top) and the photometric sample (bottom). The
vertical dashed line is the median value of each quantity.

Spectroscopic Sample

The first sample consists of 118 galaxies with gas-phase metallicities measured from H11
regions in Pilyugin et al. (2014). This paper compiled published spectra of HII regions
in 130 nearby galaxies and determined the gas-phase metallicity of each H1I region in a
uniform way. For each galaxy, Pilyugin et al. (2014) reported the central metallicity and
metallicity gradient as a function of radius. This set of galaxies provides a homogenized
sample with spatially resolved information. We select galaxies whose H1 flux is available
for further discussion and refer this sample as the spectroscopic sample

The top row of Figure 3.1 shows the properties of the spectroscopic sample. The
majority of galaxies in this sample have stellar mass M, > 10'°M, and relatively high
surface brightness while the distributions have tails towards lower masses and lower
surface brightnesses. This sample covers a specific range of stellar-to-gas mass ratio,
0 < log(M./My) < 1, ie., 0.1M, S My S 1M,. Few galaxies are located beyond this

range.
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Photometric Sample

The second sample is the galaxy sample used in Chapter 2. This sample covers wider
ranges of stellar mass, gas mass, stellar-to-gas mass ratio, and surface brightness than the
spectroscopic sample, especially for the low mass, low surface brightness and gas-rich end

of the distribution (Figure 3.1). We refer to this sample as the photometric sample.

3.2.2 Photometry, surface brightness profile, and masses

We perform surface photometry and derive the mass of the spectroscopic sample using the
same procedure for the photometric sample, which has been described in Chapter 2.

In this chapter, we also consider the molecular gas content of galaxies for the
spectroscopic sample for the chemical evolution model (see section 3.4). However, we do
not have direct observations of the molecular gas towards our galaxies. To estimate the
molecular gas content, we refer to the result of Bothwell et al. (2014), who measured CO gas
content towards ~ 100 galaxies. Bothwell et al. (2014) found that the molecular-to-atomic
gas mass ratio (Mpo/Mpr) has a positive correlation with the stellar mass of galaxies with
some scatter. From figure 2 of Bothwell et al. (2014), we estimate the molecular-to-atomic

gas mass ratio:

log(Mp2/Mpr) = 0.66 x log(M,/Mg) — 7.392 (3.1)

Therefore, the molecular mass is estimated from the combination of stellar and H 1 mass.
Throughout this chapter, ”gas mass” refers to the total gas mass, Muiom + Mpo. We will

discuss the uncertainties and possible systematics in Section 3.5.2.

3.3 The Surface Brightness Dependence on Metallicity

In this section, we present the correlation between metallicity and surface brightness from
two methods in two independent samples. Going one step farther than existing studies, our

analysis considers both the stellar mass and gas mass and shows that the surface brightness
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dependence does not come from correlations between surface brightness and stellar mass or

gas mass alone.

3.3.1 Gas-phase Metallicity from Spectroscopy

All galaxies in our spectroscopic sample have central metallicities and metallicity gradient
reported in Pilyugin et al. (2014). The first step is to verify whether the result in previous
studies, that the higher surface brightness galaxies have higher metallicities at given stellar
mass, still holds if we take the average metallicity of the whole galaxy instead of the
central metallicity as measured from fiber spectra. However, without knowing the spatial
distribution of the gas, we cannot directly convert this information into average metallicity
over the whole galaxy. Here we estimate the average metallicity by assuming an exponential
gas disk, whose scale length scales with the size of the optical disk (Rg5) (Bigiel & Blitz
2012):

Egas o e(71.65><1“/R25)7 (32)
We calculate the average metallicity out to Ros:

<Z> _ f0R25 Z:gas (ZO + dZ/d’l" X 7“) 2mr dr
f0R25 Ygas 2mr dr

: (3.3)

where (Z), Zy, and dZ/dr are the average metallicity, the central metallicity and the
metallicity gradient, respectively.

Figure 3.2a shows the central metallicity as a function of the stellar mass of the
spectroscopic sample. The sample is divided into two subsamples by surface brightness.
First of all, the central metallicity shows the mass-metallicity relation as expected. Overall,
higher surface brightness galaxies are more metal-rich, mainly due to their more massive

nature. But it is also clear that at M, < 10'9°M., most higher surface brightness galaxies

have the highest metallicity for given mass, while no obvious distinction exists between the
two subsamples at higher mass. This finding is qualitatively in agreement with previous

studies by SDSS fiber spectra (Ellison et al. 2008; Liang et al. 2010; Salim et al. 2014), where

42



for a given mass, high surface brightness, or compact, galaxies have higher metallicities, and

the distinction is larger at the low mass end.
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Figure 3.2 Left: Central metallicity as a function of stellar mass, color-coded by surface
brightness. The higher and lower surface brightness galaxies are red triangles and blue
circles, respectively. The surface brightness dependence is more prominent at the low mass
end. Right: Average metallicity as a function of stellar mass. The metallicity is averaged
out to Ras. At high stellar mass (M, > 10'%° M), no surface brightness dependence is seen.
At low stellar mass, higher surface brightness galaxies are mostly located above the mean at
fixed stellar mass, but the difference is not as prominent as seen in the left panel. Previous
measurements from the SDSS fiber spectra are potentially biased due to the aperture effect.

Next, we show the average metallicity in Figure 3.2b. Here, at M, < 10'°5M), the
distinction between two samples is not as clear as in Figure 3.2a. We only find a tentative
trend that higher surface brightness subsample locates at the top half of the mass-metallicity
relation. We have computed the average metallicity with a few different assumptions of gas
profiles (see Section 3.4 for profiles used) and the results are similar.

A size dependence on the mass-metallicity relation has been found in the SDSS spectra,
such that galaxies with larger effective radii on average have lower metallicity (Ellison et

al. 2008), effective the same as we find here in terms of surface brightness. However, the
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Figure 3.3 Left: Comparisons between galaxies with similar stellar and gas mass. Each data
point comes from two galaxies with Alog(M,) < 0.3 and Alog(M,) < 0.3. The horizontal
axis is the difference in surface brightness, calculated from the lower surface brightness one
(larger p0,;) minus the higher one (smaller pg ;). The vertical axis is the difference in average
metallicity. We divide the whole data set into 10 equal-size Apg; bins. The median and
16th and 84th percentile of the distribution in each bin are shown as the green error bar.
There is a clear trend that, after taking both stellar and gas mass into consideration, lower
surface brightness galaxies are on average more metal-poor. We further split the sample
into 2 stellar mass bins, and plot the median of each subsample for each Ay ; bins in red
(M, > 10'%°Mg) and blue (M, < 10'°°Mg), respectively. The surface brightness effect
is larger at low mass than in high mass. Right: The stellar and gas mass distribution of
the data points in the left panel. The masses are calculated as the average mass of the two
galaxies in consideration.

metallicity derived from SDSS spectra potentially suffers from systematic aperture effect.
Only part of the galaxy light is enclosed by the aperture, and the covering fraction depends
on the size of the galaxy. Ellison et al. (2008) was aware of this issue and argued that the
effect is small and cannot create the size dependence found in the SDSS sample. Using
spatially-resolved spectra, Pilyugin et al. (2014) examined the relation between the disk
surface brightness and the metallicity at the center and Ro5. They found that either at the
center or Ros, galaxies with higher surface brightness on average have higher metallicities.
Here we further calculate the averaged metallicity and confirm that the surface brightness

dependence exists.
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The gas-phase metallicity is the ratio between metals and hydrogen. The numerator,
the metal content, is related to the stellar mass while the denominator is the total gas
content of the galaxy. In observations, metallicity has been found to be tightly correlated
with both the gas mass and stellar-to-gas mass ratio (Bothwell et al. 2013; Hughes et al.
2013; Zahid et al. 2014). If lower surface brightness galaxies are on average more gas-rich,
it would provide a direct explanation of the observed surface brightness dependence. A
proper comparison will be between galaxies with both the same stellar and gas masses but

difference surface brightnesses.

To make such a comparison, we pick out pairs of galaxies with similar stellar and gas
masses (dM < 0.3 dex) from the sample and compute the difference in surface brightness
(Apo;) and metallicity (A[O/H]avg) between the two galaxies. Figure 3.3 shows the
metallicity deficiency of a lower surface brightness galaxy compared to a higher surface
brightness galaxy with similar mass. Each data point represents a comparison between two
galaxies. A galaxy can appear more than once in the figure because there can be multiple
galaxies with similar stellar and gas mass. We divide the data points into 10 equal-size
App; bins and show the median and the 16th and 84th percentile of the distribution in

each bin.

The difference, A[O/H], starts from 0 at Apg; = 0, and gradually becomes more
negative as Apg; increases (lower surface brightness). This result indicates that at the
same stellar and gas mass, the metallicity depends on the surface brightness of galaxies.
The difference between low and high surface brightness galaxies seen in Figure 3.2 cannot
be entirely attributed to their gas content. We further split the sample into two stellar
mass bins. The surface brightness dependence is more prominent in the lower mass bin.
The surface brightness effect is presented only at Ay, 2 2 in the higher mass bin, therefore

it is not identified in Figure 3.2.
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3.3.2 Stellar Metallicity from Broadband Colors

We have seen that the average gas-phase metallicity of a galaxy depends on its surface
brightness, and the effect is more prominent at lower masses. Also, in Chapter 2, we have
used the broadband color as a proxy for stellar metallicity and found the same surface
brightness dependence at fixed stellar mass. We then compare the stellar metallicity of
galaxies at fixed stellar and gas masses in this section.

Similar to Figure 3.3, Figure 3.4 compares the 2’ — W1 colors of two galaxies with similar
stellar and gas masses. For galaxies with v’ — ¢’ < 1.0, we further require A(u’ — ¢") < 0.05
in addition to the mass limit in order to mitigate the age effect. We divide the data into
15 equal-size Ao ; bins and plot the median, 16th and 84th percentile of the distribution.
Again, the difference in color starts from 0 at Aypp; = 0 and becomes more negative at
larger Ay, indicating that lower surface brightness galaxies have systematically lower
stellar metallicities for a given stellar and gas mass.

We have estimated the internal extinction following the prescription of Tully et al. (1998)
based on the H1 line width and the inclination of galaxies, for which we have information
for all sample galaxies. However, this prescription does not consider the surface brightness
of galaxies. If the metallicity of galaxies depends on the surface brightness, the internal
extinction would depend on the surface brightness as well. Thus, the prescription of Tully et
al. (1998) could systematically overestimate the internal extinction of low surface brightness
galaxies if they are metal-poorer as suggested in previous studies. An arguably better
method is to estimate from the flux ratio between total infrared (TIR) and UV luminosities
(Kong et al. 2004; Buat et al. 2005; Gil de Paz et al. 2007). The TIR flux represents the
continuum light absorbed then re-emitted by dust while the UV flux is the radiation from
young stars unblocked by dust. Therefore, the flux ratio between TIR and UV is a proxy of
the ratio between attenuated and unattenuated light. However, only ~ 20% of our galaxies
are detected in the W4 band, so this method cannot be applied in our case. When IR data
are not available, a common alternative is using UV spectral slope or UV color to infer

the TIR-UV flux ratio (Cortese et al. 2006; Salim et al. 2007) because there is a positive

46



A(Z-W1)

log(MHI/MG)

~1.80605101520253.0354.0 778 9 10 110.0051.0
AMo,i IOg(M*/MQ)

Figure 3.4 Left: The comparison between galaxies with similar stellar and gas masses. Each
data point comes from a pair of galaxies with Alog(M,) < 0.3 and Alog(M,) < 0.3. For
galaxies with «/ — " < 1.0, we further require A(u'—7r’) < 0.05. The data set is divided into
15 equal-size jip; bins and the median and 16th and 84th percentile in each bin is shown by
the green error bar. At the same stellar and gas masses, lower surface brightness galaxies
have smaller z/ — W1 colors, indicating lower stellar metallicities. Right: The stellar and
gas mass distributions of the data points in the left panel. The masses are calculated as the
average mass of the two galaxies in consideration.

correlation between the TIR-UV flux ratio and the slope of the UV spectrum (the IRX — 3
relation; Kong et al. 2004; Gil de Paz et al. 2007), although dependence on age and dust

property may exist (Kong et al. 2004; Cortese et al. 2006; Gil de Paz et al. 2007).

To make sure our results are not inherited from the potential systematics of the Verheijen
& Sancisi (2001) prescription, we also carry out the analysis with internal extinction
estimated from the observed UV colors for galaxies with both GALEX FUV and NUV

imaging (~ 90% of our samples). We follow the calibration of Hao et al. (2011):
Appy = 3.83 x [(FUV — NUV )gps — 0.022], (3.4)

and find that both prescriptions for internal extinction give qualitatively similar results.
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We would like to point out that, in both our samples, the surface brightness dependence
is only moderate compared to variations from individual galaxies. The individual variations
may dominate in galaxy samples that are too small in size or do not cover a wide enough
range of surface brightnesses. Therefore, the surface brightness effect may not be detected.
It will be possible in the near future to draw a cleaner picture with upcoming integral field
unit (IFU) surveys such as MANGA (Bundy et al. 2015) or SAMI (Brynt et al. 2015),
that can provide spatially resolved metallicity maps of a large number of galaxies over wide

ranges of mass and surface brightness.

Also, we note that under the exponential disk assumption our result on the surface
brightness dependence could be interpreted as a scale length (h) dependence because
galaxies at the same stellar mass with higher central disk surface brightnesses have smaller
scale lengths. In general, galaxies are not perfect exponential disks, and the relation between
o and h will depend on the structure of galaxies. For our cases, we have repeated a similar
analysis as shown in Figure 3.3 and Figure 3.4, but as a function of Ah, and find similar

results.

3.4 Theoretical Considerations

A large number of studies have modeled the observed mass-metallicity relation with different
approaches and formulations. It is widely agreed that the close-box assumption yields too
high metallicity. Outflows removing metal-enriched ISM and/or inflows of pristine gas
diluting ISM are required to quantitatively match the observed mass-metallicity relation
(Spitoni et al. 2010; Peeples & Shankar 2011; Zahid et al. 2012; Lilly et al. 2013; Zahid et
al. 2014).

While in these works, the spatially integrated mean relation is successfully reproduced,
there is little work addressing the scatter around the mean. We have shown in Section 3.3

that, for a given mass, the metallicity is correlated with the surface brightness. It is
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intriguing to investigate how the spatially resolved surface brightness and metallicity profiles

are affected by the inflow and outflow properties.

For this purpose, we apply the chemical evolution model of Kudritzki et al. (2015),
which addresses the relation among inflow, outflow, metallicity and stellar-to-mass ratio in

the spatially resolved case. The inflow and outflow of a galaxy are parameterized by two

factors:
M,
A_ — accr 3'5
m (3.5)
and
Mloss
— _toss 3.6
n m (3.6)

where M, and M., are the mass-loss and mass-accretion rates, and ¢ is the SFR.

This model makes a few assumptions. First, 7 and A are assumed to be constant in time.
This assumption constrains only the ratio between the SFR and inflow and outflow rate,
therefore, all three quantities can be time variable. Second, the inflow gas is free of metals,
and the outflow gas has the same metallicity as the ISM at the time launched. Third, the
nucleosynthetic yield (y) and the stellar mass return fraction (R) are both constant. Under

these assumptions, the metallicity can be analytically expressed as

Zuy:i{1—b441+¥:gﬂng71W”L@}. (3.7)

Therefore, the metallicity is determined by 7, A, and the stellar-to-gas mass fraction at a
given time. If a galaxy has spatially resolved information on stellar mass, gas mass, and
metallicity, the three constraints can be used to find the best-fit n and A of the galaxy. We

refer readers to Kudritzki et al. (2015) for a detailed derivation and discussion of the model.

We apply the model only to the spectroscopic sample but not the photometric sample.
The stellar metallicity inferred from broadband colors can depend on stellar population
synthesis models and is less certain for quantitative work (Lee et al. 2007; Eminian et al.

2008).
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For each galaxy in the spectroscopic sample, we have both the metallicity and stellar
mass profiles from observations. For the gas distribution, we follow the form in Equation 3.2,
and assume a pure exponential gas disk with a slope scaled with Ro5. This assumption is
supported by observations between 0.2 and 1.0 Rgs but is not valid for radii outside this
range (Bigiel & Blitz 2012). Therefore, our nominal range for analysis is limited between
0.2 Ro5 and 1.0 Ros. For the amount of gas within this range, we do the analysis under
two separate assumptions. The first one involves distributing the observed amount of
gas exponentially from the galaxy center to infinity. Therefore, the gas surface density
is determined by both Rs5 and the integrated observed gas content. But the validity of this
assumption is potentially affected by the gas profile beyond Rgs. Thus, we assume as an
alternative a gas surface density profile, which is only constrained by Rss (Bigiel & Blitz
2012):

Ygas = 28 X exp(—1.65 x r/Ras). (3.8)

Although the second assumption, determining gas density profile purely from the size of
stellar disk, may seem to be less convincing, it is in fact supported by observations (Bigiel
& Blitz 2012). Comparing the two assumptions with the 19 galaxies studied in Kudritzki et
al. (2015), which have resolved gas distribution, we find that the first (second) assumption
on average yields ~ 0.17 dex (~ 0.11 dex) lower gas surface density than measured values
within the nominal radius range. As we will find out later, this range of uncertainty is not

a concern for our discussion.

For each galaxy, we have now the photometrically derived stellar mass column density
profiles and gas column density profiles described by Equation 3.8. We now calculate model
metallicity profiles from the stellar-to-gas mass ratio profile and pairs of n and A between
0 and 3 for every hundredth interval. We adopt R = 0.4 and y = 0.00313 as calibrated
in Kudritzki et al. (2015). A 0.15 dex is added to the HIl-region metallicity measured
by Pilyugin et al. (2014) to match the metallicity zero-point obtained by Kudritzki et

al. (2015) as the result of stellar spectroscopy in spiral galaxies. We then compare the
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model metallicity profile with the observed metallicity profile and compute the x? from the
difference between two profiles and the uncertainties for every 0.05 Ros from 0.2 Ro5 to 1.0
Ros or the last reliable measurement of surface brightness for adopted pairs of n and A.
The pair of 7 and A with the minimum x? is then defined as the best fit model. Figure 3.5
shows an example of our comparison between the model and the observation. We note that
the assumption on the gas profile is valid only in a statistical sense. There is ~ 60% scatter
among individual galaxies. Therefore, we will only discuss the average properties from the

model.

9.4
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Figure 3.5 An example of the model fit. The black line represents the observed radial
metallicity profile, with the 1o uncertainty indicated by the dashed lines. The best-fit
model metallicity profile is plotted as the blue line. The close-box model (n = 0,A = 0) is
shown by the red dash-dotted line as a reference.
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Our result with two different gas profiles is presented in Figure 3.6. Galaxies are first
sorted into 3 bins in baryonic (Figure 3.6a and c) or stellar mass (Figure 3.6b and d). In each
mass bin, galaxies are further separated into two equal-size bins by their surface brightness.
Each bin contains ~ 20 galaxies. We show the median and the 16 and 84 percentile of the
distributions of n and A in each sub-sample. The difference between the median surface
brightnesses of the two sub-sample is ~ 1 mag for the high and mid-mass bins, and ~ 2
mags for the low-mass bin. As a comparison, we also plot the best-fit n and A from the 19

galaxies with measured stellar-to-gas mass profiles studied by Kudritzki et al. (2015).

To investigate the uncertainty resulting from the parameterized gas profile, we
considered four more different gas profiles. Following the 1o scatter of the slope of the
universal gas profile given in Bigiel & Blitz (2012), we first consider two cases where the
gradient of the gas distribution is -1.78 or -1.49, instead of the canonical value of -1.65.
For the other two cases, we fix the gradient, but double or half the amount of gas in order
to access the uncertainty from the assumed amount of gas and the effect from possible
systematics (see Section 3.5.2 for more discussion). For all four cases, the median n and A
of each sub-sample is calculated and plotted in the lower panels of Figure 3.6. Variation
in slope is shown by light filled symbols and variation in gas amount is shown by open

symbols.

Generally, both 1 and A depend on the mass of galaxies, where higher mass galaxies
have on average lower n and A. However, 1 depends strongly on the gas amount assumed.
Without knowing the amount of gas, 7 is essentially not constrained in the lowest mass and
lower surface brightness bin. In all subsamples, the difference in n between high and low
surface brightness bins could come from systematically different assumed gas amounts, if
there is any. On the other hand, A is more robust against variations in gas profiles. In the
two low mass bins, lower surface brightness galaxies have larger A regardless of gas profile

assumed.

The same result also can be seen in galaxies with observed stellar-to-gas mass profiles

(open diamonds). Only A in the low mass bin shows a surface brightness dependence, while
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7, and A in the high mass bin does not seem to depend on surface brightness. However we

note that this result comes from a small sample of only 5 galaxies in each bin.

3.5 Discussion

3.5.1 Implications from the Mass and Surface Brightness Dependence on

A

A chemical evolution model suggests that, for given mass, lower surface brightness galaxies
tend to have larger A. In this section, we discuss possible explanations for the correlation

between A and the surface brightness of a galaxy.

Star Formation Efficiency

The parameter A is the gas accretion rate divided by star-formation rate. It can be
understood as the reciprocal of star formation efficiency; while gas is falling onto the
galaxy, A monitors how much of it is turned into stars. A larger A indicates inefficient
star formation.

Our model suggests that lower surface brightness galaxies are less efficient in turning gas
into stars, which is in agreement with the prevalent idea. Observations of giant low surface

brightness galaxies (M, > 10'°M) showed that they have copious amounts of H 1 gas that is

comparable to their stellar components (Matthews et al. 2001; O’Neil et al. 2004). Their gas-
to-stellar mass ratio is higher than their high surface brightness counterparts (Burkholder et
al. 2001; O’Neil et al. 2007). By comparing star formation rate and H1 mass, Boissier et al.
(2007) found that low surface brightness galaxies have lower SFR compared to high surface
brightness galaxies with similar H1 mass, evidence that low surface brightness galaxies are
inefficient in star formation.

The low star formation efficiency in low surface brightness galaxies is also suggested

by theories that low surface brightness galaxies are stable against the growth of instability

(Dalcanton et al. 1997; Mihos et al. 1997; Mayer & Wadsley et al. 2004; Ghosh & Jog 2014).
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The instability can be measured by the Toomre @) parameter (Toomre 1964):

oK

@= 33605,

(3.9)

where o is the radial velocity dispersion, G is Newtonian gravitational constant, >, is the

disk surface density. & is the epicyclic frequency given by

2Q d
=4/ ——-——=(R2Q 1

where R is the radial coordinate and €2 is the angular velocity. o, ¥4, €2, and & are all
functions of R. Toomre (1964) showed that if Q) drops to ~ 1, the disk is unstable to radial
perturbations.

Stability analysis of individual low surface brightness galaxies demonstrated that they
have high Toomre @ parameter (Mihos et al. 1997; Ghosh & Jog 2014). Structures like
spiral arms and bars are also harder to form due to a lack of global instability (Mihos et
al. 1997). Gas clouds in low surface brightness disks experience fewer cloud collisions and
compression, which can trigger star formation. This proposition is also supported by the
fact that fewer bars are seen in low surface brightness galaxies (Impey et al. 1996). The
larger A inferred from our model, thus, agrees with the majority of previous studies in terms

of star formation efficiency.

Environmental Effect

Since A is the ratio between mass accretion rate and star formation rate, for two galaxies
with the same stellar mass, the one with higher A, found to correlate with lower surface
brightness, should have had more inflow material over time. This may imply that there
is a surface brightness dependence with the environment of galaxies. At fixed mass, lower
surface brightness galaxies tend to form in regions receiving more accretion flows.

Keres et al. (2009) investigated the accretion rate of galaxies with cosmological

hydrodynamical simulation and found a significant difference between the accretion rates
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of central and satellite galaxies, such that central galaxies have on average higher accretion
rates. Our result may imply that at fixed mass, low surface brightness galaxies tend to
be central galaxies. In observation, Weimann et al. (2009) investigated the environmental
effect on sizes and surface brightness profiles of galaxies in terms of centrals and satellites.
For SDSS galaxies with M, > 10%7 M., Weimann et al. (2009) found that at fixed stellar
mass, late type central galaxies have larger radii and are less concentrated than late type

satellite galaxies, which is qualitatively consistent with our result.

On the other hand, it is still in debate whether the surface brightness of galaxies depends
on local density. Several studies found that low surface brightness galaxies have fewer
neighboring galaxies on scales of < 1 Mpc to several Mpc (Bothun et al. 1993; Rosenbaum
et al. 2009; Galaz et al. 2011). However, the "low surface brightness galaxies” in these
studies refers to galaxies whose surface brightness are fainter than a certain value. We
have discussed in Chapter 2 that this definition yields a heterogeneous sample. A galaxy
with low surface brightness could be a result of an extended distribution of baryons, its
less massive nature, or being massive but in a gas-rich (star-poor) condition. Each type
of galaxies may have its own environmental dependence, and it is difficult to distinguish

among the contribution from each type.

Rosenbaum et al. (2009) found that low surface brightness galaxies reside in underdense
regions at scales 2 2 Mpc from SDSS DR 4 sample. In the same study, they further split
the sample into two redshift bins and showed that this environmental dependence is more
prominent in the low-z bin than in the high-z bin. As shown in Rosenbaum et al. (2009),
their low-z low surface brightness sample consists mainly of dwarf galaxies, and the high-z
low surface brightness sample is dominated by regular spirals. The behavior in two redshift
bins may suggest that at least part of the apparent environmental effect is inherited from
the luminosity, or mass, of the galaxy. On the contrary, Blanton et al. (2005) studied the
relationship between environment and optical properties of galaxies in the SDSS and found

a tentative trend that lower surface brightness galaxies are in the denser region for a given
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luminosity. It is not clear whether the local density affects surface brightness from direct

observations.

Assembly History

The discussion so far is under the assumption of constant A. This assumption has the
physical motivation that inflow increases a gas reservoir, therefore, the capability of forming
stars, but it is hard to verify observationally. Some observations of high-redshift massive
galaxies (1 < z < 3) suggested A > 1 (Tacconi et al. 2010, 2013; Yabe et al. 2015), which
is larger than what we derive for local galaxies (A < 1) therefore constitutes a challenge
to our assumption of constant A. Nevertheless, it is not clear whether galaxies in different
studies can be directly compared, i.e., our sample is not necessary the descendant of galaxies
in previous studies. Moreover, in spite of possible flaws in the assumption, this model has
been shown to be able to reproduce the distribution of metallicity gradients of local galaxies
(Ho et al. 2015). Practically, the metallicity is not sensitive to inflow and outflow in the
gas-rich regime. Because metallicity is the content of metals normalized by the amount of
gas, inflow and outflow would not drastically change it when the galaxy still possess a vast
gas reservoir. Therefore, the model parameters, n and A, reflect the more recent accretion
activities and less the early phase of galaxy formation. Although the assumption of constant
n and A may not necessarily hold, we consider our fitting parameters should at least reflect

the inflow and outflow properties at recent times.

If we assume that A is decreasing over time, as hinted by observations, the dependences
on surface brightness we see from local galaxies are qualitatively consistent with the
canonical view of halo formation. More compact galaxies are considered to reside in compact
halos with lower spin which form relatively early (Jimenez et al. 1998; Mo et al. 1998). For
baryons, hydrodynamic simulations showed that most baryons in low spin halos collapse
into the center of the galaxies within the first ~ 1.5 Gyrs (Kim & Lee 2013), therefore

implying low accretion at the present day.

56



Overall, galaxies with higher surface brightness have likely passed their peak accretion
phase, while low mass, lower surface brightness galaxies are still assembling their baryons.
The low A observed in the high mass bin could also result from the virial shocks developing

in halos with Mpai0 =

~

102 My, which suppress cold material falling onto the galaxies (Keres
et al. 2005, 2009; Brooks et al. 2009). In this case, the mass is the dominant factor, and
the surface brightness effect is relatively small and, therefore, not observed. Both factors

could lower the accretion rate, Myeer in high mass, high surface brightness galaxies.

3.5.2 Possible Systematics
Molecular gas content

In Section 3.3, we compare galaxies with the same stellar and gas mass, where molecular
mass is estimated from a stellar-mass-dependent M (Hs)/M (HI) fraction from Bothwell et
al. (2014). Under this assumption, galaxies with the same stellar and HI mass will have
the same amount of molecular gas. However, one could naturally expect that lower surface
brightness galaxies have a deficit in molecular gas due to their lower metallicity so that the
neutral gas will not be able to cool enough to form Hs.

Detections of molecular gas in low surface brightness galaxies suggested that they have
low M (Hz)/M(HI) fraction compared to galaxies with higher surface brightness (O’Neil et
al. 2003, 2004; Matthews et al. 2005; Das et al. 2006). As a result, our estimate could lead
to systematic overestimate of total gas content in lower surface brightness galaxies.

Based on the result of Bothwell et al. (2014), the scatter of the M (Hz)/M (HI) fraction
around the mean value is ~ 0.4 dex for a given stellar mass. Some of the scatter are
possibly inherited from the correlation with metallicity and surface brightness. According

to Equation 3.1, the Hy mass is less than 10% of H1 at M, <

~

10'°M,. The 0.4 dex scatter
corresponds to < 25%, or < 0.1 dex, of total gas mass, and is negligible.

Of more concern is the high mass end, where M, ~ 10" M. At this stellar mass, the
average Hy mass is comparable to HT mass, and the scatter in total gas mass is ~ 0.25 dex.

To account for this possible systematic effect, we have allowed a 0.3 dex difference in mass
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for galaxies to be considered as ”the same mass” in Section 3.3. Moreover, for our chemical
evolution model, we have run the test cases of different gas content in Section 3.4 and shown
the result in Figure 3.6. Our discussion on A is not affected by changing the gas content
within the nominal range. Especially at low mass, where the surface brightness effect is

more prominent, the molecular gas content is essentially negligible.

Metallicity scale

In Section 3.4, we add a correction of 0.15 dex to the metallicities measured by Pilyugin
et al. (2014). This correction has been found by Kudritzki et al. (2015) and is the result
of a comparison of metallicities obtained from detailed quantitative spectroscopy of blue
supergiant stars versus H1l-region metallicities measured by Pilyugin et al. (2014). The
yield (y = 0.00313) used in our chemical evolution model of section 4 has been empirically
determined by Kudritzki et al. (2015) from the metallicity and metallicity gradient in the
Milky Way disk as observed from Cepheids and B-stars. The yield and the metallicity scale

used in Section 3.4 are,thus, consistently based on quantitative stellar spectroscopy.

The inflow and outflow strength determined in our model could be affected by systematic
uncertainties of the metallicity scale used. To access this uncertainty we apply a similar
procedure as Kudritzki et al. (2015) We repeat the analysis of Section 3.4, but this time
replacing the 0.15 metallicity correction to Pilyugin et al. (2014) with metallicity corrections
of 0.10, 0.05, and 0.00 dex, respectively. Figure 3.7 shows the effects from changes of the zero
point. While the zero point is important in a quantitative sense (decreasing the metallicity
leads to larger values of n and A), it does not affect our major conclusion. Lower surface
brightness galaxies have higher A values than higher surface brightness galaxies of similar
mass. In Figure 3.7 we only show the results for one type of gas profiles and only binned
by baryonic mass corresponding to the case in Figure 3.6a. Application of the zero point

shifts to the other cases lead to a similar conclusion.
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We note that changing the zero-point of the metallicity scale is equivalent to changing
the yield in the chemical evolution model, as can be seen in Equation 3.7. The result

discussed here can also be seen as a test of the influence due to the uncertainty of the yield.

3.6 Summary

In this paper, we investigate whether the metallicity of galaxies depends on their surface

brightnesses and discuss the possible origin of the dependence.

1. Previous studies found that, at given stellar mass, low surface brightness galaxies
are more metal-poor. These studies used SDSS fiber spectra, where it is difficult
to account for the aperture effect. We show that the result remains valid when the

average metallicity of the whole galaxy is considered.

2. The surface brightness dependence still exists if the gas mass is also taken into account.
For galaxies with similar stellar and gas masses, lower surface brightness systems tend

to have lower metallicity.

3. We use chemical evolution models to constrain the inflow and outflow properties of
galaxies. The ratio between accretion rate and star formation rate (A) is larger in
low mass, lower surface brightness galaxies. The surface brightness effect is more
prominent in low mass galaxies. On the other hand, the outflow property is not well

constrained.

4. The high A in lower surface brightness galaxies can be directly interpreted as low star

formation efficiency. This interpretation is consistent with the prevalent idea.

5. For galaxies with the same stellar mass, lower surface brightness galaxies should have
more inflow material over time because of higher A, which is the ratio between mass
accretion rate and star formation rate. This result indirectly suggests that lower
surface brightness galaxies are more likely the central galaxy in a halo, therefore they

have more inflow material.
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6. If A is not constant in time as assumed in the model, the surface brightness dependence
on A may be an indication of different accretion histories, where low mass, lower
surface brightness galaxies are currently at their major accretion phase, while this

phase in higher surface brightness galaxies has passed.

In the near future, large IFU surveys will provide maps of metallicity, and perhaps
measurements of inflow and outflow activities, in a large number of galaxies spanning wide
ranges of galaxy properties. We will understand better how galaxy structure affects the

evolution of galaxies with the aid of IFU data.
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Figure 3.6 Best-fit n and A as a function of mass and surface brightness. (a): gas amount
scaled by Ras, binned by baryonic mass. (b): gas amount scaled by Ras, binned by stellar
mass. (c¢): gas amount scaled by Rgs and measured gas mass, binned by baryonic mass.
(d): gas amount scaled by Rss and measured gas mass, binned by stellar mass. Galaxies in
the spectroscopic sample are first sorted into 3 mass bins then two surface brightness bins
in each mass bin. Higher surface brightness galaxies are in red and lower surface brightness
galaxies are in blue. In the upper panel of each subplot, the error bars represent for the 16th
and 84th percentile of the distribution of 77 and A in each subsample. The filled symbols
in the lower panel of each subplot show the uncertainties from varying the slope of surface
density of gas. Open symbols illustrate the uncertainties from varying the gas amount
(see Section 3.4). The 19 galaxies studied by Kudritzki et al. (2015) are also plotted as a
comparison.
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Figure 3.7 Test of the systematical effect from the zero point of metallicity scale on n and A.
We adopt 4 different metallicity scales, adding 0.15 dex (the scale adopted for this work),
0.10, 0.05, and 0.00 dex to the metallicities of Pilyugin et al. (2014). Gas profiles are scaled
by Rgs as in Figure 3.6a. The zero point affects n and A in a quantitative sense, but not
our conclusion, where lower surface brightness galaxies have higher A values than higher

surface brightness galaxies of similar masses.
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Chapter 4
Bimodal Surface Brightness Distribution of
Galaxy Disks: Observational Evidence for Angular

Momentum Transfer by Stellar Bars

4.1 Introduction

Theoretical and numerical works suggest that galaxy halos form wide ranges of initial mass
and angular momenta (Warren et al. 1992; Catelan & Theuns 1996a,b; Cole & Lacy 1996;
Steinmetz & Navarro 1999; Navarro & Steinmetz 2000). Baryons in dark halos cool and
condense, eventually form rotational-supported disk galaxies. It is expected that galaxies
we see today should also be distributed over a wide range of mass, and, at give mass, a
wide range of surface density due to their different angular momentum content (Dalcanton
et al. 1997; Mo et al. 1998). Thus, the observed distribution of galaxy surface brightnesses
provides constraints on the initial conditions and evolutionary process of galaxies.
Freeman (1970) conducted one of the early observational investigations on the
distribution of the surface brightnesses of galaxies and found that most galaxies have similar
central surface brightnesses of their disks. This result was later found to be an artifact
due to biased sample selection. Later, dedicated searches revealed a large population of

galaxies with surface brightness much lower than the Freeman’s value (Sprayberry et al.
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1996; Impey et al. 1996; O’Neil & Bothun 2000), which is in better agreement with the

theoretical expectation that galaxies of different surface brightness should exist.

An intriguing bimodal surface brightness distribution is found in the Ursa Major cluster
(Tully & Verheijen 1997). The surface brightnesses of Ursa Major members distribute

2 separation and avoid intermediate surface

around two peaks with ~ 2 mag arcsec™
brightnesses. Tully & Verheijen (1997) suspected that there are two dynamically stable
states of disks galaxies. The center of galaxies with high surface brightnesses are dominated
by baryons while low surface brightness galaxies are dark-matter-dominated for the entire

galaxies. The galaxies in between may be transitional populations which are rearranging

their baryons and evolving to the high surface brightness regime.

The Tully & Verheijen (1997) result is subject to a few uncertainties. First, the
measurement of Tully & Verheijen (1997) depends on a subjective decision on the range
where the disk is fit to the exponential profile (McDonald et al. 2009a). Moreover, the Ursa
Major sample only contains 62 galaxies. The bimodality may be simply a result of unlucky
statistics. There may also be an artifact due to incorrect extinction corrections applied to

the measured surface brightness (Bell & de Blok 2000).

McDonald et al. (2009a) conducted an independent analysis of the Ursa Major cluster
sample. They derived the surface brightness of disks from the 1-D bulge-disk composition
method and found the bimodality still preserves. The bimodality also appears in a few later
studies using sample sizes of a few hundred galaxies (McDonald et al. 2009b; Sorce et al.
2013, 2016), showing that the Tully & Verheijen (1997) result is not a statistical fluctuation.
As to the issue of extinction correction, Sorce et al. (2013) showed that the bimodality also
exists at the Spitzer 3.6um band, a wavelength largely free from extinction. Therefore, the

bimodal distribution is not an artifact related to extinction correction.

The existence of the surface brightness bimodal distribution has been presented in
several independent studies, but there is still no satisfactory explanation for its origin.

This double-peaked profile is not directly expected from hierarchical structure formation

69



models, assuming that angular momentum conserves and does not transport among galaxy

components while the baryons are collapsing (Dalcanton et al. 1997).

However, it has been shown by analytical calculation and numerical simulation that disk
stars can absorb or emit, thus exchange, energy and angular momentum (Lynden-Bell &
Kalnajs 1972; Tremain & Weinberg 1984; Athanassoula 2002; Athanassoula 2013). The
redistribution of angular momentum within galaxy disks lead to stellar migration and can
alter the structure of the disk. Therefore, the overall distribution of the surface brightness
of the disk does not necessarily follow the distribution predicted based on the mass and

spin distributions of parent halos.

Theoretical works predict that the redistribution of angular momentum is most effective
in galaxies with azimuthally asymmetric potential, such as spirals or stellar bars (Hohl 1971;
Lynden-Bell & Kalnajs 1972; Athanassoula 2002; Athanassoula 2013). Secular evolution
induced by stellar bars transports angular momentum to the outer part of the disk. As
a result, the disk becomes more extended as it gains angular momentum. Meanwhile, a
central mass concentration builds up because galaxy constituents lose angular momentum

and fall into the galaxy center (Grosbgl et al. 2004; Athanassoula 2005).

Although this secular evolution of disk structure has been extensively tested and
confirmed by numerical simulations (Hohl 1971; O’Neil & Dubinski 2003; Debattista et
al. 2006; Minchev et al. 2011, 2012), it is difficult to confirm observationally simply because
we cannot trace the evolution of a disk throughout its lifetime. As an alternative, examining
the correlation between the internal structure of the galaxy and the size and the surface
brightness of the disk may shed light on the angular momentum transport within galaxies,

as well as the intriguing surface brightness distribution.

This paper consists of two parts. We will first show the bimodal distribution of the
surface brightness from two galaxy samples with different selection criteria, and whose
surface brightnesses are independently measured by two different methods. Second, we
examine the correlation between the surface brightness and the internal structure of

disk galaxies and provide a physical explanation for the origin of the surface brightness
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bimodality. We introduce the data and our method in Section 2. The surface brightness
distribution and the link to the internal structure are presented in Section 3. We discuss

the implication in Section 4 and summarize the result in Section 5.

4.2 Data

We use two galaxy samples to show the bimodal distribution of the surface brightness (SB).
The first sample is from the Spitzer Survey of Stellar Structure in Galaxies (S*G; Sheth
et al. 2010). The S*G is a volume-, magnitude-, and size-limited (|b| > 30°, D < 40 Mpc,
MBeorr < 15.5, and Das > 1’) survey of 2352 galaxies observed in the mid-infrared at 3.6
and 4.5 pym with the Infrared Array Camera (IRAC; Fazio et al. 2004) on the Spitzer Space
Telescope (Werner et al. 2004). It covers a wide range of galaxy masses and morphological
types thus provides a representative sample of nearby galaxies. The second sample is
selected based on HI gas mass from the Arecibo Legacy Fast ALFA Survey (ALFALFA;
Haynes et al. 2011). This sample is to supplement the lower surface brightness regime

where the S*G is less complete.

The SB in this paper refers to pg, the central SB of the disk. The SB profile of an

exponential disk as a function of distance to the galaxy center is described as:

w(r) = po exp (—r/h), (4.1)

where h is the scale length and g is the central SB of the disk.

We will also analyze the effect of internal structure on the surface brightness. We use

the S*G multi-component structure decomposition (Salo et al. 2015, hereafter S15).
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Table 4.1 Structural Classification

Name Disk Bar Bulge N
Pure disk + - - 339
Barred-disk + + - 336
Bulged-disk + - + 580
Barred-bulged-disk ~ + + + 491
All 1746

4.2.1 The S4G sample

Sample selection and structural decomposition

The S4G collaboration has made a wealth of derived information publicly available. In this
paper, we use the multi-component decomposition of the S4G Pipeline 4 (S15) to study the

structure of galaxy disks.

S15 carried out the two-dimensional decomposition of the S4G 3.6um images using the
GALFIT software (Peng et al. 2002, 2010). Each galaxy is described as a combination of
the following structural components: disk, bulge, bar, and nucleus, represented by different
mathematical expressions. The decomposition is a human-guided process. We refer readers

to S15 for the detailed process used to obtain the final best-fit model.

From the S4G survey, we select galaxies fulfilling the following criteria for our study.
We first require the galaxy has the decomposition quality flags of 5 in the S15 catalog,
where the values of disk scale length and surface brightness are reliable. We then select
galaxies with at least one disk component with low or intermediate inclination. These
galaxies have the model code d. We exclude near edge-on galaxies (apparent axis ratio
g < 0.2, 4 > 80deg; S15) because a sub-component like a bar is difficult to be identified
in these galaxies (Mosenkov et al. 2010). Last, we select galaxies with secured stellar mass

measurement in the S4G catalog. The final sample contains 1746 galaxies.

We adopt the distance from Sheth et al. (2010) and stellar masses derived by S4G

Pipeline 3 (Munoz-Mateos et al. 2015).
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Structural Classification

We classify our sample into four categories by their composite structure components, based
on the best-fit model code of the S15 catalog. (1) Pure-disk galaxies are galaxies with model
code d. These galaxies are best described as a single exponential disk. (2) Barred-galaxies
are galaxies with model code dbar. These galaxies are best fit by an exponential disk plus
a bar. (3) Bulged-galaxies are galaxies with at least one component other than disk but do
not have a bar. (4) Bulge-barred-galaxies are galaxies have a disk, a bar, and at least one
other component.

Here we define "bulge” in a loose way. Any excess component other than the disk
and the bar is classified as ”bulge”. The excess component can be a ”photometric bulge”
(model code b), which is described by a Sérsic profile, an unresolved "nucleus” (n), another
exponential disk (d), or a combination of the above.

Some galaxies are fit by two exponential disk components. In such cases, we adopt
the SB and the scale length of the component with larger flux. Visually inspecting the
1D SB profiles and images of these galaxies assures that this simple selection is solid. For
the majority of cases, the brighter disk is the dominant component, most representative
the disk structure. The fainter exponential component may be the so-call pseudo-bulge,
or correspond to the inner spiral structure. Only a few galaxies have two exponential disk
components of similar strength, such that the choice is ambiguous. But they only consist
of a negligible fraction of the whole sample thus do not affect our result.

In short, our structural classification is based on two criteria that lead to four categories:
the existence of bar or not, and the existence of excess light other than the disk and the

bar or not. Table 4.1 lists our classification and the number of galaxies in each category.

4.2.2 The WISE-ALFALFA sample

In Chapter 2, we described the selection of a magnitude-, size-, and distance-limit galaxy

sample from the ALFALFA survey, and the measurement of their surface brightnesses and
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Figure 4.1 The comparison between the surface brightnesses measured by S15 and the
procedure in this paper. The dashed line has a slope of 1.
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stellar masses using WISE images. We use this sample in this Chapter to examine the

surface brightness distribution of galaxies.

The surface brightness and the scale length of this WISE-ALFALFA sample is measured
by modeling the exponential part of the SB profile. We show an example of the fitting
in Figure 4.2. In this particular case, the galaxy contains both a bulge and a bar. These
structures are not included in our disk fitting by setting an inner fitting range. This method
is different from the S15, who simultaneously modeled the SB profile of the whole galaxy

using multiple structural components.

We check whether these two methods yield consistent result by comparing the SB of 217
galaxies presenting in both the S*G and the WISE-ALFALFA sample. We plot in Figure 4.1
the SB measured by S15 in Spitzer 3.6pum and by our procedure in WISE 3.4um. For a
few galaxies, the SB measured by the two methods are significantly different (labeled as
gray triangles in Figure 4.1). NGC 3611 is a galaxy with a big bulge. S15 measured a
bulge fraction of 0.85 and the SB profile is dominated by the bulge for the most part of the
galaxy. In this particular case, the range we fit for the disk profile is still bulge-dominated
according to the decomposition of S15, so that we obtain a fit with higher SB and shorter
scale length. The other two galaxies (NGC 3489, NGC 4180) are both classified as barred-
bulged galaxies and both have up-bending SB profiles at their outskirts. In these two cases,
we have manually adjusted the inner fitting range to avoid the prominent bar and bulge
component in galaxy centers, and essentially fit the up-bending part of the SB profiles. The
result is a broad and faint disk which consists of ~ 15% of total flux in either case. On the
contrary, the S15 multi-component models disentangled the contribution from the bar and
the disk and reproduced the overall SB profile well, but significantly underestimated the
flux at the outskirts. The inconsistent result in these three cases is because the ”disks” fit
by the two methods are in fact different parts of the galaxies. The ambiguity in defining

the ”disk” may also affect the measurements of other galaxies but not as serious.

Comparing the measurements from the two methods, we find a small offset, (1o s1c —

powise) = 0.18, with a scatter of ~ 0.6 mag. The scatter is similar to the value found by
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Figure 4.2 Example of the disk fitting for the WISE-ALFALFA sample. The left panel
shows the image of NGC 4535. The right panel plots the surface brightness profile. The
radial range for fitting is indicated by the two dashed ellipses in the left panel and two
vertical dotted lines in the right panel. The best-fit is shown by the red dashed line. Our
disk fitting is performed outside the effective radius, therefore, the bar and the bugle in the
center of NGC 4535 is irrelevant.

previous studies comparing the SB measured with different methods (de Jong 1996; Sorce
et al. 2016). We have also cross-checked the stellar masses measured by us from WISE and
S15 from Spitzer. We find the stellar masses are statistically consistent between the two

samples at ~ 0.1 dex level.

4.3 Result

4.3.1 The Distribution of Central Surface Brightness of Disks

Figure 4.3 shows the distributions of stellar masses and SBs of our samples. The WISE-
ALFALFA sample exhibits a clear bimodal SB distribution, where a trough presents at pg =~
21.5 mag arcsec”? and two peaks at g ~ 20.5 mag arcsec™2 and p ~ 22.5 mag arcsec” 2.

This double-peaked distribution has been found in the Ursa Major cluster (Tully & Verheijen

1997) and the Virgo cluster (McDonald et al. 2009a). In addition, Sorce et al. (2013) also
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Figure 4.3 The stellar mass distribution, the surface brightness distribution and the surface
brightness as a function of stellar mass. The gray histograms are the closest 50% of S*G
galaxies (D < 23.8 Mpc). The surface brightness of the WISE-ALFALFA sample exhibits a
clear bimodal distribution, with a trough at ~ 21.5 mag arcsec™2. The trough of the whole
S4G sample is shallower but at similar magnitude. The closest 50% of the S*G galaxies
show a more prominent trough.
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showed that the bimodality exhibits in a subset of S*G galaxies with consistent magnitudes
of the trough and the peaks.

The full S*G sample shows only a tentative bimodality. In Figure 4.3 we also plot the
distributions of the closest 50% of the S*G galaxies (D < 23.8 Mpc) as the gray histograms.
This subset consists of fewer massive galaxies and has a clearer bimodal distribution. This
subset is similar to the one examined by Sorce et al. (2013), who selected non-edge-on S*G
galaxies with D < 20 Mpc. For a magnitude-limit sample like the S*G, galaxies at larger
distances on average have higher stellar mass. Their SB distribution biases toward the high
SB end and therefore washes out the bimodality. The bimodal distribution only shows up
when the low-mass end is properly sampled.

The SB of the S*G sample in this paper and the SB presented by Sorce et al. (2013) are
derived from two different methods. In Sorce et al. (2013), the SB is derived from fitting
only the disk component of the 1D surface brightness profile, similar to the procedure we
do for the WISE-ALFALFA sample. Sorce et al. (2013) fit the disk between the half-light
radius and an isophotal radius at the galaxy outskirts. Structures at the galaxy center such
as the bulge and the bar are excluded from the fitting process. On the other hand, the S*G
SB presented in this paper is derived from the multi-component decomposition of 2D surface
brightness profile. The bulge and the bar are expressed by different mathematical forms
and fit together with the exponential disk component. Although different methods could
lead to ~ 0.5 mag uncertainty in measuring the SB as pointed out by previous studies (de
Jong 1996; Sorce et al. 2016) and our study in Figure 4.1, the bimodality persists regardless

of the method used.

4.3.2 The structural dependence on the surface brightness

The SB is measured from stellar light. It is naturally to expect that higher mass galaxies
will have higher SB. This positive correlation is clearly seen in Figure 4.3, but there is no
bimodality in stellar mass. There must be other factors shaping the SB of galaxies disks,

leading to the bimodal SB distribution.

78



120— 120
1 PD

100t 100}
80} 80}

=Z 60} = 060!
40} 40}
20t 20t

0

g =

6 25 24 23 22 21 2019 18 17

7 8 9 10 11
log(M, /M) o

Figure 4.4 Stellar mass and pg distribution, separated by galaxy structures. Pure-disk,
barred-, bulged-, bar-bulged-galaxies are shown in purple, blue, green, and red histograms,
respectively.

In our definition, the SB only relates to the structure of the disk component in a galaxy.
Nevertheless, a disk-galaxy can consist of components other than a pure exponential disk.
Figure 4.4 shows the stellar mass and SB distributions of the S*G sample of each structural
type. First, we find that the structure of galaxies strongly correlates with stellar mass. At
the low-mass end, many galaxies do not have component other than the exponential disk.
On the other hand, high-mass galaxies mostly have bulges. Barred-galaxies without bulges
distribute mainly at 9 < log(M./My) < 10, between the pure-disk galaxies and galaxies

with bulges.

The SBs of different types of galaxies, in general, have the same trend as that of stellar
mass. The pure-disk galaxy correlates with the lowest SB population. Galaxies with
bulges have on average higher SB. Barred-galaxies without bulges reside in the middle.
The pure-disk galaxies and the two types of bulged-galaxies peak at pg =~ 22.5 and
o = 20.5, respectively. These two peaks roughly correspond to the two peaks in the SB
distribution of the whole sample. For barred-galaxies without bulges, the disk SB exhibits
a broad distribution and skews toward the low-SB end, even though the overall stellar mass

distribution has a clear peak. Next, we will examine the correlation between the stellar
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Figure 4.5 The median pg and h as a function of stellar mass, distinguished by disk structure.
Pure-disk, barred-, bulged-, bar-bulged-galaxies are shown in purple, blue, green, and red
lines, respectively. Errors are derived from bootstrap resampling. For each subsample, we
only plot the data if there are at least 20 galaxies in the 0.25 dex mass bin. The barred-
galaxies on average have lower surface brightnesses and larger scale lengths than other types
of galaxies.

mass and the SB of galaxies of each structural type. We have seen in Figure 4.3 that the
SB and the stellar mass are correlated but with significant scatter at fixed stellar mass.
Part of the scatter may be due to the internal structure of disk galaxies. Figure 4.5a shows
the median pg at fixed stellar mass for each type of disk. In general, galaxies of different
structural types follow a similar ug-M, relation. However, at 9.5 < log(M,/Mg) < 10.0,
the SBs of barred-galaxies are lower than galaxies of other types by ~ 0.5 mag arcsec™2.

Figure 4.5b shows the median scale length at fixed stellar mass for each type of disks.
Disks in barred-galaxies have larger scale lengths than disks in other structural types.
Figure 4.5a and b together demonstrate that barred-galaxies posses more extended stellar
disks than other galaxies at fix stellar mass.

We use the 217 galaxies present in both S*G and the WISE-ALFALFA sample to verify
the robustness of the SB measured by S15 across different structural types of galaxies.
We have seen in Section 4.2 that the two measurements are overall statistically consistent.

We redo the analysis by separating galaxies with different structural types. For all four

structural types, the average SB difference measured by the two methods, 110, s4c — po,wise,
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are between 0.1 to 0.2 mag. The S15 measurements are robust against galaxies with different
internal structures. The lower SB of barred-galaxies is unlikely an artifact from the multi-

component decomposition method.

Figure 4.6 further illustrates the effect of bars. In each mass bin, we separate each of
the barred-galaxy and bulged-barred-galaxy sample into two equal-size sub-samples by the
physical lengths of bars, i.e., length in kpc. Example images of this classification are shown

in Figure 4.7.

Figure 4.6 plots the SBs and scale lengths of each sub-sample as a function of stellar
mass. For galaxies without a bulge (Figure 4.6a,c), long-barred galaxies on average have
extended disks with low SBs and large scale lengths. On the contrary, disks in short-barred

galaxies have comparable sized to those of pure-disk galaxies.

Figure 4.6g shows the ratio between the bar length and the disk scale length. Here
we make sure that the long-barred galaxies are indeed ”long” compared to the size of the
disk. Therefore, the differences in SB and scale length between the short- and long-barred

galaxies are not a result inherited from the disk size of each sub-sample.

Figure 4.6b and d plot the median SB and the median scale length of galaxies with
bulges as a function of stellar mass. The same effect is as in galaxies without bulges, long-
barred bugled-galaxies have on average lower SB and larger scale lengths than short-barred
bulged-galaxies. For bulge-galaxies without bars, their SB appears to be closer to long-
barred bugled-galaxies at low mass but approaches to short-barred bulged-galaxies at high

mass.

In the next section, we will discuss the implication of these result, attributing it to be

the consequence of bar-driven secular evolution.
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4.4 Discussion

4.4.1 Bar formation transfers angular momentum

In Figure 4.6a and c, we find correlations between the length of the bar and the scale length
and the SB of the galaxy disk. At fixed mass, galaxies with longer bars tend to have larger

scale length and lower SB.

It is natural to first consider that whether low surface brightness, extended disks, are
prone to bar formation. However, the weak self-gravity of these disks suggests that they
are more stable against non-axisymmetric perturbations (Mihos et al. 1997). Numerical
simulations also showed that bar formation is suppressed in low surface brightness galaxies
mainly due to the diffused disk mass distribution (Mayer & Wadsley 2004; Ghosh & Jog

2014). It is unlikely that barred-galaxies are naturally more extended.

This leaves us the other possibility; the disk scale length increases along with bar
formation. Theoretically, the bar can transfer the angular momentum from the inner parts
to the outer parts (Lynden-Bell & Kalnajs 1972). During the process, the bar grows stronger
and longer (Athanassoula 2003). The positive correlation between the bar length and bar
strength has been found observationally (Block et al. 2004; Elmergreen et al. 2007; Diaz-
Garcia et al. 2015). Meanwhile, the angular momentum redistribution leads to considerable
change of the radial mass profile, resulting in an increase of disk scale length. Several
numerical simulations have demonstrated the growth of disk scale length along with bar-

driven secular evolution (Hohl 1971; Debattista et al. 2006; Minchev et al. 2011, 2012).

The results in Figure 4.6 a and c are in good agreement with theoretical predictions. For
galaxies with short bars, their disks have similar scale lengths compared to galaxies with no
bars. At this stage, the bar is likely newly-formed and less evolved. The redistribution of
angular momentum and material has not become significant enough to be detected. During
the evolution, the bar becomes longer, and angular momenta are being transferred to the

outer disk, leading to the larger scale length in long-barred galaxies (Figure 4.6¢).
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The barred-bulge galaxies show a similar evolutionary picture. Galaxies with long bars
have lower SB than galaxies with short bars (Figure 4.6b and d). However, the behavior
of bulged-galaxies without bars is intriguing. At high mass, (M, > 10'°M), the SB of
bulged-galaxies without bars are similar to that of short-barred bulged-galaxies. On the

other hand, at low mass (M, < 10%9My), their SB are closer to that of long-barred galaxies.

To explain the behavior of bulged-galaxies, we should remind readers that the ”bulge”
in this paper is the photometric bulge, which refers to any excess light other than the disk
and the bar component. The bulge component can be merger-built (classical bulge) or
grow from secular evolution (pseudo bulge). The two types of bulged-galaxies would have

different scale lengths due to their distinct evolutionary histories.

Here we discuss the two scenarios of a galaxy with a photometric bulge but without
a bar. For a galaxy with a pseudo-bulge, it likely had experienced bar-driven secular
evolution in the past. The bar destructs itself by building up the central mass concentration
whose gravitational forces dilute the axis-asymmetric force (Athanassoula 2003). Therefore,
although the bar was actively driving secular evolution in the past, no bar is observed today.
Such a galaxy is at an even later stage than galaxies with long bars. On average, they would
have even more extended disks. On the contrary, galaxies with merger-built, classical bulges
may not have experienced secular evolution. In this case, we expect they would have higher
SB. The difference in disk structures between galaxies holding two types of bulges has
been suggested observationally. From ~ 1000 SDSS galaxies, Gadotti (2009) distinguished
pseudo bulges from classical bulges based on the concentration of light profiles of bulges,
such that pseudo bulges are less concentrated. Using this classification, Gadotti (2009)
found that galaxies with pseudo bulges have on average more extended disks than galaxies

with classical bulges at fixed mass.

Now we turn back to Figure 4.6b. It has been recognized that the prevalence of bulge
and its type (pseudo or classical) depends on galaxy mass. Pseudo bulges are usually found
in lower mass, while at high mass, classical bulges become the dominant population (Gadotti

2009; Fisher & Drory 2011). At log(M,/Mg) ~ 9.5, the bulged-galaxies have similar SB
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to long-barred bulged-galaxies. This is consistent with the expectation that at this mass
range, most bulges are pseudo-bulges. Therefore, bulged-galaxies at this mass range have
larger disks. As the mass increases, the median SB of bulged-galaxies approaches that of
short-barred bulged-galaxies. Again, this transition is in expectation if the bulges in high-
mass galaxies are mostly classical bulges. Overall, the SB of galaxies with bulges fits in the
picture that the bar-driven secular evolution induces outward migration of stars and lowers
the SB.

Radial stellar migration has received observational support from individual galaxies.
Some recent case studies found old stellar populations at the outskirts of galaxies (Radburn-
Smith et al. 2012; Yoachim et al. 2012). Under the inside-out galaxy formation scenario,
these findings are interpreted as observational support for stellar migration in disks; the
old stellar population should have formed in the inner part of the galaxy but not at
the outskirts. Their existence at the galaxy outskirts is evidence that they have been
migrating outwards from their birthplaces. Nevertheless, from only a few cases, it is not
clear whether this migration and the evolution of disk structure is prevalent, and what
mechanisms induce the evolution. Our result is the first observational evidence to be able
to demonstrate from a statistical sample that stellar migration is ubiquitous, and it is likely
driven by bar formation which redistributes angular momentum and matter in galaxy disks.
This mechanism can be further verified by coming spectroscopic integral field unit (IFU)
galaxy surveys. With spectroscopy, it is possible to distinguish classical bulges from pseudo
bulges by their kinematics, such that pseudo bulges have on average lower central velocity
dispersions and higher ratios between rotational velocities and velocity dispersion (Fabricius

et al. 2012; Méndez-Abreu et al. 2014).

4.4.2 The Surface Brightness Distribution

It has been almost 20 years since the bimodal distribution of SB was first reported. However,
the significance and the cause of the bimodality has remained obscured. In this section, we

discuss whether the bimodality exists and its possible origin.
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The existence of the bimodality

The bimodal distribution of SB is first found in the Ursa Major loose association of galaxies
by Tully & Verheijen (1997), then subsequently identified in both high-density region (the
Virgo cluster; McDonald et al. 2009b) and in the field. Sorce et al. (2013) has shown
that the bimodal distribution in the S*G galaxies is unlikely to be created from statistical
fluctuation. In this paper, we further demonstrate the SB bimodal distribution from an
independent sample. The bimodality appears to be prevalent in the local Universe.

Nevertheless, the same distribution is not reported by large imaging surveys such as
SDSS. This can be simply due to a selection effect. Galaxies with low SB are highly
selected against in most redshift surveys. Because of their low masses and low intrinsic
luminosities, they quickly drop below the apparent magnitude cutoff of surveys as distance
increases. Their diffuse light distribution also makes the detection more challenging.

The selection biased has been shown in Figure 4.3 with the S*G sample. At farther
distances, only more massive galaxies are included because of the essential magnitude limit
and the size limit in order to measure the light profile. So far, the bimodality is exclusively
seen in distance-limit samples. The Ursa Major cluster and the Virgo cluster are nearby
(D ~ 17 Mpc) and all member galaxies are essentially at the same distance. Both samples
examined in this paper have distance limits of D < 40 Mpc. Within the confined distance
range, the bias toward high-mass galaxies is mitigated and the bimodal SB distribution
is still preserved. On the contrary, if a galaxy sample is only magnitude-limited but not
distance-limited, it will pick up only massive, high SB galaxies at a larger distance. As a

result, the SB distribution is distorted and the bimodality will not be observed.

The origin of the bimodality

Motivated by the shapes of the rotation curves, Tully & Verheijen (1997) hypothesized
that the bimodality represents for two dynamically stable configurations. Low SB galaxies
have slow-rising rotation curves, while high SB galaxies have rotation curves that rise

to their maximum circular velocities within two disk scale length. The low SB galaxies
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are rotational-supported by the dark matter halos at all radii, while with the high SB
galaxies, baryons have condensed toward the center and formed dynamically important
disks. Galaxies avoid staying in a status where the dark matter and baryons have equal

weights toward the center.

To test this hypothesis, we require rotation curves to model the radial distributions of
baryons and dark matter of a proper galaxy sample. The sample should cover wide mass
and SB ranges and contain a sufficient number of galaxies. Currently, there are only a
limited number of H1 interferometric observations for low SB galaxies (see the LITTLE
THINGS survey, the VLT-ANGST survey, and the SHIELD survey; Hunter et al. 2012;
Ott et al. 2012; Cannon et al. 2011). A recent work by Lelli et al. (2013) has attempted to
quantify the correlation between the SBs and the gravitational potential wells at the centers
of galaxies. From literature, Lelli et al. (2013) collected 47 high quality rotation curves that
quantify gradients of circular velocities at galaxy centers. Beyond the qualitative description
that lower SB galaxies have slow-rising rotation curve, they found a tight linear correlation
between the log of the circular velocity gradient and the SB. This result implies a close link

between the dark matter content, baryonic mass-to-light ratio, and SB in galaxy centers.

McDonald et al. (2009b) examined the correlation between the SB and other physical
properties of galaxies including colors and structural parameters. They did not find the SB
bimodality correlating with other physical parameters of galaxies. As for the environment,
Sorce et al. (2016) found galaxies with intermediate SBs are slightly less abundant in
filaments and sheets of the large-scale structure. Sorce et al. (2016) argued in line with
Tully & Verheijen (1997) that galaxies with intermediate SBs are transitional populations
so that they cannot form in regions without sufficient interactions like voids and cannot

survive in regions with too many interactions like clusters.

In this paper, we find the bar-driven matter redistribution provides another plausible
explanation. We argued in Section 4.1 that bar formation decreases the SB of a galaxy
disk. For a galaxy which has a developing bar, the SB as a function of time will depend

on both star-formation rate and the strength of the bar-driven matter redistribution. Since
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the latter is poorly constrained by either simulation or observation, it is impossible to
give a quantitative estimate. Qualitatively, the combined effect is that once the bar starts
forming, the SB of the galaxy increases at a slower pace because the disk is gaining angular
momentum and becoming more extended. The consequence is an observable over-abundance
near the SB where bar starts to grow.

In Figure 4.4, we see the bar starts to grow mostly in galaxies with log(M, /Mg) 2 9.0.
This stellar mass corresponds to pg ~ 22.5 mag arcsec 2 (Figure 4.5). This SB is in broad
agreement with the low SB peak of the distribution. For the high SB peak, it corresponds
to the well-known ”Freeman value”. Disks above the Freeman value are rare because these
disks are strongly self-gravitating therefore unstable (Dalcanton et al. 1997). Galaxy disks
evolve from low to high SB ultimately halt at the SB around the Freeman value, thus

creating the high SB peak.

4.5 Summary

In this paper, we examine the distribution of the central surface brightness of galaxy disks
and the correlation between the surface brightness and the internal structure of galaxies.

We have the following results.

1. We confirm the bimodal distribution. The bimodality presents in two independent

samples of field galaxies whose SBs are derived by two different methods.

2. The bimodality is more significant when the galaxy sample is limited within a narrower

distance range and achieves completion to more low mass galaxies.

3. We find galaxies with bars but without bulges have on average lower SB and larger

scale length than galaxies of other structural types.

4. The bar length and the SB are anti-correlated. For barred-galaxies without bulges,
galaxies with longer bars have lower SB and larger scale length. We find the same

result on bulged galaxies.
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From these results, we have the following conclusions.

1. The bar-driven secular evolution redistributes material within disk galaxies. As the
bar evolves, galaxy disks become more extended and have lowered SB. Our result
is the first observational evidence supporting the theory of bar-driven radial stellar

migration from a statistical sample.

2. Magnitude-limit galaxy samples bias strongly against low SB galaxies thus distort
the SB distribution. In such galaxy samples, the SB bimodality is washed out by

over-sampling the high SB end of the distribution.

3. Galaxies with log(M,/Mg) = 9 and po < 22.5 mag arcsec™? start to form bars

and their SBs increase slower because the redistribution of angular momentum
and material withing the galaxy. The low SB peak is thus created around pg ~
22.5 mag arcsec”2, where the bar starts forming. The high SB peak corresponds to

the Freeman value, where galaxy disks with denser SB are strongly self-gravitating

thus hard to maintain rotational-supported.

Coming IFU surveys will provide spatially-resolve spectra of a large number of galaxies.
The kinematics, stellar age and metallicity profiles derived from the spectra should provide

profound insights into the effects of secular evolution on galaxy structure.
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Figure 4.6 The effect of the bar on disk surface brightness and scale length. We show
galaxies without (left column) and with (right column) bulges separately. In each mass bin,
we separate galaxies into 3 subsamples by the physical length of the bar: no bar, short bar,
long bar. Therefore, the bar length is compared with other galaxies of similar mass. First
row: disk surface brightness. Second row: disk scale length. Third row: the bar length in
kpc. Four row: the ratio between bar length and disk scale length. The median and the
error are derived from bootstrap resampling. We only show data derived from at least 20
galaxies in each 0.25 dex mass bin for each subsample.
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| NGC4416 short bar NGC3381 ° * long bar

' NGC0718 short bar NGC2633 * - long bar
; - bulge . . bulge

Figure 4.7 Cutout images of galaxies with different bar lengths. In the top row we show
two galaxies without bulge of similar stellar mass, while in the bottom row the two galaxies
with bulges. The left column shows galaxies categorized as having a ”short bar”, while the
right column are examples for ”long bar”. The red and black lines represent 1 kpc and 1°,
respectively. The yellow dotted lines shows the lengths and the position angles of the bars
from S15
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Chapter 5

Summary and future outlook

5.1 Dissertation Summary

In the standard hierarchical structure formation model, dark matter halos form with a
wide range of mass and angular momentum. As a result, galaxies forming in dark halos
exhibit wide ranges of mass and surface brightness. Exploring the full range of galaxy
characteristics in both mass and the surface brightness is essential to the full understanding
of galaxy formation and evolution.

Compared to the mass of galaxies, studies on the effect of surface brightness are relatively
incomplete and subject to various biases. The goals of this dissertation are to explore the
effect of surface brightness of galaxy disks on galaxy evolution, especially toward the low
surface brightness end of the distribution.

The astronomical society has benefited from a prodigious volume of public data covering
a wide spectral range. With a large sample size, we are able to access the average properties
of galaxies in the Universe, not strongly affected by variations among individuals. The
approach of this research is to use archival data to establish a statistical view of the effect
of surface brightness of galaxy disks on their evolution. By doing so, this study aims at
shedding light on the effect of angular momentum on galaxy evolution. Below I highlight

key results from this dissertation research.
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5.1.1 The SB dependence on galaxy properties

The importance of SB on galaxy evolution has been recognized by early extragalactic
studies. The majority of previous studies often defined samples of galaxies with lower
SB and compare their physical properties with "normal”, higher SB galaxies. However, this
approach is fundamentally flawed in that SB and stellar mass are strongly correlated. Low
SB galaxies are on average also low mass galaxies. It is not clear which one of mass or SB
is the main driver for the different properties observed between the low and the high SB
galaxies.

In Chapter 2, I present a sample of 501 disk galaxies selected from the ALFALFA
survey. Their multi-wavelength photometry and physical properties (SB, stellar mass, gas
mass, and SFR) were derived from public survey data (GALEX, SDSS, and WISE), yielding
a homogeneous data set to investigate the effect of stellar mass and SB.

The data show that the observed SB dependence on galaxy properties are largely driven
by the correlation between the SB and the stellar mass. After taking away the mass
dependence, the SB appears to affect some, but not all, properties of galaxies. At fixed
stellar mass, lower SB galaxies have bluer NIR colors and larger H1 mass, which are in
agreement with general consensuses. However, at fixed stellar mass, the median optical
color and SFR are nearly independent of the SB. This is inconsistent with many previous
studies which claimed bluer optical colors and lower SFR for lower SB galaxies. We conclude
that at fixed mass, low SB galaxies are metal-poor and inefficient in turning their gas into
stars. The result presented in Chapter 2 demonstrates the necessity to decouple the effect

of the mass from the effect of surface brightness.

5.1.2 The influence of surface brightness on the mass-metallicity relation

The correlation between the metallicity and stellar mass, the so-called mass-metallicity
relation, is well known. Chapter 2 has shown that the NIR color is SB-dependent, which is
interpreted as a result of SB-dependent stellar metallicity. The interpretation is consistent

with the size dependence on the gas-phase metallicity, where larger galaxies have lower
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gas-phase metallicity at fixed stellar mass (Ellison et al. 2009). However, there is still a lack
of physical explanations on how the surface brightness affects the chemical abundance of
galaxies.

In Chapter 3, I first show that the lower metallicity in low SB galaxies cannot be fully
accounted for by their large gas reservoir. Therefore, the gas flows must be correlated with
the SB in order to explain the SB dependence on metallicity. I combine chemical evolution
models and the observed mass and metallicity profiles of 118 galaxies to constrain their
inflow and outflow properties. I find that lower SB galaxies on average have stronger inflow
rates relative to star-formation rates in order to account for the observed metallicity profile.
The work in Chapter 3 demonstrates a new method to link the galaxy structure, metallicity,

and gas flow.

5.1.3 The bimodal surface brightness distribution

Chapter 4 examines the SB distributions of two independent samples whose SB are derived
from two different methods. A SB bimodality is present in both cases, regardless of sample
selection and the methods used for measuring the SB. Therefore, we confirmed the existence
of a bimodality in the SB distribution. The bimodality is more significant in samples with a
proper distance limit. Magnitude-limit galaxy samples are strongly biased toward high SB
galaxies and distort the SB distribution, such that the intrinsic bimodality is washed out.

We find the SB at fixed stellar mass depends on the structure of galaxies. Galaxies
with bars are on average more extended and have lower SB than galaxies without bars.
Furthermore, at fixed stellar mass, galaxies with longer bars have on average more extended
disks than galaxies with shorter bars. This is the first observational support from a
statistical sample for the theory that stellar bars can redistribute angular momentum in
galaxies and make galaxy disks larger.

The intriguing SB bimodality can be explained as a result of stellar migration induced by
this angular momentum redistribution during bar formation. The low SB peak corresponds

to the mass and SB where bars start to develop. When a bar forms, the angular momentum
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transfers from inner to outer disk, the disk becomes more extended and the SB increases
slower as the galaxy grows in stellar mass. The high SB peak corresponds to the Freeman

value. Galaxy disks with SB higher than this value are unstable.

5.2 Future Prospect

This dissertation research uses publicly available data to provide a statistical view of the
effect of the SB on galaxy evolution. This type of work would not be possible for individual
researchers who collect their own data. Part of observational astronomy is shifting into
the big data era. The ongoing or planned larger survey projects will have high impacts on
various fields of astronomy. In this section, I discuss possible future developments on the

investigation of galaxy SB with current and coming large survey projects.

5.2.1 Complete the low surface brightness end of the distribution

With modern observing facilities, imaging a low SB galaxy is not a challenging task, under
the premise that we know the position of the target. Objects of ¢’-band SB pg 4 ~ 25 mag

arcsec_2

are seen in images with several minutes exposure using a medium-size telescope
(van Dokkum et al. 2015). The real challenging issue is that we do not know where they
are, and where to point our telescopes. Moreover, even when deep images of arbitrary fields
are obtained, searching for low SB objects in the image without knowing their positions in
advance can still be difficult because their diffused emission is highly embedded in night
sky background emission.

This dissertation research circumvents these problems by finding low SB galaxies by their
H1 21 ¢m emission. Many low SB, low mass galaxies are expected to be gas-rich, therefore,
easier to be detected in the H1 21 cm line emission. In Chapter 4, we demonstrate that this
method effectively picks up galaxies with SB lower than optically-selected galaxy samples.

Chapter 4 uses the ALFALFA «.40 data set, which contains the results of 40% of the

ALFALFA survey released at the time of this dissertation research began. The newest
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ALFALFA data release, the o.100 ”A grids” data set contains the full area of the survey
(7,000 deg?) out to v < 3,200km s~!. Using the same method in Chapter 4, the sample

size will increase by 2.5 times.

This dissertation research uses the WISE survey as the primary source for measuring a
surface brightness profile. The all-sky WISE survey ensures that every source detected by
ALFALFA is covered. However, a drawback of the WISE satellite is its small aperture size,
thus, poor angular resolution. The 6” angular resolution is ~ 3 times worse than the typical
angular resolution of ground-based optical images. The SB profiles of galaxies with small
angular extents are not well resolved. In Chapter 4, the size limit on the sample selection is
inherited from this issue. The poor angular resolution limits our ability to probe the faint
end of the SB distribution because low mass, low SB galaxies are intrinsically smaller in

size.

Currently, the Pan-Starrs (Kaiser et al. 2010) survey has completed its 37 survey, which
covers the whole northern hemisphere visible from the telescope site at optical wavelengths.
Galaxies with small angular extend can be better resolved by Pan-Starrs images than WISE
images, thus, better recover the faint end of the SB distribution. At optical wavelengths,
the effects of internal extinction on measuring galaxy structures has to be considered, but

the effect is likely insignificant for lower surface brightness galaxies.

In the long run, the Widefield ASKAP L-Band Legacy All-sky Blind SurveY
(WALLABY Koribalski 2012) and the Westerbork Northern Sky HI Survey (WNSHS) will
image the entire sky in H1 21 ¢cm emission. Their fine angular resolutions (~ 15" — —30")
precede that of current single-dish surveys (a few arcminutes) and will be able to identify
fainter and smaller galaxies. With the synergy of other wide optical and NIR imaging
survey, we will be able to recover a much more complete sample of the low SB galaxy

population of the local Universe.
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5.2.2 SB dependence on galaxy properties from Spectroscopy

We see from Chapter 2 that it is essential to break the degeneracy between the mass and the
surface brightness in order to understand how the surface density affects the evolution of
galaxies. We use broadband photometry as indicators for stellar age and metallicity based
on stellar population synthesis models. However, the broadband photometry can only yield
a qualitative view. On the contrary, spectroscopic data can derive more accurate stellar age
and metallicity from the strength of characteristic spectral lines, or the more comprehensive
full spectrum fitting technique.

One issue with current spectroscopic data is that most are spatially unresolved and
contain information from only part of the target galaxy. For either a slit or fiber
spectrograph, only light within the aperture will be collected, thus, provides information
on only a local region. Comparing spectra from two galaxies of different sizes is non-trivial
even with the same observation configuration. IFU spectra can help mitigate this problem
by covering large areas of target galaxies. In addition, the spatially-resolved spectra allow
investigate the effect of local surface density on galaxy properties (e.g., Sdnchez-Menguiano
et al. 2016; Cano-Diaz et al. 2016; Ruiz-Lara et al. 2016).

Extragalactic surveys with IFU are taking off in recent years. The number of galaxies
covered by IFU observations will become closer to what we have now for integrated spectra.
At the time this dissertation research started, only the Calar Alto Legacy Integral Field
Area Survey (CALIFA; Sanchez et al. 2012) had started to release data. As of April 2016,
the CALIFA survey has completed a survey of 667 galaxies. But the CALIFA survey sample
is limited in narrow mass and surface brightness ranges. The ongoing SAMI and MANGA
IFU surveys, on the other hand, will push the stellar mass limit down to 1082M and
109 Mg, respectively (Bryant et al. 2015; Bundy et al. 2015). The two surveys together will
yield IFU spectra of more than 10,000 galaxies in a wide range of stellar mass and surface
brightness in the next a few years. With these data, we will able to probe stellar age profiles
and chemical abundance profiles and how these properties are affected by the mass and the

surface brightness of galaxies.
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5.2.3 Constraining the gas flow properties of galaxies

The mass-loss loading factor, the ratio between outflow rate and star-formation rate, is of
great interest. Galactic winds play a vital role in the evolution of galaxies. Several galaxy
scaling relations are shaped by galactic winds, e.g., the galaxy luminosity function (Dekel
& Silk 1986; Powell et al. 2011), the Tully-Fisher relation (Dutton & van den Bosch 2009;
Dutton 2012), and the mass-metallicity relation (Spitoni et al. 2010; Zahid et al. 2012; Lilly
et al. 2013). There have been many attempts to directly observe galactic winds in both the
local universe and at high-redshifts (e.g., Lehnert & Heckman 1996; Heckman et al. 2000;
Veilleux et al. 2005). Nevertheless, our knowledge to date are mostly based on galaxies with
extreme SFR where the outflow is stronger and easier to measure (e.g., Martin 2005; Repke
et al. 2005; Martin & Bouché 2009).

Instead of directly observing the outflowing gas, in Chapter 3, we combine analytical
chemical evolution models and observed metallicity, stellar mass, and gas profiles of galaxies
to constrain the strength of gas flows and investigate the effect of surface brightness.
However, we are not able to put stringent constraint on the outflow strength in Chapter 3.
Without direct measurement of gas profiles of individual galaxies, we have adopted empirical
scaling relations between the gas profile and the size of the optical disk to infer the gas
distribution. We find that the mass-loss loading factor n in the model is sensitive to the
gas amount, therefore, there is large systemic uncertainty.

Follow-up observations obtaining the gas profile of galaxies will provide better constraint
on their outflow strength. For the galaxy sample used in Chapter 3, their atomic and
molecular gas content can be mapped by radio interferometers (e.g., WSRT, VLA) and
single-dish mm/sub-mm antenna (e.g. JCMT, IRAM 30m) within one to a few hours of
integration time. Moreover, some of the galaxies have been observed by neutral hydrogen
or molecular surveys [i.e., Westerbork HI Survey of Irregular and Spiral Galaxies (WHISP;
van der Hulst et al. 2001) and the JCMT Nearby Galaxies Legacy Survey (Wilson et al.
2012)], so the observational cost is further reduced. Using the method in Chapter 3, the

study of the properties of gas flows can be done with a reasonable investment of observing
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resources. Coming optical IFU surveys will measure metallicity profiles of galaxies of wider
ranges of mass and SB. These galaxies can be followed-up by VLA and ALMA observations,
which yield matched angular resolution of gas profiles, providing a probe of their inflow and

outflow strengths.
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Appendix A
Structural properties and photometry of the
WISE galaxy sample

In this Appendix, I present the multi-wavelength photometry, surface brightness, scale
length, stellar mass, H1 mass and other basic properties of the WISE sample. These

measurements are used throughout this dissertation.
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