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Abstract

Shaping Galaxy Evolution with Galaxy Structure

by

Edmond Cheung

A fundamental pursuit of astronomy is to understand galaxy evolution. The enor-
mous scales and complex physics involved in this endeavor guarantees a never-ending journey
that has enamored both astronomers and laymen alike. But despite the difficulty of this task,
astronomers have still attempted to further this goal. Among of these astronomers is Edwin
Hubble. His work, which includes the famous Hubble sequence, has immeasurably influenced
our understanding of galaxy evolution.

In this thesis, we present three works that continues Hubble’s line of study by using
galaxy structure to learn about galaxy evolution. First, we examine the dependence of galaxy
quiescence on inner galactic structure with the AEGIS/ DEEP2 survey at 0.5 < z < 0.8. We
developed a method to compare the efficacy of several parameters at distinguishing star-forming
galaxies from quiescent galaxies. Our method indicates that the inner stellar mass is the most
correlated parameter of quenching, implying that the process that quenches galaxies must also
buildup their inner structure. Second, we explore the relationship between galactic bars and
their host galaxies with Galaxy Zoo 2 at z ~ 0. The correlations of bar properties and galaxy
properties are consistent with simulations of bar formation and evolution, indicating that bars
affect their host galaxies. Finally, we investigate whether bars can drive supermassive black
hole growth with data from Chandra and Galaxy Zoo: Hubble at 0.2 < z < 1.0. Comparing a

X



sample of active galaxies to a matched sample of inactive, control galaxies shows that there is
no statistically significant excess of bars in active hosts. Our result shows that bars are not the

primary fueling mechanism of supermassive black hole growth.
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Chapter 1

Introduction

In 1936, Edwin Hubble created the Hubble sequence (see Fig. 1.1), a morphological
classification scheme for galaxies that is ingrained in the field of galaxy evolution. The origin of
this scheme comes from his observations of galaxies outside our Milky Way galaxy, which in it-
self deserves special mention—Hubble was among the first to realize that some of the “nebulae”
that he was observing were actually galaxies outside our own. From his extragalactic observa-
tions, he noticed that galaxies tend to resemble either a smooth ellipsoid or a disk with spiral
arms. Using these two classes as the main categories—elliptical (early-type) galaxies and spi-
ral/disk (late-type) galaxies—Hubble aimed to create a classification scheme that encompassed
all galaxies.

In Hubble’s scheme, elliptical galaxies were situated to the left and spiral galaxies
to the right. In the elliptical galaxies section, he subdivided them by their ellipticity, placing
the most elliptical galaxies to the right, and the least elliptical galaxies, i.e., the most circular

galaxies, to the left. Within the spiral section, he subdivided them by the tightness of the spiral
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Figure 1.1: The original diagram of the Hubble sequence as published in Hubble (1936).

arms, with the loosest placed on the right, and the tightest placed on the left. Hubble further
observed that among the spirals, many contained linear structures that stretched across their
centers; he called them “barred galaxies.” Since barred galaxies appeared indistinguishable
from non-barred spirals, sans the bar, he placed barred galaxies in a parallel branch to the non-
barred spirals. At the middle of the Hubble sequence are the lenticulars—a type of galaxy that
seemed to show an equal balance of an elliptical and a disk morphology. The original Hubble
sequence diagram is reproduced in Fig. 1.1.

While Hubble tried to include all types of galaxies, there were some that just did
not fall into the elliptical or spiral category. These types of galaxies, e.g., merging systems,
would eventually be labelled “irregular" or “peculiar,” and were not represented in the original
Hubble sequence. But as we discuss below, these types of galaxies play an important role in the
evolution of galaxies.

Contrary to common perception, Hubble did not intend the Hubble sequence to rep-



resent an evolutionary sequence (Hubble, 1936; Baldry, 2008). But despite his intentions, the
Hubble sequence has turned out to be a reasonable evolutionary model. Recent works show that
the morphologies of massive galaxies at z > 2 are dominated by peculiars and irregulars, while
at z < 2, the morphologies of massive galaxies are dominated by disks and ellipticals (Buitrago
et al., 2013; Mortlock et al., 2013). This change in the morphological mix of galaxies with time
implies that peculiar and irregular galaxies evolve into disk and elliptical galaxies, i.e., into the
ordered morphologies represented by the Hubble sequence.

Within these ordered morphologies, evidence indicates that galaxies evolve statisti-
cally from spirals into ellipticals. Bell er al. (2004b) and Faber et al. (2007) show that the
number density of red galaxies has doubled since z = 1, while the number density of blue galax-
ies has remained constant. Since red galaxies tend to be ellipticals and blue galaxies tend to
be spirals (Holmberg, 1958), these results indicate that blue spirals evolve statistically into red
ellipticals. In other words, galaxies evolve from right to left in the Hubble sequence.

The Hubble sequence is the prime example of how studies on galaxy structure, albeit
unintentional, impacted our theory of galaxy evolution. Below, I briefly discuss a couple of other
significant works that have used galaxy structure to reveal new aspects of galaxy evolution.

In the early 1900s, several works found that the fraction of early-type galaxies in-
creases with projected number density of galaxies, i.e., with proximity to the core of a galaxy
cluster, while the fraction of late-type galaxies decreases with projected number density (e.g.,
Hubble and Humason, 1931; Dressler, 1980). A popular interpretation of this correlation,
known as the “morphology-density” relationship, was that cluster environments transform in-

falling late-type galaxies into early-type galaxies. The exact environmental mechanisms may be



ram pressure stripping (Gunn and Gott, 1972), harassment (Moore et al., 1996), and/or strangu-
lation (Larson et al., 1980).

A test of this scenario was conducted decades later, when works studied the morphology-
density relationship at z = 1. If environmental processes were transforming late-type galaxies
into early-type galaxies, then one would expect that there would be a lower early-type fraction
in cluster cores at earlier times compared to today. And indeed, the z =1 early-type fraction
at the highest densities was lower than that at z =0 (Smith et al., 2005; Postman et al., 2005).
Furthermore, since z = 1, the fraction of early-type galaxies has steadily increased in cluster
cores, while the fraction of early-type galaxies has remained constant in cluster outskirts. These
results showed that environment is an important factor of galaxy evolution.

Another significant work utilizing galaxy structure is the observed change of galaxy
size over cosmic time. At fixed stellar masses, it has been shown that galaxies at z ~ 3 are more
compact than galaxies at z =0 (Daddi et al., 2005; Trujillo et al., 2006, 2007; Buitrago et al.,
2008). This finding implies that the outer parts of galaxies are built after the formation of their
inner regions, i.e., galaxies grow inside-out. The favored process that drives this evolution is
minor mergers, which is consistent with the currently favored hierarchical model of the universe.

These works demonstrate the influence that galaxy structure has had on our current
theory of galaxy evolution. In this thesis, we continue this line of exploration by: (1) examining
the connection between the inner structure of galaxies and galaxy quiescence (Chapter 2); (2)
investigating the effects of bars on galaxy evolution (Chapter 3); (3) determining whether bars
are a dominant fueling mechanism for supermassive black hole growth (Chapter 4).

In Chapter 2, we explore how galaxies quench their star formation. We know that



galaxies must quench because of two pieces of evidence: (1) the colors and star formation rates
of galaxies have been bimodal since at least z ~ 1, with star-forming galaxies making up the
blue cloud, and quiescent galaxies making up the red sequence (e.g., Strateva et al., 2001); (2)
number counts have revealed that blue cloud galaxies have been statistically transitioning onto
the red sequence since z ~ 2 (Bell et al., 2004b; Faber et al., 2007; Ilbert et al., 2010). These
two results indicate that galaxies must shut down, or “quench,” their star formation. One of the
largest mysteries in galaxy evolution is the identity of this quenching mechanism.

We explore this mystery by searching for the parameter that best separates star-
forming galaxies from quiescent galaxies. In our analysis, we considered stellar mass and
galaxy structure parameters such as Sérsic index, half-light radius, and a brand-new non-parametric
measure, the central surface stellar mass density >} kpe- We present a method that finds the
best parameter, and conclude that >} kpe 18 the best. We use our findings to constrain possible
quenching mechanisms.

In Chapter 3, we study the relationship between bars and their host galaxies. Bar-
driven secular evolution of disk galaxies is predicted to be an important evolutionary process
that affects a number of galaxy properties, including morphology, chemical abundance gradi-
ents, star formation, and nuclear activity (Kormendy and Kennicutt, 2004). While there have
been many searches for evidence of bar-driven secular evolution, conclusive proof has been
elusive, mainly due to the small samples sizes of barred galaxies.

To overcome this shortcoming, we collaborated with Galaxy Zoo 2, a citizen science
project that produces the largest sample of barred galaxies to date. With this data set, we aim

to find the best evidence of bar-driven secular evolution by comparing measurements of bar



likelihood and bar length to state-of-the-art simulations of bar formation and evolution.

And finally, in Chapter 4, we investigate if bars are a major fueling mechanism for
the growth of supermassive black holes. Recent works have shown that most galaxy hosts of
active galactic nuclei (AGN) have a disk-dominated morphology, implying that the process that
triggers AGN must not visibly disturb the disky structure of AGN hosts. Among the many
possible mechanisms, one that has received attention is bar-driven secular evolution.

Previous works, however, have shown no evidence that bars fuel AGN. But a lim-
itation of these works has been that they were all conducted in the local universe, where the
number density of AGN is low. A link between bars and AGN might still be found at earlier
epochs, where the number density of AGN is higher. Therefore, our goal in this chapter is to

find if there is an excess of bar structures among AGN hosts compared to non-AGN hosts.



Chapter 2

The Dependence of Quenching upon the Inner
Structure of Galaxies at 0.5 < 7 < 0.8 in the

DEEP2/AEGIS Survey

2.1 Introduction

With the advent of large galaxy surveys, the color bimodality of the galaxy population
has become well-characterized (Lin et al., 1999; Strateva et al., 2001; Im et al., 2002; Blanton
et al., 2003; Kauffmann et al., 2003c; Bell et al., 2004b). Galaxy counts back in time revealed
that the number of red galaxies has at least doubled since z ~ 1 while the number of blue
galaxies has remained relatively constant (Bell et al., 2004b; Bundy et al., 2006; Faber et al.,
2007; Arnouts et al., 2007; Brown et al., 2007; Ilbert et al., 2010; Dominguez et al., 2011). A
natural interpretation is that galaxies evolve from blue to red with time, i.e., from star-forming to
‘quenched’. Later measurements of star formation rates confirmed that blue galaxies create stars

7



at a high rate while red galaxies show little to no star formation (Salim et al., 2005, 2007; Noeske
et al., 2007; Zheng et al., 2007). Moreover, star formation rates in blue galaxies correlate well
with stellar mass, forming the ‘Main Sequence’ of star formation. In non-dusty red galaxies,
however, star formation is generally much lower than that of blue ones (Salim ef al., 2005). This
abrupt jump in star formation rate across colors motivates the search for a quenching process.
For simplicity, we define quenching to be a process that permanently turns a blue star-forming
galaxy into a red non-star-forming one.!

Many quenching mechanisms have been proposed, but they can generally be cate-
gorized into two classes. The first class is internal processes; these act to either expel the gas
already in a galaxy or render it inert to star formation. Examples of internal processes include
feedback from starbursts and active galactic nuclei (AGN), both of which may be triggered
by mergers. They act to heat the surrounding gas and/or drive winds out of the galaxy (e.g.,
Sanders et al., 1988; Springel et al., 2005; Murray et al., 2005; Cox et al., 2008; Ciotti et al.,
2009; Alexander et al., 2010). Another example of an internal process is morphological quench-
ing (Martig et al., 2009). In this model, the presence of a dominant bulge stabilizes the gaseous
disk against gravitational instabilities needed for star formation.

The second class contains external processes, which we define as acting to prevent
gas from accreting onto a galaxy in the first place. The main external process is halo mass

quenching (Silk, 1977; Rees and Ostriker, 1977; Blumenthal et al., 1984; Birnboim and Dekel,

2003; Keres et al., 2005; Dekel and Birnboim, 2006; Cattaneo et al., 2006); this posits that dark

'Rejuvenation of star formation in quiescent spheroids through gas and/or satellite infall has been proposed to
explain the observed blue spheroids seen in various works (e.g., Kannappan ez al., 2009; Schawinski et al., 2009a).
In this paper, we do not consider this process.



matter halos above a critical halo mass establish virial shocks that stop the flow of cold gas
onto their central galaxies. Additional examples are AGN ‘radio mode’ feedback (Croton et al.,
2006) and gravitational heating (Khochfar and Ostriker, 2008; Birnboim and Dekel, 2011), both
of which can be considered as variants of halo mass quenching since both mechanisms require
massive halos.

According to our definition, mergers do not qualify as an external process since they
act to exhaust and/or remove existing gas already within a galaxy. By the same token, ram
pressure stripping (Gunn and Gott, 1972) is also not considered an external process since it
strips gas from a galaxy. Furthermore, this paper only concentrates on quenching processes that
affect the central galaxy of a halo. According to Gerke et al. (2005), who used a sample of
DEEP?2 galaxies (~ 25% of the total DEEP2 sample), only ~ 32% of DEEP2 galaxies are in
groups, meaning ~ 68% of these galaxies are in the field. These field galaxies would be centrals
and additionally, since each group contains one central, the percentage of centrals in this DEEP2
sample is at least ~ 68%. Assuming this sample is representative of the entire DEEP2 dataset,
we can conclude that most of our galaxies are centrals. Thus we will not consider mechanisms
that affect satellites, i.e., strangulation and harassment (Larson et al., 1980; Moore et al., 1996).

These quenching processes may imprint themselves on the structure of a galaxy, e.g.,
major majors can create highly concentrated galaxies. The prospect of detecting quenching
mechanisms at work via observable changes in structural parameters has motivated many previ-
ous works. One of the first parameters explored was luminosity. Using an early SDSS sample,
Strateva et al. (2001) found that galaxies are bimodal in color, i.e., galaxies generally lie within

the red sequence or the blue cloud. However, while galaxies are well separated in color, they



overlap over almost the entire range of luminosity, indicating that luminosity is not the main
driver of galaxy color.

Later, stellar mass was explored; hereafter, mass refers to stellar mass unless other-
wise stated. For a sample of local SDSS galaxies, Kauffmann et al. (2003c) found that the
correlations between the star formation history indicators D, (4000) and Hy4 (which can also be
thought of as a proxy for galaxy color) and mass are significantly better than that of the g-band
luminosity. They further found that galaxies divide into two distinct families at a stellar mass
of 3 x 100 M,

Recently, additional structural parameters have been introduced. Using an SDSS sam-
ple, Kauffmann et al. (2006) found that the galaxy surface mass density (~ M, /r?) produced an
even sharper division in specific star formation rate (SSFR) than stellar mass (see also Brinch-
mann et al., 2004; Maier et al., 2009). They suggested that high surface stellar mass density is
connected to the creation of a bulge and the quenching of a galaxy.

Franx et al. (2008) intercompared several of the aforementioned color-parameter cor-
relations in the redshift range 0 < z < 3 using data from the FIREWORKS catalog (Wuyts ef al.,
2008). Confirming Kauffmann et al. (2006)’s result, they showed that surface mass density bet-
ter separates red and blue galaxies than stellar mass alone. Franx et al. (2008) also examined
a second structural parameter, the “inferred velocity dispersion” (~ M, /r.), and found that the
inferred velocity dispersion also better distinguishes red and blue galaxies than mass.

Besides these structural parameters, Sérsic index (n) has also been explored. Driver
et al. (2006) and Allen et al. (2006) observed a clear bimodal distribution in both the rest-frame

u—r color and #n in the Millennium Galaxy Catalog. A similar trend with SDSS galaxies was

10



seen by Blanton ef al. (2003) and Schiminovich et al. (2007). Bell (2008) showed that n is an
even better color discriminator than surface mass density. However, several outliers were noted,
and he concluded that high » is a necessary (but not sufficient) condition for quiescence. Re-
cently, Wuyts et al. (2011) and Bell ef al. (2012) found that the correlation between quenching
and »n was in place since at least z ~ 2.5.

A study by Mendez et al. (2011) supports the implications of the relationship between
Sérsic index and quiescence. Using a sample of DEEP2/AEGIS galaxies at 0.4 < z < 1.2, they
compared the morphological parameters (CAS, G/M», and B/T) of galaxies in the green valley
— galaxies with colors that lie between the blue and red peak in the color bimodality — to those
in the blue cloud and red sequence. They found that most green valley galaxies are still disks
but are building up their central bulge, in that they have higher concentrations and higher B/T
ratios than blue galaxies and less than red galaxies. In other words, they found that the bulges
of galaxies are being created or augmented in the evolution of a galaxy from the blue cloud,
through the green valley, and finally onto the red sequence.

A recent study by Wake ef al. (2012b) adds SDSS central velocity dispersion to the list
of previously considered structural parameters. It is also the first study to compare the efficacy
of Sérsic indices head to head versus other variables. They find that central velocity disper-
sion leaves the weakest residual color trends with other parameters and conclude quenching
correlates most strongly with central velocity dispersion.

The dependence of quiescence on halo properties has thus far been measured only
statistically, by looking at the probability that a galaxy is quenched as a function of some mass

and/or surrounding density. Peng et al. (2010) found that just two processes — “stellar mass
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quenching”, which correlates directly with galaxy stellar mass, and “environmental quench-
ing”, which correlates directly with local environmental density — can accurately describe the
quenching probabilities of SDSS galaxies. A later paper (Peng et al., 2012) divided centrals
from satellites and found that central quenching — of relevance here — had no environment de-
pendence but related only to stellar mass. A similar study by Woo et al. (2013) introduced halo
mass, which Peng ef al. (2010) had not considered, and found that central quenching correlated
better with halo mass than with stellar mass. However, it is important to note that, regardless
of whether halo mass is better than stellar mass, it is clearly not as predictive as structural vari-
ables such as Sérsic index or central velocity dispersion. We expound on this statement in the
discussion of this paper, but a cursory examination of the SSFR as a function of halo mass from
Conroy and Wechsler (2009) (Fig. 8) shows that star formation only gradually changes as a
function of halo mass. Whereas the plots of color as a function of Sérsic index and central
velocity dispersion from Wake et al. (2012b) (Fig. 1) show that color changes quite sharply as
a function of both these parameters. Thus a central challenge has emerged for the halo mass
quenching picture, namely, why do galaxy structural parameters predict the outcome of halo
mass quenching better than halo mass itself does? We return to this question below.

While correlations do not necessarily imply causality, they are strong hints, all of
which has led to a rather complicated picture of galaxy evolution. Quenching may well involve
a mix of complex processes that are likely to be dependent on several parameters that are them-
selves correlated. However, several themes emerge from the results discussed. The conditions
of the bulge and perhaps the very center of the galaxy appear to be important. Indeed, Kauff-

mann et al. (2006) suggested that bulge-building is the underlying cause of their correlation
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between color and surface mass density. And several authors, cited above, concluded that high
n is necessary to quench a galaxy, providing further evidence for bulges. Moreover, since a
hallmark of bulges is high central density, it is notable that Wake et al. (2012b) find that central
velocity dispersion is the single most correlated parameter of all with galaxy color. And finally,
since bulges and high central densities are closely associated with black holes (Magorrian et al.,
1998; Gebhardt et al., 2000), it is tempting to conclude that this mounting chain of evidence is
simply a “smoking gun” pointing to AGN feedback.

In total, these works suggest that internal processes, and specifically central processes,
are responsible for shutting down star formation. As noted, this poses a problem at first sight for
halo mass quenching, since halo properties are seen to correlate more weakly with quenching
than do variables such as Sérsic index and central velocity dispersion. However, a key element
in the halo picture is radio mode, which depends on AGN feedback (Dekel and Birnboim, 2006;
Croton et al., 2006), and thus possibly on internal/central conditions. Perhaps it will be possible
to link these various processes in a plausible causative chain that explains all of the data. We
return to this possibility in the discussion section.

In this paper, we build on previous works and consider the possibility of multiple
physical processes acting together in concert to quench star formation in galaxies. Whereas
most works have only explored global structural parameters, we explore both global and central
structural parameters. Our data set is AEGIS galaxies possessing HST/ACS imaging, similar
to Mendez et al. (2011) but over a narrower redshift range, 0.5 < z < 0.8. Like them, we
use color as a proxy for quenching and structural parameters derived from the same GIM2D

fits. However, we focus on different structural parameters and, importantly, convert luminous
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quantities of subcomponents to stellar mass using color-derived M /L ratios.

Our ultimate goal is to identify that parameter, or combination of parameters, that
seems to be the best discriminant between star-forming and quenched galaxies. Having found
that combination, we compare its efficacy (or sharpness) to studies focusing on halo parameters
(e.g., Woo et al., 2013) in order to assess whether the primary driver of quenching is conditions
that exist inside a galaxy or outside it.

A major result of this paper is that the Sérsic index, n, displays the sharpest break
between star-forming and quenched galaxies, i.e., it looks most like a quenching threshold.
However, n does not really distinguish red and blue galaxies all that well — ~ 40% of AEGIS
galaxies with high n have blue colors. Suspecting contamination from starbursts, AGN, or errors
of measurement, we introduce a novel parameter that is closely related to n but is more robustly

measured, namely, central surface mass density, >}

Tkpe: Under this parameter, we find that the

number of outliers is dramatically reduced, implying that the innermost structure of galaxies
may be most fundamentally related to quenching. Moreover, using stellar mass measurements
of the bulge and inner 1 kpc region of galaxies, we show that at z ~ 0.65, most blue galaxies
cannot simply fade onto the red sequence; they must instead undergo a significant restructuring
of their innermost stellar density profiles en route to quenching.

These results are compared to various theoretical models. The first major conclusion
is that the quenching sharpness found with our new parameter, central surface mass density,
far exceeds that found with halo mass, highlighting a major tension with the halo quenching
picture. Looking at alternative theories, we find several striking points of agreement with the

major-merger picture, but also some important caveats. These concerns suggest that bulge-
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building may just proceed quite naturally because galaxies at these redshifts are not yet very
axisymmetric and non-central torques are constantly being generated. Finally, the very close
connection between quenching state and central conditions that we find in this paper looks like
a “smoking gun” for AGN feedback, yet not all aspects of the data are fully explained by that
model either.

Finally, we place online” one of the most comprehensive datasets available, comprised
of 11,223 galaxies at 0.2 < z < 1.2, with a mean redshift of z ~ .75. One powerful aspect of this
dataset is the use of multi-color HST/ACS V- and I-band imaging, which allows the accurate
conversion of light to stellar mass. It also includes GIM2D bulge-disk decompositions (Simard
et al., 2002), which provide photometric and structural measurements of the bulges and disks
separately; these intermediate redshift galaxy decompositions are only possible thanks to the
high resolution HST imaging. Additionally, stellar masses are derived for the subcomponents
using their V, I colors.

This paper is organized as follows: §2 describes our data and derivation of the ana-
lyzed quantities. In §3, we explain our sample selection criteria and discuss sample complete-
ness. §4 presents our main results — the correlations between structural parameters and color. In
§5, we compare our results with several theoretical models and present our two-stage scenario
of galaxy evolution. Finally, we list our conclusions in §6. A cosmology with Hy = 70 km s
Mpc~!, Q,, =0.30 and Q4 =0.70 is used throughout this paper. All magnitudes are on the AB

system.

2http://people.ucsc.edu/ echeung1/data.html
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2.2 Data

We start with a description of all the main sources of data used in this paper, which
come from AEGIS, and then discuss the sample selection in §2.3. For an overview of the AEGIS

data, please see Davis et al. (2007).

2.2.1 CFHT BRI Photometric Catalog

The fist photometric data are we use from the Canada-France-Hawaii Telescope (CFHT)
BRI imaging catalog. The CFHT 12k camera has a 12,288 x 8192 pixel CCD mosaic array and
a plate scale of 0207 per pixel, providing a field of view of 0.70° x 0.47°. Five separate fields,
with one to five distinct CFHT 12k pointings per field, were observed from 1999 September to
2000 October. The integration time for each points was ~ 1 hour in B and R and for ~ 2 hours
in I, broken down to individual exposures of 600 s. The data are complete to ~ 25.25 in B,
24.75in R, and ~ 24.25 in I (see Coil et al., 2004 for more details).

These BRI magnitudes were used with k-correct v4.2 (Blanton and Roweis, 2007) to

obtain the rest-frame color (U — B) and absolute magnitudes (Mp) used throughout this paper.

2.2.2 HST ACS V+I Imaging and SExtractor Photometry

The main photometric catalog from which the sample was selected is based on HST/ACS
images taken as part of the AEGIS survey (Davis et al., 2007) under program GO-10134 (PI: M.
Davis). The exposures were taken between 2004 June and 2005 March over 63 tiles covering
an area approximately 1071 x 70!5 in size. Each tile was observed for a single orbit in F606W
(V) and F814W (1) using a four-point dither pattern. These pointings were combined with the
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STSDAS Multidrizzle package using a square kernel. The final images have a pixel scale of
0”03 per pixel and a point-spread function (PSF) of 012 FWHM. The 5¢ limiting magnitudes
for a point source are V =28.14 and I = 27.52 within a circular aperture of radius 0712(~ 50-
pixel area). For an extended object, the So limiting magnitudes are V =26.23 and I =25.61 for
a circular aperture of radius 03 (~ 314 pixel area).

SExtractor (Bertin and Arnouts, 1996) is used to detect objects in summed ACS V+/
images and to construct initial galaxy segmentation maps. A detection threshold of 1.5¢ and
50 pixels is chosen. These detection maps and the ACS zero points (Sirianni et al., 2005)
were applied to each band separately to create the ACS photometric catalogs. We selected all
nonstellar objects with SExtractor CLASS_STAR < 0.9 and I < 25.0 that did not lie within 50
pixels of a tile edge for our automated morphology analysis, covering an effective area of 710.9
arcmin? in the ACS images (see Lotz et al., 2008a, for more details).

This high resolution catalog was used to generate the galaxy sample comprising the

GIM2D bulge+disk catalogs.

223 GIM2D

Structural parameters of the HST/ACS imaged galaxies were measured using GIM2D,
a 2D bulge+disk decomposition program (Simard et al., 2002). Three separate fits were made:
a single Sérsic fit with floating n, a bulge + disk fit with n,;¢. = 2 and ng;g = 1, and a bulge +
disk fit with np,;6. = 4 and ng;g = 1 The three fits were done simultaneously using both the V

and / HST/ACS images according to the procedure in Simard et al. (2002). The bulge surface
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brightness profile is parameterized by:

S(r) = Seexp{k[(r/re)' /" =11}, 2.1)

as given by (Sersic, 1968). Here, the parameter k is set equal to 1.9992n—0.3271, so r. remains
the projected radius enclosing half the light (Capaccioli, 1989). The disk profile is a simple
exponential:

X(r) = Xoexp(-r/rq), 2.2)

where g is the face-on central surface brightness and r4 is the semimajor axis scale length. For
the single Sérsic fit, Eqn. 2.1 is used to fit the whole galaxy.

GIM2D also measures concentration, which, unlike the SDSS definition, is defined as
the ratio of the inner and outer isophote fluxes of normalized radii « and 1; we follow Abraham
et al. (1994) and use o = 0.3. Additionally, the GIM2D models produce galaxy, bulge, and disk
V., I magnitudes — these are the primary magnitudes used throughout this paper.

Throughout this paper, most of our results utilize the single Sérsic fits (Table A.3).
When examining the bulge and disk properties, we use the best-fitting, two-component decom-
position, i.e., either np, g =4 or npy . =2 (Tables A.4 and A.5), for each galaxy as indicated by
x*. We only use bulge measurements of B/T > 0.1 galaxies, as the low signal-to-noise makes
measurements of systems with B/T < 0.1 uncertain. Our subcomponent sample with GIM2D
measurements of the bulge and disk separately is comprised of ~ 60% from the np,4. =2 and
~ 40% from the np,q. = 4 fits. Comparing the np, g, = 4 fit to the np,q. = 2 fit shows a median

offset of log M puige t0 be 2~ 0.10 dex with a dispersion of ~ 0.23 dex while log re puige has a
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median offset of ~ 0.15 dex with a dispersion of ~ 0.28 dex; both parameters are offset toward

higher values in the n,,. = 4 fit.

2.2.4 DEEP2 + DEEP3 Redshift Survey

Spectroscopic redshifts were measured in the DEEP2 redshift survey using the DEIMOS
spectrograph (Faber et al., 2003) on the Keck II telescope (Davis et al., 2003; Newman et al.,
2013). Targets were selected for DEEP2 spectroscopy from the CFHT BRI imaging described
in §2.2.1. Most of DEEP2 used the BRI photometry to screen out low-redshift galaxies, but this
screening was not applied in the AEGIS region, and so the resulting sample is representative
from z=0to z ~ 1.4. Eligible targets must have 18.5 < R < 24.1 and surface brightness brighter
than pg < 26.5 (Davis et al., 2003; Newman et al., 2013).

Additional spectroscopic redshifts are available in the recently completed DEEP3 red-
shift survey (Cooper et al., 2011, 2012). This survey shares many of the same characteristics of
DEEP2, i.e., they both use the DEIMOS spectrograph and were both preselected using CFHT
BRI photometry. However, while DEEP2 used a 1200 line/mm grating in DEIMOS, DEEP3
employed a 600 line/mm grating, resulting in spectra of lower resolution. The quality of the
redshifts, however, are unaffected.

Taking only spectroscopic redshifts with quality code of O =3 or Q =4 and cross
matching it to the HST/ACS catalog yields a sample of 6310 galaxies; these galaxies make up

the spectroscopic sample.
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2.2.5 Photometric Redshifts

The DEEP2+DEEP3 survey is approximately 65% complete to R =24.1 in AEGIS
(Newman et al., 2013). For those galaxies without spectroscopic z and to extend the sample to
fainter limits, we utilized photometric redshifts (J. Huang et al., in prep) derived from the Arti-
ficial Neural Networks method (ANNz, Collister and Lahav 2004) using the multi-wavelength
AEGIS photometry that includes 12 unique bands in the wavelength range from « to 8 ym, with
deep Spitzer/IRAC photometry (Davis et al. 2007; Barmby et al. 2008; Zheng et al., in prep)
as the base. This sample was 3.6 um selected (f36 > 2uJy) with a color cut to isolate z < 1.5
galaxies. The redshift catalog is complete down to log M, /Mg =9.5 for 0.4 < z < 1.2, and
the rms accuracy is Az/(1+2z) =0.025. Cross matching this sample to the HST/ACS catalog
that does not have a quality spectroscopic redshift yields 4913 galaxies; these galaxies make up
the photometric sample. The total number of galaxies in our initial sample, consisting of the

spectroscopic and photometric sample, is 11,223.

2.2.6 Rest-frame Absolute B Magnitudes and U —B Colors

Rest-frame absolute Mp magnitudes and U — B colors are needed for both integrated
galaxies and for bulge and disk subcomponents separately. For galaxies, these quantities are
obtained through k-correct v4.2 (k-corrected down to z = 0; Blanton and Roweis, 2007) with
CFHT BRI photometry and redshift as inputs.

For bulges and disks, however, CFHT BRI photometry is not available, but there is
HST/ACS V and I photometry modeled by GIM2D. In order to be consistent with the galaxy
values, we derive a calibration for Mp and U —B from V, I, and redshift. We use the galaxy
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rest-frame magnitudes from k-correct as fiducial values to derive this calibration, which was
then used to calculate Mg and U — B for the subcomponents sample.

The functional form we use for Mp is (Gebhardt er al., 2003)°:

Mp = Ig14—DM (£, Qp, Qx) + K3, (2.3)

where DM is the distance modulus for the adopted cosmology and

Kip = 1.490—18.2667+94.0567>
—229.7827% +294.7417* = 189.8927° +48.0347°
+(2.233—5.4487+3.18772-0.0822°)(V = 1)

+(0.592—-0.540z—0.0362>)(V —1)*. (2.4)

The functional form for U — B is (Gebhardt et al., 2003):

U-B = —0.882+16.6277—84.7987>
+212.8317°—286.2117* +195.2567° —52.5847°
+(0.492+0.380z+0.41572—0.49372°)(V = 1)

+(0.751—1.609z+0.7397%)(V —I)? (2.5)

Fig.2.1a and 2.1b compares the values of Mp and U —B from Eqn. 2.3-2.5 to those derived from

3We use Gebhardt ef al. (2003)’s form but fit for our own coefficients
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Figure 2.1: We plot the residuals of rest-frame absolute B-band magnitude Mp, rest-frame U —B,
and stellar mass M, against rest-frame U — B from k-correct. Panel a shows the difference
between Mp computed from k-correct v4.2 (Blanton and Roweis, 2007) using CFHT BRI and
redshift and Mp computed from Eqn. 2.3 and 2.4. Panel b plots the residuals of U —B from
k-correct to U — B from Eqn. 2.5. Panel ¢ shows the residuals of M, from J. Huang et al., (in
prep) and M, obtained using Eqn. 2.3 and 2.6. From the one-to-one red dashed line in each
panel, it is clear that values derived from our fits are consistent with the fiducial values. The
dispersion ¢ is displayed on the top of each panel.

k-correct. The relations are nicely linear with o(Mp) = 0.215 mag and o(U — B) = 0.096 mag.
We use these relations to compute Mp and U — B for the subcomponent sample. We also use
these equations for the galaxies in our sample that have ill-measured CFHT BRI measurements,

characterized by large errors (= 7%).

2.2.7 Stellar Masses

Stellar masses for most of our sample are available from J. Huang et al., (in prep.).

Using a Salpeter initial mass function (IMF), the multi-wavelength AEGIS photometry (with
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deep Spitzer/IRAC photometry as the base (Davis ef al. 2007; Barmby et al. 2008; Zheng et
al., in prep; J. Huang et al., in prep) were fit to a grid of synthetic SEDs from Bruzual and
Charlot (2003), assuming solar metallicity. These synthetic SEDs span a range of ages, dust
content, and exponentially declining star formation histories. The typical widths of the stellar
mass probability distributions are 0.1—-0.2 dex.

To obtain stellar masses for the subcomponent samples we utilize the well-known
correlation between mass-to-light ratio (M, /L) and optical colors (e.g., Bell and de Jong, 2001).
To account for our large redshift range, we add a redshift-dependent term to the relationship,
similar to the approach in Lin et al. (2007) and Weiner et al. (2009). Options are to use either
rest-frame U — B (from k-correct) or observed V —1. To aid our choice, we make fits using both
colors and compare them to the M, /Lg values in Fig. 2.2. The left panels display M, /Lg vs.
observed V —I while the right panels plot M, /Lg vs. rest-frame U —B. Each row represents a
different redshift range. Overplotted in each panel is a red dashed curve that represents our fit.
The fit for M. /Lp as a function of V —1 is a better match than the fit to U — B, especially at high

redshifts. The final adopted expression for M, /L is:

log M,/Lg = —0.340-2.593z+1.1957

1.908(V —1)—0.432(V —1)? (2.6)

Together with the absolute B magnitudes measured from Eqns. 2.3 and 2.4, we are now in a
position to calculate stellar masses for any object with a measured V,I, and redshift. These

calibrated fits are used to obtain M, values for the subcomponent samples. For the galaxies in
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our sample that do not have stellar masses from J. Huang et al., (in prep) (= 10%), their M, are
also obtained this way; these stellar masses are shown in Table A.1. We make a final check of
our method by comparing these derived stellar masses to those calculated by J. Huang et al., (in
prep); this is shown in Fig. 2.1c, where the relationship is well-behaved with an rms scatter of

0.175 dex.

2.2.8 Error Estimates

All error estimates measured by GIM2D, i.e., the structural parameters such as r. and
n, are 99% confidence limits (Simard et al., 2002); we convert these into 1-o limits assuming
a Gaussian distribution. There are two sources of stellar mass: those from the SED-fitting and
those from our mass fits. The errors for the former are the typical widths of the stellar mass
probability distribution (0.1 —0.2 dex). The errors for masses obtained from Eqn. 2.6, 2.3,
and 2.4 are the standard deviation of the residual distribution between the fitted masses and
those of J. Huang et al., (in prep) (see Fig. 2.1c; 0 = 0.175). Errors for U — B and Mp obtained
from k-correct are estimated by measuring the 1-o dispersion from the HST/ACS V and [ in the
redshift range 0.64 < z < 0.68 and 0.82 < z < 0.86, respectively. Within these redshift ranges,
rest-frame U and B approximately redshifts into observed V and /, which when combined with
the high resolution of HST, gives us an accurate photometric error estimate. The average errors
are ~ 0.07 mag (U) and ~ 0.05 mag (B). Errors for U — B and Mp obtained from Eqn. 2.3 and
2.5 are taken to be the standard deviation between our fits and k-correct. For the mass-radius
combinations, e.g., M, /re, we propagate the errors from the masses and the GIM2D confidence

limits.
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Figure 2.2: M, /Lg ratio (mass from J. Huang et al., in prep and B-band luminosity from k-
correct) vs. observed V —1 (left column) and rest frame U — B (right column) in three redshift
bins: a)-b) 0.20 < z < 0.50, ¢)-d) 0.50 < z < 0.80, and e)-f) 0.80 < z < 1.10. Contours are
shown to give a sense of the relative number densities. The red dashed curve in each panel
represents our fit; the fit for M, /L as a function of observed V —1I is better than the fit to
rest-frame U — B, hence we adopt it.
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Figure 2.3: To address dust, we plot our sample in the rest-frame UV J diagram. The quiescent
population lie within the quiescent region as defined by Williams et al. (2009). Red points
represent red sequence galaxies, defined to have U —B > 1.20. Almost all of the red sequence
lies within the quiescent area. U —B > 1.20 galaxies outside the quiescent area is only ~ 3%

of the defined red sequence. These are the dusty star-formers, and we eliminate them from the
sample so that the red sequence galaxies are truly quiescent.

2.3 Sample Selection

Within the AEGIS region, ~ 30,000 objects have both HST/ACS imaging and GIM2D
decompositions; this is the master GIM2D sample. Only 11,223, however, have either a spec-
troscopic or photometric redshift (see §2.2). Moreover, although our redshift coverage is from
0.2 < z < 1.2, in order to minimize k-corrections, we restrict our sample to 0.5 < z < 0.8; this
cuts our sample down to 3,426, this will be referred to as the ‘starting’” sample. To reduce the
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Figure 2.4: Left column : Rest-frame U — B vs. log M, is plotted for the ‘starting’ sample
(red; top row) and the ‘final’ sample (blue; bottom row). For comparison, the Spitzer/IRAC
3.6 um-selected sample (J. Huang et al., in prep) in our redshift range 0.5 < z < 0.8 is plotted
in the background. Right column : U —B vs. log M, is binned with lengths in U — B and
log M., that correspond roughly to their 1—o error; we only show bins with more than 5 galaxies.
Within each bin, the fraction of the number of galaxies in that row’s sample to that of the 3.6
pm-selected sample is computed and displayed as the corresponding color indicated by the
color bar to the right. The completeness of the ‘starting’ sample is uniformly complete above
log M. /Mg =9.5. The completeness of the ‘final’ sample is ~ 50% and is largely uniform. See
text for discussion.

effects of dust, we only choose galaxies with axis ratios (b/a; as measured from the single n fit)
greater than 0.55, furthering reducing our sample to 1,567 galaxies.

Although GIM2D was run for every galaxy, not every decomposition is reliable. For
example, galaxies with effective radii r, less than half the full width at half-maximum (FWHM)

of the point-spread function (PSF; 2 pixels) are not well fit. Additionally, galaxy models created
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by GIM2D that are offset from the center of the HST/ACS image by more than 3.5 pixels are
similarly ill-fit. There are also instances where the fitting failed; eliminating these leaves us
with 1,427 objects. Note that we are only using the single Sérsic fit values for global galaxy
parameters, and hence this sample consists of values only from the single # fit.

GIM2D was also used to produce measurements of every galaxy’s bulge and disk
through two different fits — the 7,4 = 4 and np, e, = 2 decompositions with the disk being
n =1 for both (see §2.2.3). Note that GIM2D bulge+disk decompositions do allow for a galaxy
to have B/T =0, i.e., a pure disk galaxy, if that is the optimal fit according to the Metropolis
fitting algorithm (= 22% of the subcomponent sample have B/T = 0; see Simard er al., 2002
for more details). For each galaxy, we use the bulge+disk fit with the smallest x>. We only use
the subcomponent measurements of the ‘final’ sample, which we define below.

To reduce the effects of dust, we applied an axis ratio cut of b/a > 0.55.. While
this cut eliminates many edge-on dusty galaxies (Martin et al., 2007), it does not affect dusty
face-on galaxies. To clean these from out sample, we calculate UV J rest-frame magnitudes.
The resultant U —V vs. V —J two color plot enable us to separate dusty red galaxies from
truly quiescent red galaxies (Williams ez al., 2009). We use the Rainbow software described in
Barro et al. (2011a,b). Briefly, the software applies a x> minimization algorithm to find the best
fitting galaxy template from the multi-wavelength photometry of AEGIS. Then several filters
(U Bessel, V Bessel, J Johnson) are convolved with the best template to estimate synthetic
fluxes assuming a luminosity distance of 10 pc. Our results can be seen in the UVJ diagram
(Fig. 2.3). The upper-left region bounded by the solid lines within the UV J diagram represents

the quiescent region, as defined by Williams ez al. (2009). Comparing the quiescent galaxies
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to the red sequence galaxies, which we define to be galaxies with U —B > 1.20 and are shown
in red in Fig. 2.3, shows excellent agreement; only 174 (6%) of the U —B > 1.20 galaxies lie
outside the quiescent area. These are presumed to be dusty, star-formers and are discarded
from our sample. There is an additional reduction of 8 U —B > 1.20 galaxies because we were
unable to obtain their UV J magnitudes. Since we do not know whether these galaxies are truly
quiescent or simply dusty, we take the conservative route and discard them. To sum, we require
our quiescent galaxies to have U —B > 1.20 and to lie within the quiescent region of the UV J

diagram. With this criterion, our galaxy sample has 1,402 galaxies.

2.3.1 Completeness

Finally, we must discuss our sample’s completeness. Because the DEEP2+3 spec-
troscopic survey is limited by an R-band magnitude of 24.1°, there is a selection bias against
low-mass galaxies. Fortunately, the photometric sample goes deeper, down to an IRAC 3.6 ym
flux of 2 pJy. Details of the photometric sample can be found in J. Huang et al., (in prep), but we
will briefly summarize the key characteristics. The 3.6 um-selected sample spans the redshift
range of 0.4 < z < 1.2, where 3.6 um also probes the rest-frame NIR (1.2-2.5 pm). Galax-
ies of all types have very similar SEDs in the NIR band. Therefore a rest-frame NIR-selected
sample suffers no bias against either blue or red galaxies (Cowie et al., 1996; Huang et al.,
1997). Galaxy NIR luminosities also trace their underlying stellar mass, in other words, this
sample is very close to a mass-selected sample. The K-band absolute magnitudes for galaxies

in this sample are calculated with the 3.6 um flux densities. The IRAC-to-K-band k-correction

44 of these galaxies are not visible because they have UV.J magnitudes that are identical to those that are visible.
There are some DEEP3 targets fainter than this limit (Cooper et al., 2011, 2012)
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is adopted from De Propris et al. (2007). The absolute K-band magnitude range for this sample
is —19 < Mk < —25. This translates into a limiting stellar mass of log M,./Mc, =9.5. Therefore,
cross-matching to the photometric sample has essentially eliminated the selection bias against
low-mass galaxies of the DEEP2+3 surveys.

To illustrate our sample completeness, we compare the color-mass diagrams of our
‘starting’ sample (red) to the Spitzer/IRAC 3.6 um-selected sample (gray) in Fig. 2.4a. There
are hardly any gray points, indicating that the ‘starting’ sample contains almost all the galaxies
in the 3.6 u-selected sample. This is further illustrated in Fig. 2.4b where we bin up the color-
mass diagram with lengths in U — B and log M, that roughly correspond to their distributions’
1-o error; we only show bins with more than 5 galaxies. Within each bin, the fraction of the
number of galaxies in the ‘starting’ sample to that of the 3.6 um-selected sample is computed
and displayed as the corresponding color indicated by the color bar to the right. Confirming
what was seen in Fig. 2.4a, the completeness is almost perfect, and most importantly, the com-
pleteness is uniform, especially for log M, /Mg > 9.5, the mass limit of the 3.6 um-selected
sample. Thus, our ‘starting’ sample is uniformly complete down to the mass limit of the 3.6
pm-selected sample.

However, our ‘starting’ sample is not the ultimate sample we use. To get rid of bad
data and dusty galaxies, we have imposed several requirements (see §2.3). To obtain our ‘final’
sample, we impose one final requirement, log M, /M > 9.5. This last cut ensures that our
‘final” sample is complete above log M, /Mg =9.5. Thus finally, we have our ‘final’ sample,
consisting of 943 galaxies. The ‘final’ sample is what is plotted in all subsequent figures unless

stated otherwise. The completeness of the ‘final’ sample is illustrated in Fig. 2.4c and Fig. 2.4d.
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Fig 2.4d (calculates bins of completeness like in Fig. 2.4b) shows that the completeness of
the ‘final’ sample is ~ 50%, with a dearth of galaxies on the top of the blue cloud, i.e., the
green valley, and a surplus of galaxies on the upper red sequence. These features are due to the
b/a criterion, which is meant to eliminate edge-on galaxies that are presumably dusty. Indeed,
according to Martin et al. (2007), dusty galaxies do primarily reside on top of the blue cloud,
which explains why there is a lack of galaxies on top of the blue cloud in the ‘final’ sample
compared to the 3.6 ym sample. The surplus of galaxies on top of the red sequence is also
understandable since the reddest galaxies are elliptical galaxies that have intrinsically high axis
ratios. Although there are some biases introduced into the ‘final’ sample by these various cuts,
we have tested the effects of removing them and find that it does not affect our conclusions. But
we stress that these cuts are necessary; they remove bad data. Our ‘final’ sample is a culmination
of the best data from our available resources. For an extra discussion of our samples’ surface
brightness limits, data quality, and possible Sérsic index bias, please see Appendix A.1, A.2,
A3.

All our data, including those that were not presented in this paper, are available online
at: http://people.ucsc.edu/~echeungl/data.html. Tables A.1-A.5 present the
key parameters we use in our paper for twenty randomly selected galaxies in our catalog. Table
A.1 presents basic information of our galaxies, including their unique IDs, derived photometric
quantities, and stellar masses both from k-correct and Eqn. 2.6, 2.3, and 2.4. Table A.2 presents
much of the same information in Table 1, but only for the subcomponents. Tables A.3, A.4,
and A.5 present the three GIM2D catalogs: the single Sérsic fit, ny,4. = 4 fit, and np,g. = 2

fit, respectively. These GIM2D catalogs provides many measurements, including V, I, and r.
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for both the galaxy and its subcomponents. The rest of the measurements and galaxies can be

obtained online.

2.4 Results

2.4.1 The Most Discriminating Color Parameter

We begin by intercomparing the various global structural parameters discussed in the
introduction to find which is the best predictor of color. Fig. 2.5 plots U — B rest-frame color
against six quantities for the final galaxy sample: rest-frame absolute B-band magnitude Mp,
stellar mass M,, stellar mass divided by semimajor axis effective radius M, /r. (sometimes
called the “inferred velocity dispersion”)®, M, /r? (nominal surface density)’, Sérsic index n,
and inner stellar mass surface density Z"l‘kpc (we defer discussion of E’fkpc to §2.4.3.3). The 1-0
error bars are given in the top right of each panel (see §2.2.8 for details). The spectroscopic
sample and photometric sample are shown in open stars and open circles, respectively; we use
this scheme throughout the rest of the paper. As stated in the introduction, the amount of color
overlap is one measure of how well a parameter separates red sequence and blue cloud galaxies,
and parameters that reduce this overlap are better discriminators of galaxy quenching. The

sample considered is the ‘final’ sample, which is complete only in stellar mass, as defined in

§2.3. Thus the results of the following analysis is only applicable for the ‘final’ sample. The

SThe true stellar velocity dispersion is o> o< GM/r., where M is the total mass including stars, gas, and dark
matter. Franx er al. (2008) provide a value of the coefficient through the fitting of a sample of SDSS galaxies:
o = 0.3GM. /r.. Recently, Taylor et al. (2010) and Bezanson ef al. (2011) showed that the addition of a Sérsic
dependent term to the “inferred velocity dispersion” of Franx et al. (2008) provides a better estimate of the true
velocity dispersion. We choose not to use this updated “inferred velocity dispersion” because we want to compare
the color correlations of these parameters independently.

"Surface mass density is actually M../27rZ, but we omit the constants.
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Figure 2.5: Rest-frame U — B color is plotted against: a) rest-frame absolute B-band magnitude
Mg, b) stellar mass M,, c) stellar mass divided by semimajor axis effective radius M, /re, d)
M, /r? (surface density), e) Sérsic index n, and f) stellar mass surface density within 1 kpc E’fkpc.
M., is in solar masses and r, is in kpc. The stars and circles represent galaxies with spectroscopic
redshifts and photometric redshifts, respectively. 1-o error bars are displayed in the upper right
of each panel. The overlap region of each parameter is highlighted in gray. Overlap regions are
defined as regions in which the fraction of red galaxies is between 15% —60% (see §2.4.1). The
red horizontal line represents the division between red and blue galaxies. The top left corner
of each panel shows two measures of the size of the overlap region: the fractional number of
galaxies within the overlap region AN/N and the fractional extent of the region Ax/x, where
x contains 90% of the points (see text). This analysis was done on the ‘final’ sample, which
is complete only in stellar mass (down to log M. /Mg =9.5; see §2.3.1). By both measures,
M., /re outperforms other parameters of the form M, /r{, which we have confirmed by studying
intermediate values of p. Sérsic index and E’fkpc do even better, hinting that the distribution of

mass in the inner parts of galaxies may play a fundamental role in quenching star formation.

goal of this section is to quantify the amount of overlap in order to determine the single best
color discriminant among the traditional parameters.
As in Strateva ef al. (2001), the color-magnitude diagram (Fig. 5a) shows a clear red

sequence and blue cloud. However, these two groups overlap greatly over the entire range of
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absolute magnitude. This confirms the well-known result that the B-band magnitude is a poor
predictor of galaxy color.

Fig. 2.5b shows the color-mass diagram. As shown by Kauffmann et al. (2003¢) and
Borch et al. (2006), mass is better correlated with star-formation history than is luminosity. Al-
though the relationship with color is improved, the range of color overlap is still large, extending
over ~ 0.8 dex in mass. Fig. 2.5¢ and 2.5d add powers of r. in the denominator to M,, in the
form of M, /rf. The smallest overlap by eye is given by M, /r. in Fig. 2.5¢, while mass surface
density M, /r? in Fig. 2.5d looks slightly worse. Thus, this new DEEP2 sample indicates that
M, /re is a superior color discriminator to surface mass density M, /r2.

To summarize, effective radius r, tightens the basic color-mass relation because red
galaxies at fixed mass are smaller than blue galaxies, and the tightest correlation is obtained
using M, /re.

We plot in Fig. 2.5¢e color vs. Sérsic index n. The character of this plot is markedly
different from the others — rather than a smooth trend with color within the blue cloud as in, for
example, M., /re, the color jump is more abrupt, with color remaining constant above and below
what appears to be a critical value of n around log n=0.36 (n=2.3). This behavior is intriguing
because it might signal a real physical threshold in Sérsic index, above which star formation
shuts down. As stated in the introduction, n likely plays an important role in quenching star-
formation. Blanton et al. (2003) and Schiminovich et al. (2007) demonstrated a trend between
n and color for SDSS galaxies. Driver et al. (2006) and Allen et al. (2006) also showed this
relationship with their Millennium catalog. And Wuyts et al. (2011) demonstrated that this

relationship persists out to z ~ 2.5. Bell (2008) and Bell et al. (2012) explored this correlation
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and showed that high 7 is necessary for quenching but not sufficient — there are many galaxies
that are blue despite having high n. We see something similar in our data with the scattering
of aberrant points in the lower-right-hand corner of Fig. 2.5e. We term these aberrant points
“outliers” and discuss them further in §2.4.3.2.

The above conclusions are based mainly on visual assessment of Fig. 2.5. To quantify
our results, we now present two new quantities that are designed to measure the size of the
overlap regions. These measurements can be applied to rank the predictive power of the various
structural parameters and also to identify galaxies within the overlap regions for further study.
To define these quantities, we first bin the sample by the parameter of interest. Then, within
each bin, we find the fraction of galaxies that are red, i.e., galaxies with U —B > 1.20, which
we have ensured to be genuinely quiescent and not dusty (see §2.3). The locations where this
fraction equals 15% and 60% mark the beginning and end of the overlap region, respectively;
these percentages were adjusted to match the core of the overlap regions as judged by eye and
are a compromise over all diagrams. We varied the overlap definition with various permutations
of starting boundaries in the red fraction range of 5% to 20% and ending boundaries from 40%
to 60% and found that the results are unchanged. To find the locations of the edges of the
overlap regions, we fit a fourth-order polynomial to the red fraction bins and interpolate to find
where the fit reaches the desired fractions. Each parameter has been divided into 25 bins, and
each edge value is examined to ensure that the choice is sensible. The edge locations depend
only weakly on the choice of bin width — for example, in the case of M., /r., bin sizes in the
range 0.07-0.25 dex produce similar results.

We define two measures to quantify the sizes of the overlap regions. The first is the
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fractional number of galaxies in the region, AN/N, where N is the total number of galaxies and
AN is the number within the overlap region. The second is the fractional extent of the region,
Ax/x, where Ax is the width of the overlap and x is the range that includes 90% of the data
(excluding 5% at either end). The resulting overlap regions for each parameter are demarcated
in gray in Fig. 2.5, and the upper left corner of each panel shows the two measures AN/N and
Ax/x. These quantitative measures confirm what was seen by eye, namely, that M, /r. gives the
smallest values of both AN/N and Ax/x among all the mass-radius combinations. Note that
the relative extent of Mp is Ax/x=0.971; this simply means that the overlap region is almost
equal to the entire range that encompasses 90% of the data, again agreeing with our previous
qualitative assessment. Furthermore, we find that Sérsic index performs considerably better
than even M, /r. in minimizing both AN/N and Ax/x.

We also point out the extremely tight relation that is produced when plotting color
vs. M. /re or M, for blue-cloud galaxies alone (Fig. 2.5b and 2.5¢). This has been pointed out
before and is referred to as the ‘Main Sequence’ of star formation (Noeske et al., 2007). Pre-
vious work on quenching has focused on the relationship between red sequence vs. blue cloud
galaxies and not so much on the properties of galaxies within the blue cloud itself. However,
the tightness of the relation between M, /re (or M,) and color for star-forming galaxies alone

could be an important clue to the physics of quenching, and we return to this point in §2.5.

2.4.2 Properties of Galaxies in the M, /r. Overlap Region

We have shown that our AEGIS data duplicate previous findings showing that M, /re

and n correlate strongly with quenching, but we have also shown that neither parameter alone
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Figure 2.6: Galaxies in the overlap region of M, /r. (containing 316 galaxies) from Fig. 2.5¢
are isolated to examine possible second-parameter color correlations with both global and
disk/bulge properties. U — B rest-frame color is plotted against: a) global stellar mass M, b)
bulge stellar mass M puige, €) disk stellar mass M, gisk, d) global semimajor axis effective radius
Te, €) bulge semimajor axis effective radius re puige, f) disk semimjaor axis exponential scale
length rq gisk, &) My pulge/ ribulge, h) M. puige/Te pulge, 1) bulge-to-total ratio B/T in the I-band,
j) concentration C, k) global Sérsic index n, and 1) B/T based on stellar mass M,. The 1-o
error bars are displayed in the upper right of each panel. The red horizontal line in each panel
represents the division between red and blue galaxies. Global properties hardly differ between
red and blue galaxies (white panels), but bulge properties, disk scale length, and n show key dif-
ferences (colored panels and panel c¢). Specifically, red sequence bulges are physically smaller,
yet more massive, than those of the blue cloud. Moreover, red sequence disks are less massive
than their blue cloud counterparts. These trends cannot be produced by simple disk fading but
require a concentration of inner stellar mass.
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is close to being a perfect predictor of it. In this section and the next, we take a further look
at the properties of galaxies in the overlap region and outliers to find out whether multiple
parameters can be used in concert to predict quenching, and whether this interplay sheds light
on the physical processes involved.

Fig. 2.6 investigates residual trends within the M, /r. overlap region of Fig. 2.5¢ by
plotting color versus various structural parameters for overlap galaxies alone. In exploring this
slice of M, /r., we are assuming a general evolutionary sequence such that the blue galaxies
evolve into the red galaxies within this overlap region. However, this assumption is not without
proof. Bell et al. (2004b) and Faber et al. (2007) have shown that the red sequence has increased
by ~ 2 while the blue cloud has remained relatively stable from z ~ 1 to z =0. Moreover,
Hopkins et al. (2010b) showed that ~ 65—80% of the observed mass density of bulge-dominated
galaxies formed since z ~ 1. Thus our redshift range (0.5 < z < 0.8) peers directly into the
epoch when the majority of red sequence galaxies are being formed. We choose M, /r. as the
base parameter because it is the tightest M, —r. combination in Fig. 2.5, but similar results are
obtained when M, is used.

Panels a, d, j, and k of Fig. 2.6 plot integrated quantities, while the remaining panels
introduce structural parameters (e.g., M, and r.) for bulges and disks separately. Among the
integrated properties, virtually no trend is seen in either stellar mass (panel a) or r. (panel d),
but a mild “step function” is seen with Sérsic index in that # is significantly higher for quenched
galaxies (panel k, gray). Concentration, C, shows similar behavior, albeit less cleanly (panel j).
A similar trend with n was seen for all galaxies (Fig. 2.5¢), but it is important to see the same

effect for overlap galaxies alone. This establishes beyond doubt that M, /r. alone does not fully
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encapsulate the processes needed to quench star formation. A possible interpretation is that
some galaxies are “ripe” for quenching based on M, /r. and that a second process, which drives
galaxies to high n, ultimately quenches star formation. We return to this idea later in §2.5.

The remaining panels in Fig. 2.6 focus on the properties of bulge and disk components
separately (the subcomponent sample; see §2.2.3). These parameters are derived from GIM2D
photometric fits and M, /Lg values from the V —1 colors of bulges and disks separately (§2.2.7),
for which high-resolution two-color HST imaging is required. The striking result from the
subcomponent panels in Fig. 2.6 is the marked differences in disk mass, bulge mass, and bulge
effective radius between blue and red overlap galaxies (panels b, ¢, and e). The disks of red
sequence galaxies are less massive by about 0.2 dex than the blue cloud galaxies (panel c)
while the bulges of red sequence galaxies are more massive by about 0.3 dex than the blue
cloud galaxies (panel b, in light tan). At the same time, disk sizes remain constant but bulge
sizes decrease by about 0.3 dex as blue cloud galaxies transition to the red sequence (panel e,
in blue). These differences between red sequence bulges and blue cloud bulges amount to a
difference of 0.6 dex in bulge M. puige /e buige (Panel h, in green). A similar trend is seen in B/T
ratios, but it is weaker due to the large spread of blue galaxies.

These trends collectively demonstrate a real structural difference between the inner
stellar mass distributions of quenched vs. star-forming galaxies, and furthermore, that this
difference exists even within a narrow range of M, /r.. Higher central stellar mass densities
in quenched galaxies have been inferred in previous work from higher integrated Sérsic values
(Weiner et al., 2005; Bundy et al., 2010), but photometric data by themselves do not rule out

a simple fading picture in which disks decline in brightness, permitting an underlying high-
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Figure 2.7: a) The U —B vs. n diagram is reproduced from Fig. 2.5e with median values of color
in each n bin plotted as open black triangles. The red horizontal line represents the division
between red and blue galaxies, while the black vertical solid line at log n = 0.36 represents the
point at which the median is half way between the red and blue values. The medians show
a step-like behavior in U — B vs. n, suggestive of a physical threshold in n. Exceptions to the
step function are the blue “outlier” galaxies in the lower right. These are highlighted in strips
of color for further discussion in §2.4.3.2 and Fig. 2.9: pink points encompass U —B < 0.70,
cyan points encompass 0.70 < U —B < 0.95, and green points encompass 0.95 < U —-B < 1.20.
Bluish red-sequence galaxies are highlighted for comparison and lie within 1.20 <U-B < 1.30.
Images of these outliers are shown in Fig. 2.9. Roughly 40% of the log n > 0.36 galaxies are
outliers. b) U —B color vs. inner stellar mass surface density E’fkpc. Note that some galaxies
do not have ¥, - measurements due to insufficient signal-to-noise. Most outliers now fall into
line, suggesting that inner stellar mass surface density is a cleaner predictor of quenching than
n.

n bulge to emerge. Actual stellar masses for bulges and disks separately are needed to rule
out fading. An important new insight from our work is that evolution to the red sequence
appears to be accompanied by a significant rearrangement of inner stellar mass in which existing
stars move to the centers of galaxies, and/or new stars are formed there. We discuss processes

whereby that might happen in §2.5.
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2.4.3 Sérsic Index and Inner Surface Density

2.4.3.1 A threshold in n?

The previous section considered M. /r. as the main quenching parameter and looked
at scatter around it to discover secondary effects. In this section, we use a similar tack but focus
on Sérsic index n. An enlarged version of the color-n plot is shown in Fig. 2.7a, which indicates
median U — B in bins of n. The medians illustrate the striking step-like behavior previously
mentioned. Defining the riser of the step to be where the medians are half-way between their
red and blue values, we place this point at log n = 0.36, which is marked with the vertical
black line. This value corresponds to n = 2.3, which is similar to the value of n often used to
distinguished quenched (or early-type) galaxies from star-forming ones locally (e.g., Shen et al.,
2003; Bell et al., 2004a; Schawinski et al., 2007a; Drory and Fisher, 2007).

The medians also emphasize how flat the color trends are above and below the thresh-
old n value. Evidently, in the extreme high-n and low-n regimes, star formation history is
independent of n. This differs markedly from the behavior of M, /r.; Fig. 2.5¢c shows a strong
correlation between M., /r. and color for star-forming galaxies below the overlap region.

The lack of importance of n above and below the threshold is further emphasized by
the large color scatter in both of these regimes. This scatter is, however, of two types. At low n,
there is a rather uniform spread in color, i.e., specific star-formation rate can assume any value
within a large range, and n does not predict what SSFR will be. At high n, n predicts color
much better, i.e., the color distribution is strongly peaked toward red (quenched) colors, but a

significant tail of outliers with blue colors exists (colored points, except the red in Fig. 2.7).
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The existence of these outliers was seen at both low and high redshifts by Bell (2008) and Bell
et al. (2012), who expressed the role of n in quenching as “necessary but not sufficient”, i.e.,
all quenched galaxies have high n, but not all high-n galaxies are quenched. We see the same
thing.

Unlike Fig. 2.5¢ (which plotted color vs. M, /re), there is no interval in n where the
color scatter is markedly larger than elsewhere (Fig. 2.7a), and thus no impetus to search for
a second parameter within a narrow region of n. To investigate the scatter, we have replotted
Fig. 2.7, this time highlighting galaxies within narrow bins of various second parameters. The
results are shown in Fig. 2.8, where galaxies are divided into bins of stellar mass (top row),
M, /re (middle row), and M, /r? (bottom row), collectively termed M, /rf. The outlier region
from Fig. 2.7a is outlined in blue. In each row, the behavior is the same. Galaxies with low
values of M, /r! are seen to be mainly blue. A few leak into the high-n “outlier” regime, but
their blue colors always agree with other galaxies in the same parameter bin, i.e., their star
formation rates are not depressed by having high n. As M, /rf increases, the mean color of
low-n galaxies becomes redder while the number of outliers remains relatively constant. Again,
the colors of the outliers still agree with the average color of all galaxies in the same M, /rZ bin.
At the highest values of M, /rf, virtually all galaxies are quenched and the fraction of outliers
is negligible. Two points are clear: dividing galaxies into bins has not destroyed the basic step-
like nature of the behavior in that galaxies within each bin still trend smoothly but sharply (apart
from outliers) from their “native” star-forming state to a quenched state. The second point is
that all trends with color at low n remain flat within each bin of M, /rZ. This shows that the

strong trend of color vs. M, or M, /r. within the blue cloud (Fig. 2.5b and 2.5¢) is not caused
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by some hidden dependence on n.

To summarize, we have reproduced findings by previous authors that indicate that
high n typically predicts a quenched galaxy, and we have set the half-power point between
blue and red galaxies at n..; = 2.3. This value is very near the SDSS value, implying no large
evolution in n..; from z ~ 0.65 down to z ~ 0. The rise in color near the critical value is sharp,
while above and below this value there is no trend in color with n, even within narrow slices of
M, /rl. At high n, most galaxies are quenched with red colors, but a non-negligible fraction of

objects is blue despite having high n. We turn to the nature of these outliers next.

2.4.3.2 Outliers

Although n acts like a threshold for the vast majority of galaxies, there are obvious
exceptions, namely the blue, high-n (logn > 0.36) “outliers” highlighted in Fig. 2.7a and else-
where. Understanding these objects is clearly crucial for unraveling the quenching mechanism
— why are they blue when their photometric structure resembles that of quenched objects? We
have highlighted 151 outliers in Fig. 2.7 using color to indicate their U — B ranges; they make up
~ 40% of all n > 2.3 galaxies (the red points immediately above the red horizontal dashed line
at U —B = 1.20 are not outliers, they are quiescent red sequence galaxies shown for comparison).

Several possibilities come to mind to explain these objects. One possibility is that they
are artifacts due to the presence of bright point-like AGNs. Adding a blue AGN to a normal star-
forming galaxy would make the global colors bluer and increase n (and concentration) (Pierce
et al., 2010). To pursue this, we have cross-matched the outliers to two AGN samples selected

using X-ray and optical line-emission data. The AEGIS region is covered by a deep 800 ksec
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Figure 2.8: The U —B vs. n diagram from Fig. 2.7a is replotted to separate the roles of M.,
M., /re, and M, /r? from n in driving color evolution. Galaxies are divided into bins of M, /r
and plotted as the black points. Bin boundaries are shown in the upper left of each panel. The
rectangles outlined in blue indicate the outlier region from Fig. 2.7a. The panels demonstrate
that the step-function-like behavior near log n = 0.36 (n =2.3) seen in Fig. 2.7a is replicated
separately in each range of M., /rf independent of p. Color rises rapidly near log n=10.36 (n=
2.3), but there is little impact of n on color above and below this value. This shows that the
trends in color with M, and M, /r. in the blue cloud (Fig. 2.5b and 2.5¢) are not caused by a
hidden dependence on n.

Chandra X-ray mosaic (Laird ef al., 2009). We find that only 11 of the outliers have X-ray

0*2 erg s7!, or 7%. We have also used an optical method for selecting AGN

luminosities above 1
based on a modified version of the classical “BPT” diagram (Baldwin et al., 1981) that plots
[O111]/Hp versus U — B rather than [N11]/Ha (Yan et al., 2011). This adds only 14, bringing the

total to 21 AGN, or 14% of the outliers. Thus, it seems that the vast majority of these objects

are unlikely to be AGN hosts.
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Another possibility is a bright blue clump of recently formed stars at the centers of
the outliers, which might skew the colors and Sérsic indices as an AGN would. We would like
to remind the reader that the single Sérsic GIM2D model does not fit for any substructure, such
as clumps. Hence asymmetric structures may affect the n measurements. To explore this, we
constructed V and I color images of all outliers using the HST/ACS data and inspected them;
a montage of 20 galaxies is shown in Fig. 2.9, where each row represents a different range of
U — B color according to the color-coding in Fig. 2.7a. The bluest outliers are in the bottom
row. These tend to be lumpy, asymmetric, and/or small — their fitted Sérsic values are somewhat
questionable. Moving up one row to the cyan points, we find a mix of genuinely concentrated
galaxies plus more small galaxies like the ones in the previous row. The third row contains
larger objects of intermediate color but with convincingly high concentrations. Finally, we
show a sample of red sequence galaxies in the top row as a comparison; they are all red and
highly concentrated spheroids.

To summarize, the blue, high-n outliers are a mix of different types. Some may have
doubtful Sérsic indices, being small or with off-centered clumps of star formation or AGN, but a
fair fraction seem to be genuinely blue yet high-n galaxies. These genuine exceptions tend to be
located at intermediate values of U — B. The existence of such outliers has been noticed before.
An important class of candidates is poststarburst galaxies (e.g., Dressler and Gunn, 1983; Couch
and Sharples, 1987; Poggianti et al., 1999; Goto et al., 2003). These objects possess blue
colors and strong Balmer absorption yet weak Hey, signifying recent quenching, and their Sérsic
indices are high (Quintero et al., 2004; Yang et al., 2008). A second class of objects is the blue

spheroidal galaxies; like poststarbursts, they have smooth, centrally concentrated, elliptical-like
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profiles but they are different in having active star formation (Menanteau et al., 2001; Im et al.,
2001; Koo et al., 2005; Schawinski et al., 2009a; Kannappan et al., 2009). Their masses tend to
be small (Im et al., 2001), and there appear to be several objects in our outlier population that
fit this description in the bottom row of Fig. 2.9.

A quick calculation of the percentage of outliers within a volume-limited SDSS sam-
ple at z ~ O shows that it has dropped from ~ 40% for our sample at z ~ 0.65 to =~ 10% at
z ~ 0. This difference seems consistent with the higher levels of gas at higher redshifts, which
could give rise to more clumpy star formation asymmetrically distributed throughout the galaxy,
skewing the Sérsic values.

For completeness, in passing we also mention satellite processes. Processes such as
ram pressure stripping (Gunn and Gott, 1972) and strangulation (Larson et al., 1980) do not by
themselves change n. However, other satellite mechanisms involving tidal interactions (such as
“harassment” e.g., Moore et al. 1996) may induce a morphological transformation. If satellite
galaxies are first harassed, they might attain a high n while still forming stars. While we do
not expect most of the DEEP2 galaxies to be satellites (see introduction), a more thorough

investigation is needed to confirm this.

2.4.3.3 Inner Surface Density: An Improvement on n?

From the above, it is clear that in n we have found a remarkable, but still imperfect,
structural predictor of quenching. The main criticism of #n is the presence of outliers; if they
could be removed, the correlation, and hence the prediction, would be nearly exact.

There are two obvious weaknesses with n. First, it is based on light, not stellar mass,
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and hence is subject to the vagaries of star formation history and dust. Second, it relies on a fit
to the entire light profile and is thus at least partially dependent on the outer light distribution,
which may be disturbed or irregular. In contrast, trends discovered using bulge properties in
Fig. 2.6 hint that the structure of the inner regions of galaxies is more important at predicting
quiescence.

Accordingly, we introduce a new parameter that attempts to remove both of these

*

weaknesses, namely the stellar mass surface density within 1 kpc. This is defined as Xy, . =

Miye/ Wr%kpc, where rixpe ~ 1 kpe®. The actual diameter used is 12 pixels (036), which is
set by the smallest radius that our HST images can conveniently resolve; it spans a radius of
1.08 —1.35 kpc at our redshifts. The quantities / and V —I are measured within this aperture,
and Lg, M, /Lg, and M, are estimated using Eqns. 2.3, 2.4, and 2.6.

The quantity Z’l‘kpc was already included for completeness in Fig. 2.5 (panel f), where
its performance is seen to be mixed. It seems to predict color less well than the global quantities

M, and M., /r. in the blue cloud, but it does much better than n in removing outliers. This is

*

even better illustrated in Figs. 2.7a and 2.7b, which compare outliers directly. Using 27,

almost all the pink and cyan points have receded back into the blue cloud, and only a few green
outliers remain. This suggests that the outliers in n are largely artifacts caused by poor GIM2D
fits? and that using a more secure quantity like inner mass surface density can remove them. It

is still true that using Z‘Tkp by itself is not perfect and that n somewhat outperforms it on the

C

*

Tkpe 18 confirmed

overlap criteria seen in Figs. 2.5e and 2.5f. That a genuine spread exists in X

8Note that here we include the 7, so these are physical surface densities.
°GIM2D only models a galaxy into either a bulge+disk model or a single Sérsic model. More complex structures
like spiral arms, bars, and clumps are not modeled. Thus a galaxy with these features are potentially ill-fit.
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by ongoing work with higher-S/N SDSS data (Fang et al., in prep), which however reveals some
additional striking regularities. Our point for now is that using E’fkpc removes the large number
of outliers that are present with n. Furthermore, the definition of E’fkpc as an inner mass density
directs our attention even more strongly to the fact that it is conditions near the center of the

galaxy that drive quenching.

2.5 Discussion

In this paper, we have found that the most discriminating parameter of quiescence,
according to the measures of the overlap region, is the Sérsic index, and that a plot of color
vs. Sérsic index shows a step-like behavior near n = 2.3, suggestive of some sort of genuine
quiescence threshold. About 40% of the n > 2.3 galaxies, however, are “outliers” that fall
outside this behavior. These outliers have central mass densities much lower than those of the
red sequence and fully consistent with those of the blue cloud. In other words, under this new
parameter, Z’l‘kpc, the outliers now fall in line, suggesting that a galaxy’s central structure may
be even more physically related to quiescence than Sérsic index.

Both n and E’fkpc corroborate our second major finding, that most blue cloud galaxies
at the observed epoch cannot simply fade onto the red sequence. We have shown through stellar
mass measurements of bulges and disks that the red sequence galaxies have absolutely higher
bulge mass concentrations, i.e., that the jump in » is not due simply to the fading of disks (see

§2.4.2). The central mass densities extend this conclusion to the very centers of galaxies. In

other words, the transition to the red sequence involves a significant restructuring of a blue
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cloud galaxy’s innermost stellar density profile.

Below the critical value of n =2.3, however, Sérsic index shows little to no correlation
with star formation, and color is more closely correlated with M., /r. (or perhaps with M., see
Fig. 2.5).

This two-pronged behavior suggests that the star-formation history of a galaxy is
shaped by two separate factors at different stages. While the object is still star-forming (in the
blue cloud), its star-formation rate depends on global parameters, like M, /r. or M,. Then, a
major internal mass reorganization occurs, a dominant bulge forms, and star formation stops.
In the following discussion, we compare these results to the predictions of the standard merger
model for bulge-building and quenching and find reasonable agreement, but also several issues.
To alleviate these issues, we also consider other models, specifically, violent disk instability
(Noguchi, 1999; Elmegreen et al., 2008; Dekel et al., 2009), secular evolution (Kormendy and
Kennicutt, 2004), morphological quenching (Martig et al., 2009), and halo quenching (Silk,
1977; Rees and Ostriker, 1977; Blumenthal et al., 1984; Birnboim and Dekel, 2003; Keres
et al., 2005; Dekel and Birnboim, 2006; Cattaneo et al., 2006). We end with a brief discussion

on an unresolved concern.

2.5.1 Merger Model

Major mergers'® have been linked to the formation of spheroids since Toomre and

Toomre (1972), with considerable work in the years since (see Hopkins et al. 2009b and ref-

10According to Hopkins et al. (2010a), major mergers dominate the formation and assembly of ~ L. bulges
and the total spheroid mass density. Thus, we only consider major mergers in this discussion. However, it should
be noted that minor mergers can create bulges (Bournaud et al., 2007) and do contribute a non-negligible amount
(~ 30%) to the total spheroid mass density (Hopkins ez al., 2010a).
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erences therein). The process of bulge formation in classical merger models occurs through
both the violent relaxation of pre-existing stars to the center and a gaseous dissipation-induced
nuclear starburst (Hopkins et al., 2009b).

Comparison of the bulge-dominated products of these simulations to observed early-
type galaxies shows good agreement. The Sérsic indices of the merger products from Hopkins
et al. (2008) are high, n 2 2.5. Similarly, Naab and Trujillo (2006) showed that their disk
mergers (with bulges) created galaxies with 3 < n < 4 '!. Both of these works produce spheroids
with Sérsic indices in the range of our red sequence spheroids and of other observations (e.g.,
Kormendy and Kennicutt, 2004; Drory and Fisher, 2007; Fisher and Drory, 2008).

The properties of quenching induced by mergers are also consistent with our data.
The merger model predicts that quenching occurs through the nuclear starburst (Mihos and
Hernquist, 1994), in which a large portion of the gas'? is exhausted (depending on gas fraction;
see Springel and Hernquist 2005; Okamoto et al. 2005; Robertson et al. 2006; Cox et al. 2008;
Governato et al. 2007, 2009), and through subsequent feedback, from supernovae and/or AGN
(Springel et al., 2005; Murray et al., 2005; Ciotti et al., 2009). Note that both sources of
quenching originate from the center of the galaxy, suggesting that the conditions at the center
may correlate better with the quenching state than global properties. This is what we find.
Furthermore, the central surface mass densities of the simulated spheroids from Hopkins et al.
(2009a) match our observations of the red sequence spheroids in Fig. 2.7b — with values of

log ¥ =9-10 Mukpc at 1 kpc.

""Naab and Trujillo (2006) conducted a collisionless simulation that does not include gas, and thus does not model
a nuclear starburst component. That is why their pure disk-disk mergers only have n ~ 1.5, because they lack the
high central surface brightness typical of dissipative gas-rich mergers.

2In the following discussion, gas is assumed to be cold gas unless otherwise stated
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A further success of the merger hypothesis is the good match between it and the stel-
lar mass range where bulge-building is observed to occur. A major point is that the efficiency
of bulge-building from major mergers is expected to be highly dependent on the pre-merger gas
fraction, such that decreasing gas content increases the potential to form bulges (Springel and
Hernquist, 2005; Robertson et al., 2006; Hopkins et al., 2009b). This dependence is consistent
with the assumption that gas content gradually falls as galaxies age in the blue cloud, mak-
ing them ultimately ripe for spheroid formation via mergers. Because more massive galaxies
exhaust their gas quicker due to the phenomenon known as “downsizing” (e.g., Cowie et al.,
1996), there is a strong color-mass relation in the blue cloud, meaning that the reddest blue
cloud galaxies at any epoch have the least amount of gas. According to the merger model, this
means that they are also on the threshold of forming bulges.

Evidence for this hypothesis is strong in Fig. 2.5b, which shows a remarkably tight
correlation between stellar mass and color in the blue cloud in the sense that more massive
galaxies are the reddest. Further data come from Catinella et al. (2010) and Saintonge et al.
(2011), who presented H I and CO data in the GASS and COLD GASS survey, respectively.
These works illustrate that the average atomic and molecular gas fraction of galaxies do decrease
with increasing stellar mass and increasing NUV-r color. Although these surveys do not fully
sample the blue cloud (these surveys only observe M, > 10'© M, galaxies), extrapolating these
seemingly linear trends to lower masses indicate that total gas fraction does indeed decrease
with mass along the blue cloud. Theoretically, Hopkins et al. (2010a) showed that the most
effective bulge-building major mergers are clustered around log M, ~ 10.5 My at z ~ 1, which

is in the center of overlap region of M,. This behavior is due in part to exactly the same
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reason, namely, decreasing gas content as galaxies age within the blue cloud. In a general way,
then, theory predicts that galaxy colors and gas contents should both age within the blue cloud,
causing galaxies to become more prone to bulge-building mergers at higher mass and low gas
level, and these trends broadly agree with the observations.

In detail, however, the data indicate that M, /r. is a better predictor of quenching than
M, alone (cf. overlap regions in Fig. 2.5b vs. 2.5¢). This may be because M, /r. is related to
velocity dispersion (Franx et al. 2008; see footnote 26), which, based on a new study by Wake
et al. (2012a), is the galaxy property most closely related to halo mass. This finding could then
be a manifestation of the dependence of quenching on a critical halo mass. Alternatively, it
may reflect the fact that radii are shrinking as stellar mass builds up in the centers of quenching
galaxies and thus reflects a property of the galaxies themselves rather than of their halos. We
elaborate further on these thoughts in §2.5.5.

Although there are some aspects of the merger model that match our data, general
agreement upon the validity of this model has not been reached. One controversial issue is
whether major mergers can actually quench galaxies. There have been various works that sup-
port this idea (e.g., Schawinski et al., 2007b; Alexander et al., 2010; Cano-Diaz et al., 2012;
Farrah et al., 2012). In particular, Cano-Diaz et al. (2012) obtained VLT-SINFONI integral-
field spectroscopy for one quasar at z = 2.4 and showed a suppression of narrow Ha emission,
a tracer of star formation, in the region with the highest outflow velocity and highest velocity
dispersion. But this is only one example and does not erase the contradicting evidence others
have offered. For example, using a sample of X-ray and post-starburst galaxies from SDSS and

DEEP2 at 0.2 < z < 0.8, Coil et al. (2011) found winds with velocities that are insufficient to
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shut down star formation, indicating that the presence of an AGN does not produce faster winds
nor does it seem to play a major role in quiescence. And Ammons et al. (2011) fail to find any
correlation between host galaxy color and X-ray hardness ratio among z = 0.5—1.5 galaxies, as
might be expected from the blowout model.

Another important concern is whether there are enough mergers to account for the
bulge density in the universe. Studies that have measured the galaxy merger rate often present
different results (e.g., Bell et al., 2006; Conselice, 2006; Lin et al., 2008; Lotz et al., 2008b;
Bundy et al., 2009; Xu et al., 2012; Bluck et al., 2012). Lotz et al. (2011) addressed the issue
of disparate observational merger rates; they found that the major reason for these differences is
the assumed timescale in which a merger is observable. Using a suite of hydrodynamic merger
simulations, they constrained the observable timescales of three common merger rate estimators
— close galaxy pairs, G/M3g, and asymmetry — and found that if a physically motivated aver-
age observability timescale was adopted to calculate the merger rates, then these rates become
largely consistent. The remaining differences between the merger rates are explained by the
differences in the ranges of mass ratio measured by different techniques and the differing parent
galaxy selection.

Additionally, for mass-limited samples (M, > 10'° M), they found excellent agree-
ment between their merger rates from close pairs to several theoretical merger rates. Specifi-
cally, they agreed with the merger rates of Hopkins et al. (2010a), who, using a combination of
semi-empirical models and high-resolution merger simulations, concluded that there are enough
major mergers, to within a factor of ~ 2, to account for the observed growth of the bulge pop-

ulation. They argue that previous studies reached different conclusions because they assumed
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incorrect merger timescales, rather, if a uniform simulated-calibrated merger timescale is used,
then many of these works actually come to their conclusion (see also Robaina et al., 2010).

An alternative way to address whether there are enough mergers is to examine the
phase in galaxy evolution that is predicted to correspond to the period of mergers. Adopting a
simplified model in which blue star-forming galaxies merge and transform into red quiescent
galaxies, one would expect a short period in which galaxies have intermediate colors, i.e., they
are in the green valley. A recent study on the morphologies of green valley galaxies by Mendez
et al. (2011) found that only 14% of their sample are identified as on-going major or minor
mergers (using G/M,o and asymmetry parameters), which is lower than the 19% merger rate in
the blue cloud. They further found that most green valley galaxies have disks and that 21% have
B/T < 0.05, implying that they were unlikely to have experienced a recent major merger.

To conclude, while the merger model fits many aspects of our data, there are serious
open questions, including whether major mergers are able to quench, whether there are enough
of them, and whether they are consistent with the color and morphologies of green valley galax-

ies. In the remaining discussion, we explore other models that may alleviate these problems.

2.5.2 Disk Instabilities: Violent and Otherwise

An alternative bulge-building process involves the growth of giant clumps formed via
gravitational instability in gas-rich disks (Noguchi, 1999; Elmegreen et al., 2008; Dekel et al.,
2009; Ceverino et al., 2010). These clumps migrate inward and coalesce to form a bulge, and

simulations suggest that galaxies can develop classical bulges with n ~ 4 during this process'?

However, a recent paper by Inoue and Saitoh (2012a) claims that these clump-origin bulges are more akin to
pseudobulges in that they exhibit n < 2.
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(Elmegreen et al., 2008). Recent simulations also show that the these clump-origin bulges have
central surface mass densities comparable to that of our red sequence galaxies (Ceverino et al.,
in prep). The effectiveness of this instability, however, is highly dependent on the gas inflow
rate onto the galaxy (Dekel et al., 2009), which declines with time. Thus, we expect this process
to be more important at redshifts higher (z ~ 2) than that of our sample.

Although this process may have operated strongly at z ~ 2, we stress that this paper
concerns a different sample of galaxies at lower redshift when conditions may have changed.
Bell et al. (2004b) and Faber et al. (2007) found that the number of red sequence galaxies has
at least doubled from z ~ 1 to z ~ 0, indicating that a fraction of our galaxies at z ~ 0.65 are
actively migrating to the red sequence as we view them. Using the NEWFIRM survey, Brammer
et al. (2011) found that the mass density of quiescent galaxies with M, > 3 x 10'° M, increased
by a factor of ~ 10 from z ~ 2 to the present day. Similarly, Hopkins et al. (2010b) argue that
the vast majority of ellipticals/spheroids do not form through high redshift channels. They state
that the observed mass density of bulge-dominated galaxies at z ~ 2 is only ~ 5% of its z=0
value, and at z ~ 1, is still only ~ 20—-35% of its z = 0 value. Thus, most bulges are formed at
z < 1, meaning the majority of our red sequence galaxies are recent arrivals.

Although we expect violent disk instabilities to be increasingly less frequent at de-
creasing redshift, owing to lower gas fraction, the actual bulge contribution due to this mecha-
nism at z < 1 is presently unknown. Hints at intermediate redshift suggest that the process may
not be limited to high z. For example, Bournaud et al. (2012) found that half of a sample of
7~ 0.7 disk galaxies are clumpy without any merger signatures, implying that disk instabilities

could still be important at that redshift.
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Perhaps we need to think more broadly and to recognize that the settling of matter to
form regular, axisymmetric disks is a very lengthy process lasting many billions of years. When
any non-axisymmetric forces exist, an inevitable outcome is that some mass will be driven to the
center. Furthermore, in a general way the higher the degree of non-axisymmetry in the potential,
the higher the rate of matter inflow will be. At late times, non-axisymmetry has become small
and the flow rate is low, a process that we call “secular evolution”, which we discuss next.

Future studies will resolve this question.

2.5.3 Secular Evolution

Secular evolution (Kormendy and Kennicutt, 2004) constitutes the weak end of the
spectrum of non-axisymmetric processes in disk evolution. This complex of processes involves
the slow rearrangement of gas (and stellar) mass due to gravitational interactions between the
gas and stars within a disk galaxy. A variety of relatively weak non-axisymmetric disturbances,
such as bars, ovals, and spiral structure in the stellar component, can create non-central gravita-
tional forces that add or subtract angular momentum from the gas, which responds by moving
inward or outward depending on radius. The process sweeps inner gas into the center, where
it forms stars, and pushes gas farther out to larger radii, where it can accumulate in tightly
wrapped spiral arms or a ring (Simkin et al., 1980; Kormendy and Kennicutt, 2004). Sep-
arately, the gas itself may become mildly gravitationally unstable, which raises the velocity
dispersion and causes the gas to radiate. This net loss of energy must come from somewhere,
and the gas responds by sinking slowly to the center, increasing its (negative) potential energy

(Forbes et al., 2012). Overall, these processes push some mass to the center and other mass to
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the outskirts, thus increasing n. The forces are, however, weak and the process is slow, hence
the term “secular evolution”. The total time required would be many dynamical timescales, and
thus at least several Gyr (Kormendy and Kennicutt, 2004; Fisher et al., 2009).

Although secular evolution may contribute to some of the bulge-building taking place
at z ~ 0.65, we do not believe it is the major factor. According to Kormendy and Kennicutt
(2004), bars are a major driver of secular evolution at the current epoch. Assuming that bars
are also the main drivers at higher redshifts, comparing the bar fraction from the past, which is
10%-25% among late-types at z > 0.8 (Jogee et al. 2004; Sheth et al. 2008, Herrington et al., in
prep), to the current epoch, which is 30-60% at z ~ 0 (Sheth et al., 2008; Cameron et al., 2010;
Masters et al., 2011), implies that secular evolution was not a major bulge-building process at
7z ~ 0.65. Additionally, Koo et al. (2005) showed that 85% of luminous field bulges within
this redshift range are red, arguing against secular evolution being the dominant bulge-building
process since they are expected to mainly produce blue bulges (Kormendy and Kennicutt, 2004).

Finally, the physical structure of bulges built by secular evolution differs strongly
from ones built by mergers, as reviewed by Kormendy and Kennicutt (2004). The so-called
“classical” bulges built by mergers resemble small ellipticals embedded in disk galaxies. They
have high stellar velocity dispersion and high vertical extent above the plane, having been
“fluffed up” by the merger — in other words, they are true spheroids. They can also be very
massive and contain a considerable fraction of the total mass of the galaxy. In contrast, the
“bulges” built by secular evolution are relatively flat, have effective radii of only a few hundred
pc, and have low fractional masses. Because of these differences, Kormendy and Kennicutt

(2004) term these structures “pseudobulges”. Drory and Fisher (2007) directly compare the
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properties of these two types of bulges. They isolated a sample of nearby, massive, disk galax-
ies and classified them into classical bulges and pseudobulges based on the morphology of the
central regions. Confirming their disparate nature, they found a clear bimodality in that pseu-
dobulge galaxies are much bluer (in the blue cloud or green valley), have low central surface
brightness, and have low global Sérsic index (n < 2.5).

For these reasons, we conclude that the pseudobulges cannot be an important contrib-
utor to our intermediate redshift, high n, red sequence galaxies. They may, however, certainly
help build the bulges seen in late-type galaxies, becoming increasingly more important with
decreasing redshifts, where the bar fraction can be as high as 60% (Sheth et al., 2008)'*. In
fact, Fisher and Drory (2011) show that, by number, 80% of the bulges within 11 Mpc of the
Milky Way are actually pseudobulges. But, by mass, they only make up < 10% of the total
mass density in local spheroids (Allen et al., 2006; Driver et al., 2007).

In conclusion, we find it helpful to think of the entire family of bulge-building mech-
anisms as ordered along a “disturbance continuum” from severe to mild, with corresponding
timescales from short to long and bulge-building rates from fast to slow. The members of this
continuum consist of major to minor mergers at the strong end, through violent disk instabilities,
to milder disk instabilities, and finally to weak, secular instabilities like bars, spiral arms, and
normal star formation. The dividing line between an externally triggered process like mergers
and internally triggered dynamical instabilities is fairly clear, but there is no such dividing line
among the internal processes — each one shades smoothly into the next. However, since every

disk is sooner or later subject to one or more of these processes, the central densities of disks

“This number is controversial, recent studies by Nair and Abraham (2010b); Masters et al. (2011); Lee et al.
(2012a) show that the local bar fraction is ~ 30%.
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inevitably tend to increase — the only question is, how fast?

We note that this disturbance continuum is also a continuum in time, with early galax-
ies experiencing disturbances at the strong end of the spectrum and later galaxies settling down
to slower, more secular rates. Our AEGIS galaxies exist somewhere near the middle of the
time continuum, when disky galaxies as a class were considerably more disorganized and more
non-axisymmetric than they are today. This logic further supports our conclusion above that
secular processes were probably not the major bulge-building process in these galaxies, with a
combination of mergers and stronger disk instabilities being more likely. However, the exact

balance of these two processes remains for further study.

2.5.4 Morphological Quenching

The preceding sections focused on mechanisms to increase the central densities of
disk galaxies, and thus account for one of our major findings, namely, higher central stellar
densities in quenched galaxies. Even though a variety of stellar build-up mechanisms were
identified, including mergers and internal instabilities, we tacitly assumed regardless of process
that high density would always lead to the creation of a black hole and that feedback from
the black hole would quench star formation. However, the discussion in §5.1 noted a lack of
conclusive evidence that AGN feedback actually quenches star-formation in disk galaxies. In
this section and the next, we review two other quenching mechanisms that have been proposed
to operate in central galaxies.

The first of these is morphological quenching (Martig et al., 2009), whereby the steep

potential well of a bulge is able to drive the Toomre Q parameter above unity and stabilize the
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gas disk against star formation. An attractive aspect of morphological quenching is that it sets
in when 7 is high, which jibes with the structure of quenched galaxies. This mechanism is
unique because it does not require the removal of gas or the suppression of the cold-gas supply
onto the galaxy. Instead, gas can continue to accrete onto a galaxy yet remain inert to star
formation owing to the strong central mass concentration. A recent analysis of a set of three
high-resolution AMR simulations at z >~ 2.3 by Ceverino ef al. (2010) demonstrates this process.
From z >~ 2.3 to z ~ 1, two of these galaxies are shown to evolve from a gravitationally unstable
and turbulent disk into a stable system; they attribute this change to presence of a dominant
stellar bulge.

An explicit prediction of morphological quenching is that red, early-type galaxies
should frequently host significant cold gas in the amount of a few percent of their baryonic mass,
and in fact comparable to gas fractions in normal star-forming galaxies (Martig et al., 2009).
However, this prediction is not consistent with observed H I properties of nearby early-type
galaxies. Though H I is frequently detected, especially in field galaxies (Morganti et al., 2006;
Oosterloo et al., 2010), the amounts are nearly always low. This is confirmed by the GASS
H I survey at Arecibo of ~ 1000 slightly more distant massive galaxies with M, > 10'© Mg,
(Catinella et al., 2010), which shows that the average H I fractions of red sequence galaxies
are at least ten times lower than galaxies of similar mass on the star-forming main sequence
(Schiminovich et al., 2010; Fabello et al., 2011). The same result applies to molecular H;
in the same galaxies (Saintonge ef al., 2011). These recent studies simply confirm what has
been known for a long time about early-type galaxies, that their absolute gas contents are low

compared to star-forming galaxies (e.g., van Driel and van Woerden, 1991; Roberts and Haynes,
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1994; Noordermeer et al., 2005). Hence, in order to achieve quenching, it is necessary to
reduce the fractional gas content, either by expelling gas or preventing new gas from falling in
— morphological quenching alone cannot do the job.

For the nearest galaxies it is possible to map the H I distributions (van Driel and van
Woerden, 1991; Noordermeer et al., 2005; Morganti et al., 2006; Oosterloo et al., 2010). Nor-
mal lenticular galaxies typically have H I in an outer ring with an empty hole in the middle.
Several authors (van Driel and van Woerden, 1991; Cortese and Hughes, 2009; Oosterloo et al.,
2010) have stressed that the surface density of gas in these rings is well below the critical thresh-
old for star formation (Kennicutt, 1989; Schaye, 2004; Bigiel et al., 2008), which represents the
threshold for molecular H, formation, a tracer of gravitationally unstable gas (e.g. Krumholz
et al.,2011). Moreover, the predicted star formation efficiency at such low densities is ten times
lower than in normal star-forming galaxies (Krumholz et al., 2012), which agrees well with the
low star-formation efficiencies seen in the Arecibo GASS survey (Schiminovich et al., 2010;
Fabello ef al., 2011). Such low-level star formation has recently been detected in the outer disks
of normal green-valley SO galaxies in HST U imaging (Salim and Rich 2010; Salim ez al. 2012;
Fang et al., in prep).

Hence, we reach a very important conclusion about the evolutionary track of quench-
ing: low gas content is the underlying cause of quenching, but star formation shuts down even
faster as gas content falls below the threshold value, owing to the nonlinear relation between
cold gas surface density and star formation rate. This fall in star-formation efficiency causes

galaxies to redden even faster than expected, propelling them rapidly to the red sequence'>.

'S An interesting corollary comes from the fact that UV colors are more sensitive to weak star formation than
optical colors, and thus galaxies can be on the red sequence according to U — B but in the green valley according
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It is fair to point out that all of the data cited above to evaluate morphological quench-
ing comes from nearby galaxies, some of which are members of virialized clusters and dense
groups that are subject to environmental processes such as ram-pressure stripping or strangu-
lation. However, many of the nearest galaxies are known not to be in clusters (e.g., Oosterloo
et al., 2010), and there must also be many field objects amongst the thousand or so galaxies in
GASS, yet the trends are the same. In short, we cannot think of any reason why morphological
quenching would be the key causative agent for quenching at higher redshift when it does not

appear to play that role (even for field galaxies) today.

2.5.5 Critical Halo Mass

The termination of the cold gas supply due to a critical halo mass is commonly re-
ferred to as ‘halo quenching’ (Silk, 1977; Rees and Ostriker, 1977; Blumenthal et al., 1984;
Birnboim and Dekel, 2003; Keres§ et al., 2005; Dekel and Birnboim, 2006; Cattaneo et al.,
2006). Halos below ~ 10'> M, are able to accrete gas through cold flows while halos above
the threshold mass experience a virial shock that heats the gas. The hot, diluted gas in massive
halos is vulnerable to feedback from AGN, which effectively halts star formation. An inter-
esting outcome of this theory is the ability to generate a hot halo atmosphere that allows for
AGN ‘radio mode’ feedback (Croton et al., 2006; Dekel and Birnboim, 2006). This mechanism
provides a way to permanently quench a galaxy, which is desirable since the stellar populations

of most local ellipticals show no signs of recent star formation (since at least z ~ 1; Thomas

to NUV —r; this is actually seen (e.g., Salim and Rich, 2010; Salim et al., 2012). Since galaxies in this paper
are classified using U — B, it is possible that some of our red sequence objects would appear in the green valley if
near-UV color were used.
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et al. 2005), despite continual gas infusion by stars.

Various studies have explored this theory. For example, using a data-driven, halo-
abundance matching technique that spans 0 < z < 1, Conroy and Wechsler (2009) found a
gradual transition of galaxy properties — including specific star formation rate — across a halo
mass of ~ 10'2 Mg. Recently, More et al. (2011) inferred the halo mass-stellar mass relation
based on kinematics of SDSS satellite galaxies and found that red, central galaxies, on average,
occupy more massive halos than blue centrals for fixed luminosity, but show a less appreciable
difference for fixed stellar mass. Woo et al. (2013) study the quenched fraction of central
galaxies as a function of halo mass and find that the span of halo masses between 20% quenched
fraction and 60% quenched fraction is a whole 1.5 dex. This agrees well with the width of 0.8
dex seen here in the overlap region using stellar mass (and the same quenched fractions) in
Fig. 2.5b and the theoretical scaling law between central and halo mass (Kang et al., 2005;
Cattaneo et al., 2006). By contrast, the width using our preferred parameter, inner surface
density, is only 0.5 dex (cf. Fig. 5f). An interpretation that emerges from these works is that
halo mass has a gradual and probabilistic effect upon galaxy properties, which is therefore very
consistent with a wide overlap region in halo mass. Instead of a sharp transition at ~ 10'> M,
galaxies seem to become ready for star-formation quenching around this critical value, followed
by some type of event that ultimately triggers quenching.

This scenario ties in well with our two-stage picture in which galaxies “ripen” along
the blue cloud, becoming more and more susceptible to quenching as they age. In §2.5.1, we
associated this ripening with decreasing gas content with stellar mass in the blue cloud, which

is also seen in our data as an increase in U — B with stellar mass (Fig. 2.5b). Lower gas content
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means that less gas needs to be removed in quenching, which means in turn that more massive
blue cloud galaxies are more vulnerable to quenching. Their lower gas content stems from the
fact that their halo masses are closer to the critical value ~ 10'> M, the neighborhood where
cold accretion shuts down. This basic picture does not change if M, /re (Franx et al., 2008) or
central velocity dispersion (Wake et al., 2012a) is substituted for stellar mass — any parameter
that tracks halo mass reasonably well can serve as a ripeness indicator.

This logic leads to a picture in which the changes in gas fraction, color, and star
formation rate along the blue cloud are caused by the gradual dominance of shock-heated gas
over cold streams as galaxies near the critical halo mass. A tougher challenge, though, is to
explain why the actual quenching state relates so closely to conditions at the center of the
galaxy — why is this link so close if the primary governor of cooling is out in the halo?

We have no firm answer to this but offer some speculations. Evidently the central
conditions either signal, or even trigger, a second quenching mechanism and this, plus “natural”
halo quenching, is what tips a galaxy over the edge. The obvious candidate for this second
process is AGN feedback, but we have stressed that direct evidence for this is still weak. It
is good to be cautious since the ERIS Milky Way simulation (Guedes et al., 2011) develops a
red bulge and high central stellar density quite naturally through mergers and/or internal disk
evolution. Its star formation rate is falling and it seems well on its way to the red sequence, all
without benefit of AGN feedback.

Ideal would be some mechanism that both correlates with central density and can
switch a halo quickly from cold mode to hot mode. Some possibilities come to mind. Perhaps

AGN feedback helps to heat the halo. Perhaps exhaustion of gas at the center enhances the
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ability of stellar winds to sweep gas out of the galaxy. Finally, perhaps a merger simultaneously
builds up central stellar density and triggers a full standing shock. Such a transformation is seen
in simulations (Dekel et al., in prep) where a minor merger triggers a shock that expands from
the halo center to the virial radius and heats the medium. The larger point is that quenching is

probably not just one factor but a combination of factors that build to some critical threshold.

2.5.6 The Relationship Between Color and Star Formation

In this section, we broach the lingering issue of the relationship between color and
star formation. Throughout this paper, we have constantly interchanged these two parameters,
suggesting that color is a good representation of specific star formation rate. However, the issue
of dust has not been thoroughly addressed in our colors. Although we have excluded edge-
on galaxies (that are presumably highly affected by dust) and ensured that our red sequence
galaxies are truly quiescent (using the UV J diagram; see §4.3), we have not actually made any
dust correction to our rest-frame U — B colors. Therefore, the color trends that we have examined
throughout this paper may not exactly translate into star formation trends. The analysis most
affected would be our interpretation of how the star formation rates of galaxies behave within
the blue cloud. We remarked on the tight trend between color and M, /r. (and M) within the
blue cloud in Figs. 2.5b (and 2.5c) and we proposed that star formation must decrease with
M., /re (or M,). However, this color trend may instead be due to more dust in larger galaxies. If
this is the case, then a galaxy’s star formation would be independent of M, /r. (or M,) within
the blue cloud. However, work using dust-corrected or dust-robust multi-wavelength data (e.g.,

Noeske et al., 2007; Salim et al., 2007; Schawinski et al., 2007a; Zheng et al., 2007) have shown
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that specific star formation rate does indeed decrease with increasing stellar mass, which is what
we have inferred from our color-mass diagram (Fig. 2.5b). Thus, these works justify our subtle
assertion that color is a proxy for star formation. Most importantly though, our lack of dust-
corrected U — B colors do not affect our main result that the inner stellar structure of galaxies is
most related to quiescence, since our quenching analysis is based on differentiating galaxies on
the blue cloud from those on the red sequence, which we have ensured to be unaffected by dust

(see §4.3).

2.6 Conclusion

In this paper, we analyze a sample of DEEP2/AEGIS galaxies in the redshift range
0.5 < z < 0.8 using HST/ACS V,I images. Our sample has been run through GIM2D, a
bulge+disk decomposition program that gives us information on the subcomponents of inter-
mediate redshift galaxies. Using these data, which we provide at http://people.ucsc.
edu/~echeungl/data.html, our goal is to address how quenching depends on galactic
structure.

Our methodology is to assess the color correlations of several structural parameters —
M., M, /re, M /r2, n, and Z’fkpc — by computing an ‘overlap region’, which is the band in color-
parameter space that encompasses both red and blue galaxies. To quantify overlap regions, we
calculate the fractional number of galaxies within the overlap region AN/N and the fractional
extent of the region Ax/x; the parameter with the smallest overlap region is considered to be the

best predictor of quiescence. Finding that no parameter is a perfect predictor of quenching, we
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explore the overlap region of M, /r. for secondary color correlations amongst a variety of other
parameters, including those of bulge and disk. We also consider the number of severe outliers

from the best predictor of quiescence, n. Our results are the following:

1. The Sérsic index (n) most sharply discriminates between the red sequence and the blue
cloud. Eliminating dusty, red sequence contaminants ensures that n targets quiescent
galaxies, not merely red ones. Moreover, the color-n diagram resembles a step function,

suggesting that # is related to a physical quenching threshold.

2. However, there are exceptions to this general behavior — blue galaxies make up ~ 40%
of our n > 2.3 galaxies. Suspecting contamination from starbursts, AGNs, and/or other

sources of error, we measured central surface stellar mass densities, which revealed that

*

Tkpe are much lower.

these outliers do not truly belong with the red sequence — their X
Central surface density corrects these outliers and hints that it is the inner structure of

galaxies that is most related to quiescence.

3. Red sequence bulges are roughly twice as massive as blue cloud bulges at the same galaxy
stellar mass (and M., /r.), yet also roughly twice as small. This structural difference shows
that most blue galaxies at the observed epoch do not simply fade onto the red sequence.
Rather, the high values of n and E’l‘kpc on the red sequence must reflect a net migration of
existing stars toward the center of the system or the formation of new stars at the center.

This restructuring either causes quenching itself or is closely related to the process that

does.

4. While in the blue cloud before quenching, a galaxy’s star formation rate is most closely
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correlated with M, /r (or with M.,).

These results suggest that galaxies evolve toward the red sequence in a two-stage
process. In stage one, a galaxy is star-forming in the blue cloud at a rate that correlates with
global parameters like M, /r. (or M,). Since these in turn reflect halo mass, a broad conclusion
might be that star-formation is controlled by the galaxy’s halo while stars are still forming. As
stellar mass increases, the halo mass also increases, ultimately approaching the critical value
~ 102 Mg, where cold flows begin to give way to hot gas, which cannot accrete. The gas
content of the galaxy begins to fall as it nears this critical value, and colors redden.

The result of stage one is a galaxy that is increasingly vulnerable as time goes by to
the onset of a second quenching process. This second process must be closely associated with
bulge-building, and central stellar density, E’fkpc, must increase. AGN feedback is an obvious
candidate for this second process, but direct evidence for this is still weak. Also unclear is the
exact mechanism that leads to the central mass build-up at the center of the galaxy. We have
stressed that galaxies, particularly at high redshift, are far from axially symmetric and that any
non-axisymmetry leads inevitably to an exchange of angular momentum and/or loss of energy,
which causes some stars and gas to move inward. Major mergers sit at the strong end of this
“disturbance continuum”, secular evolution processes sit at the other end, and minor mergers,
violent disk instabilities, and milder disk instabilities sit in the middle. Given that our galaxies
lie at z ~ 0.65, where galaxies are still moderately disturbed, it is unlikely that secular evolution
plays a major role in them. More likely is some combination of mergers and disk instabilities,

which collectively are probably strong enough and frequent enough to do the job. Mergers in
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particular have several well known advantages: they build bulges at the right stellar mass, they
naturally build a concentrated stellar spheroid, they drive a lot of gas quickly to the center that
can power an AGN or starburst, and they may be able to quickly switch a marginally cooling
halo into hot mode. A problem for major mergers is the large fraction of galaxies in the green
valley that are disky, but these might be explained by the other mechanisms or they might be
reddened members of the blue cloud.

One conclusion seems clear, and that is that moving into the green valley and thence
to the red sequence requires a lowering of fractional cold gas content. This can only be achieved
either by expelling gas or by preventing its infall. Exactly how this happens is still not clear, but

at least some of the parameters surrounding the process are better known.
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Figure 2.9: HST/ACS V and I color images for a selection of high-n outlier galaxies from
Fig. 2.7a. Objects are arranged in rows according to U — B color with bluer galaxies at the
bottom. The bottom row corresponds to the pink points in Fig. 2.7a with U —B < 0.70; the
next row up corresponds to cyan points with 0.70 < U —B < 0.95; and the following row is the
green points with 0.95 < U —B < 1.20. The top row contains red sequence galaxies shown for
comparison; they are represented by the red points in Fig. 2.7a and have 1.20 < U -B < 1.30.
A scale of 5 kpc at the average redshift (z &~ 0.68) of our sample is shown as a reference in the
upper right picture. Many of these blue high-n objects seem to have Sérsic indices perturbed by
small size, irregular structure, central starbursts, and/or AGN and are cured as outliers if inner
stellar surface density kapc is used instead of n, as shown in Fig. 2.7b.
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Chapter 3

Galaxy Zoo: Observing Secular Evolution

Through Bars

3.1 Introduction

Stellar bar-shaped structures within galaxies, or more simply ‘bars’, have been known
to exist since the days of Edwin Hubble. With only the 100 inch telescope at Mount Wilson,
Hubble accurately surmised that bars were abundant in the local universe. So abundant, that
he devoted a major part of his classification scheme, the Hubble sequence of galaxies (Hub-
ble, 1936), to barred galaxies. Decades later, infrared and optical studies have confirmed that
many galaxies have bars. Indeed, among local disk galaxies, as many as two thirds are barred
(e.g., Mulchaey and Regan, 1997; Knapen et al., 2000; Eskridge et al., 2000; Kormendy and
Kennicutt, 2004; Menéndez-Delmestre et al., 2007; Sheth et al., 2008).

Bars have an important influence on galaxy evolution. The presence of bars has been
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linked to the existence of spiral arms, rings (Sanders and Huntley, 1976; Simkin ef al., 1980;
Schwarz, 1981), and/or disky pseudobulgesl(’ (Kormendy and Kennicutt, 2004; Athanassoula,
2005). Bars have also been associated with an increase in central star formation (Hawarden
et al., 1986; Dressel, 1988; Giuricin ef al., 1994; Huang et al., 1996; Martinet and Friedli,
1997; Martin and Friedli, 1997; Ho et al., 1997; Ellison et al., 2011; Oh et al., 2012; Wang
et al., 2012), the flattening of galactic chemical abundance gradients (Vila-Costas and Edmunds,
1992; Zaritsky et al., 1994; Martin and Roy, 1994; Williams et al., 2012), and, perhaps, active
galactic nuclei (AGN) activity (Noguchi, 1988; Shlosman et al., 1989; Mulchaey and Regan,
1997; Laine et al., 2002; Martini et al., 2003; Laurikainen et al., 2004; Jogee, 2006; Hao et al.,
2009; Oh et al., 2012).

Given that bars have an important influence on galaxy evolution, two natural questions
are “how do bars form and evolve?” and “how do they affect their host galaxies?” A review
of the theoretical work on bars is given by Athanassoula (2013), so we will only summarize
here the parts that are most relevant to this work (see also Sellwood and Wilkinson, 1993;
Sellwood, 2014). Many past theoretical works have shown that bars can redistribute the angular
momentum of the baryons and dark matter of a galaxy (e.g., Sellwood, 1980; Debattista and
Sellwood, 2000; Holley-Bockelmann et al., 2005). The angular momentum is emitted mainly
by stars at (near-)resonance in the bar region and absorbed mainly by (near-)resonant material in
the spheroid (i.e., the halo and, whenever relevant, the bulge) and in the outer disk (Lynden-Bell
and Kalnajs, 1972; Tremaine and Weinberg, 1984; Athanassoula, 2003, hereafter A03).

AO03 showed that the redistribution of angular momentum is not merely a side-effect

'%Bulges created through secular evolution have been called both “pseudobulges” and/or “disky bulges". For
completeness, we will use the term “disky pseudobulges" throughout to represent such bulges in galaxies.
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of bars, but is, instead, a process that is closely coupled to the evolution of bars. Specifi-
cally, the exchange of angular momentum from the inner disk to the outer disk and/or spheroid
(bulge/halo) is the main driver of bar evolution. The efficiency of the angular momentum ex-
change is primarily dependent upon the mass distribution and velocity dispersion of the disk
and spheroid. More angular momentum can be redistributed if the spheroid mass density at the
location of the resonances is high, leading to stronger bars (A03). The second factor governing
the efficiency of angular momentum exchange is the velocity dispersion. In lower velocity dis-
persion (lower temperature) disks and spheroids, resonances can emit or absorb more angular
momentum than in cases with high velocity dispersion, thereby making the transfer of angular
momentum more efficient (A03; Sheth et al. 2012).

This redistribution of angular momentum allows bars to drive gas, and to a lesser ex-
tent, stars, to the centers of galaxies (Matsuda and Nelson, 1977; Simkin et al., 1980; Athanas-
soula, 1992; Wada and Habe, 1992a, 1995; Friedli and Benz, 1993; Heller and Shlosman, 1994;
Knapen et al., 1995; Sakamoto et al., 1999; Sheth et al., 2005). This process is responsible for
the increase of bar length and strength and of the disk scale length (e.g., Hohl 1971, , Debattista
and Sellwood 2000, A03, O’Neill and Dubinski 2003, Valenzuela and Klypin 2003, Debattista
et al. 2006, Martinez-Valpuesta et al. 2006, Minchev et al. 2011), the formation of a disky
pseudobulge (Kormendy and Kennicutt, 2004; Athanassoula, 2005), the increase of central star
formation (Friedli and Benz, 1993; Martinet and Friedli, 1997; Martin and Friedli, 1997), and
the dilution of abundance gradients (Friedli et al., 1994; Friedli and Benz, 1995; Martel et al.,
2013). This process is known as secular evolution (Kormendy and Kennicutt, 2004; Kormendy,

2013).
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It has been shown that bar formation and evolution is also dependent on the gas con-
tent in the galaxy (e.g., Shlosman and Noguchi, 1993; Berentzen et al., 1998, 2007; Villa-Vargas
et al.,2010). More recent simulations — with a multi-phase description of the gas, including star
formation, feedback and cooling, and a sufficiently large number of particles to describe ade-
quately the gas flow — have shown that bars form later in simulations with a larger gas fraction
(Athanassoula et al., 2013, hereafter AMR13).

Recent observational works have begun to test many of these predictions. For exam-
ple, Masters et al. (2011) used classifications from Galaxy Zoo 2 (see §3.2.2), to show that the
fraction of disk galaxies that possess a bar (bar fraction) increases in redder disk galaxies (see
also Skibba et al., 2012). This result was confirmed by Lee et al. (2012a), who also used a
large sample of galaxies from the Sloan Digital Sky Survey (SDSS), but with their own classi-
fications (combining a mix of visual and automated methods). Assuming that galaxy color is
closely related to galactic gas content (e.g., Catinella et al., 2010; Saintonge et al., 2011), then
this is consistent with the expected effects of gas on bar formation and evolution. Indeed, using
a sample of Galaxy Zoo 2 bars with HI measurements from the ALFALFA survey, Masters et al.
(2012) found that bar fraction correlates strongly with HI content. In that sample, more bars
were found in the gas poor disk galaxies, even at fixed color or stellar mass.

Alternatively, Barazza et al. (2008) and Aguerri et al. (2009) found different results
using samples of SDSS galaxies with bars identified from ellipse fitting methods. Both of these
works found that bar fractions were larger for the bluer (and presumably more gas rich) galaxies
in their samples. However, Nair and Abraham (2010a,b) suggest a way to reconcile these results

which came from samples of disk galaxies with very different selections; notably Barazza et al.
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2008 and Aguerri et al. 2009 selected only blue galaxies as disks, and included lower redshift
and less massive galaxies than were present in Masters et al. 2011, Masters ef al. 2012, or Lee
et al. 2012a. The sample of Nair and Abraham (2010a), which probed a wide range of stellar
mass, suggested that bar fraction is bimodal with disk galaxy color — having peaks both towards
the bluer and redder disk galaxies'’. Nair and Abraham (2010a) suggest this trend may reveal
two distinct types of bars, namely weak bars are predominantly found in lower mass and more
gas rich (and bluer) spirals, while stronger bars are more common in massive, redder and gas
poor disks.

In addition to the dependence on galaxy color, bar fraction has also been found to
depend on inner galactic structure. Masters et al. (2011) found that bar fraction was correlated
with fracDeV, which is a parameter measured by the SDSS representing the fraction of the
best-fit light profile that originates from the de Vaucouleurs fit to the profile, as opposed to
an exponential fit. Lee e al. (2012a) also found that the bar fraction was highest at moderate
central velocity dispersion. However, Barazza er al. (2008) found that barred galaxies are most
likely to exist in galaxies with low Sérsic indices while Aguerri et al. (2009) found that bars are
most likely to exist in galaxies with low concentration indices. Although these results appear
conflicting, they all show that the presence of a galactic bar is influencing the inner structure of
these galaxies.

While the trends of bar fraction can reveal aspects of bar formation and evolution, bar
fraction is crude as it hides information on the bar itself. According to A03, the characteristics

of a bar (e.g., long or short) can be used as tracers of bar evolution. Therefore, a common bar

"Masters et al. 2011 also commented on a possible upturn in bar fraction for the bluest galaxies in their sample
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property that has been studied in the literature is bar length. Athanassoula and Misiriotis (2002)
and AO3 predicted that the presence of a bulge will result in a longer and more evolved bar.
Comparing this prediction to previous observational works shows a good consensus; early-type
disk galaxies do indeed have longer bars (Kormendy, 1979; Athanassoula and Martinet, 1980;
Martin, 1995; Elmegreen and Elmegreen, 1985; Regan and Elmegreen, 1997). Larger samples
and/or infra-red imaging continues this agreement (Laurikainen et al., 2002; Erwin, 2005; Lau-
rikainen et al., 2007; Menéndez-Delmestre et al., 2007; Elmegreen et al., 2007; Aguerri et al.,
2009; Gadotti, 2011; Hoyle et al., 2011).

In this paper, we use the Galaxy Zoo 2 dataset (Masters et al., 2011; Hoyle et al.,
2011; Willett et al., 2013) to investigate how the likelihood of a galaxy hosting a galactic bar
depends on two important factors, namely the gas content of the galaxy and its inner galactic
structure. We perform the same investigation with bar length and compare both of these sets of
relationships to theoretical predictions, which will not only give us a better understanding of bar
formation and evolution, but also a better understanding of how bars affect their host galaxy.

We begin in §2 by describing all the data used in the paper, while the main observa-
tional results are presented in §3. We compare our results with several theoretical simulations
in §4 and discuss our work, and these comparisons, in §5. We conclude in §6. In Appendix A,
we discuss the completeness of our sample. We assume a cosmological model with Hy =70 km

s™' Mpc!, ©,, =0.30 and Q5 = 0.70 throughout this paper.
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Table 3.1: Sample Selection

Criterion GZ2D BL
# #
Galaxy Zoo 2% 295,305 3,150
0.01 < z<0.06** 76,336 2,674
M, < -20.15 43,266 2,177
b/a>0.5 28,540 1,753
1 answers bar question 14353 1,753
Pmg < 0.4 14,038 1,734
GIM2D models < 170 offset 13,328 1,655
Quality GIM2D disks 13,328 1,159
MPA cross-match 13,295 1,154

Note. — *See footnote 17. **We only consider
galaxies with spectroscopic redshifts.

3.2 Data

This section lists all sources of data that this paper uses. In order to have a fully com-
plementary dataset, we cross-matched every dataset, as described in each subsection, resulting
in a successive reduction of the initial sample size. As a guide, our initial dataset is described
in §3.2.2, which derives from SDSS DR7 (summarized in §3.2.1). We list the sample totals at
the end of each subsection, starting with §3.2.2. Table 3.1 lists every major cut made to our two

samples, and the resultant sample sizes.

3.2.1 SDSS

All the galaxies used in our sample are drawn from the Main Galaxy Sample in the
Legacy area of the SDSS Data Release Seven (SDSS DR7; Strauss et al. 2002; Abazajian et al.

2009). Where possible, we use the standard photometric and structural parameters provided by
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the SDSS pipeline. For example, we use the SDSS information to define a surface stellar mass
density within a radius of one kiloparsec of the center of the galaxy, ¥y .. We choose one kpc
for this density as it matches the typical scale of bulges (Fisher and Drory, 2010) and therefore,
should be closely related to the bulges of most galaxies.

In detail, ¥} Kpe is created from the SDSS galaxy surface brightness profiles, profMean,
which is the mean surface brightness in a series of circular annulii, from the PhotoProfile ta-

9 we take the

ble in the CasJobs website!8. In accordance with the SDSS recommendations’
inverse hyperbolic sine of each cumulative profile and fit them with a natural cubic spline. Af-
ter transforming the spline fits back with a sine function, we differentiate the fits and obtain
an estimate of the azimuthally averaged surface brightness profile. Finally, we compute the
magnitude and color within one kpc for each galaxy from these profiles and convert them into
a stellar mass through a color-dependent mass-to-light (M. /L,) ratio (e.g., Bell and de Jong,
2001). Our M., /Lg relationship is derived from a linear fit to the rest-frame g—r color from
GIM2D (see §3.2.3) and the M, /L,, where the stellar masses are taken from the MPA-JHU
catalog (see §3.2.4) and the g-band luminosity is taken from GIM2D models.

One concern is that the one kpc radius aperture is smaller than the typical seeing of
SDSS. However, an analysis of angular sizes of galaxies in our sample, which lies within the
redshift range 0.01 < z < 0.06 (see §3.2.2), shows they are typically larger than the full width

at half maximum (FWHM) of the SDSS point—spread function (~ 173 in the r-band; Abazajian

et al. 2009).

Bhttp://casjobs.sdss.org/CasJobs/
Phttp://www.sdss.org/dr7/algorithms/photometry.html
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Figure 3.1: A gallery of galaxies with a range of bar likelihood, pp,r, and bar length, Lp,,.
Each row is ordered by increasing bar length. The ellipse drawn over each galaxy represents
the GIM2D disk model at ry. Visually, the bars generally extend out the disk scale length,
consistent with Combes and Elmegreen (1993). The physical scales of every image are the
same (£ 1 pixel).

3.2.2 Galaxy Zoo

Galaxy Zoo is a citizen science project that enlisted hundreds of thousands of vol-
unteer “citizen scientists" to make morphological classifications of nearly one million galaxies
(Lintott et al., 2008, 2011). The initial Galaxy Zoo project asked the public to classify galaxies

as elliptical, spiral, or merger. With the Galaxy Zoo 2 project (Willett et al., 2013), the citizen
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scientists were asked to make more detailed classifications of approximately 304,000 galaxies.

The final product of Galaxy Zoo 2 is a table of morphological likelihoods, including
the likelihood that a bar is present in each galaxy, as represented by ppa, €.g., if 5 out of 10
scientists classified a galaxy as having a bar, the galaxy would be assigned a bar probability
of ppar = 0.5. These raw probabilities are then adjusted to account for the reliability of each
user through an iterative weighting scheme that “down-weights" classifications from unreliable
users (typically a few percent of the population). We also apply a correction to the likelihoods
to account for the deterioration of the image quality due to increasing distance of galaxies,
i.e., we assume galaxies of a similar luminosity and size will share the same average mix of
morphologies regardless of redshifts. This also assumes there is no significant evolution within
the SDSS at these low redshifts, which is probably reasonable (Bamford et al., 2009; Willett
et al., 2013). Therefore, throughout the paper, we will only use these corrected, or “debiased",
bar likelihoods and will calling them py,, for convenience.

In Masters et al. (2011) and Masters et al. (2012), barred galaxies were selected using
Poar = 0.5. This threshold delivered a high purity of barred galaxies in comparison with other
barred galaxies sample, e.g., almost all galaxies with pp, > 0.5 were classified as possessing
a strong bar by Nair and Abraham (2010a) (see Appendix A of Masters et al., 2012). Weaker
bars in Nair and Abraham (2010a) were found to correspond to 0.3 < ppar < 0.5 (Masters et al.,
2012; Willett et al., 2013).

In this work, we choose to use pp,r as a bar likelihood, rather than as a bar threshold.
This method has been used before with Galaxy Zoo classifications (e.g., Bamford et al., 2009;

Skibba et al., 2009, 2012). Our results are in qualitative agreement with other GZ results who
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used bar fractions, e.g., if we adopt a bar threshold of pp, = 0.5, we find an overall bar fraction
of 23.6 +0.4%, which is similar to Masters et al. (2011)%.

Our initial sample is the Galaxy Zoo 2 dataset’!. Following Masters et al. (2011),
we only select galaxies with spectroscopic redshifts in the range of 0.01 < z < 0.06. In order
to have a volume-limited sample, we only include galaxies with M, < —20.15, where M, is
the rest-frame absolute Petrosian r-band magnitude. This limit corresponds to the Galaxy Zoo
2 completeness Petrosian magnitude of 17 in the r-band (Willett et al., 2013) at z = 0.06. To
ensure that our sample contains relatively face-on galaxies, we applied an axis ratio requirement
of b/a > 0.5 (this corresponds to inclination angles less than ~ 60 degrees), where b/a is the
axis ratio from the GIM2D single Sérsic model fit (see §3.2.3). This requirement minimizes
projection effects and thus results in more reliable bar classifications. This sample also requires
that all galaxies have a Petro90 radius of > 3”00. We have tested our results with a larger
minimum radius requirement and find that our results are unchanged??.

We also require that for each galaxy, at least a quarter of all its classifications involved
answering the bar question, ‘Is there a sign of a bar feature...” (Masters et al., 2011). In order
to reach the bar question, however, a user must first classify a galaxy as a non-edge-on galaxy
with a disk or some sort of feature (e.g., spiral arms, rings, bars). Assuming that most identified
features are associated with a disk, then this last selection effectively ensures we have non-edge-

on disk galaxies.

2The difference between our bar fraction and that of Masters ef al. (2011) is due to the use of the weighted and
debiased bar fractions from Willett ef al. (2013) which were unavailable at the time of Masters et al. (2011).

2IThis Galaxy Zoo 2 sample is comprised of the ‘original’, ‘extra’, and ‘stripe82’ sample in Table 1 of Willett
et al. (2013). These data are available at http://data.galaxyzoo.org

2We find that our results are unchanged when we restrict our sample to galaxies with global half-light radii (as
measured by GIM2D) larger than 5”.0.
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Finally, we discard all merging galaxies from the sample since we are only concerned
with isolated galaxies that have reliable photometric and structural measurements. According
to Darg et al. (2010), the Galaxy Zoo merging parameter, pp,, can identify merging galaxies
with a cut of pne > 0.4; we adopt this threshold to eliminate merging galaxies. There is a total
of 14,038 galaxies in the resulting sample, which we will call the Galaxy Zoo 2 Disk (GZ2D)
sample.

We carefully review here the make-up of our sample to avoid confusion with compar-
isons with other disk, spiral or late-type selections based on GZ morphologies. The disk galaxy
selection presented herein possibly includes a fraction of very early-type disks galaxies (Sa or
S0) which would normally be included in a majority of early-type samples selected either by
color, or central concentration. This results in our diverse disk galaxy sample showing bimodal-
ity in their optical color-mass diagram (Fig. 3.3a). However, other Galaxy Zoo samples, that
are more focused on late-type disks or spirals sample (Sb, Sc or later) can be constructed using
the GZ1 “clean” spiral criterion as first discussed in Land ez al. (2008), and most recently used
in Schawinski et al. (2013, in preparation), but also through stricter limits in GZ2/GZ Hubble
data. This more conservative late-type sample will be more dominated by “blue cloud” spirals
and thus show less bimodality of their galaxy properties.

In addition to this sample, we use a Galaxy Zoo 2 subsample that possesses additional
bar length measurements. The bar lengths were visually measured by citizen scientists using a
Google Maps interface described by Hoyle et al. (2011). The bar lengths represent the lengths
from one end to the bars to the other. In order to be consistent with previous works, who

define it as the semi-major axis of maximum ellipticity in the bar region (e.g., Erwin, 2005),

82



we will take half of the Galaxy Zoo 2 bar lengths and denote it Ly,.. This catalog requires at
least 3 independent bar length measurements per galaxy; the mean of these independent bar
length measurements gives Ly, of each galaxy. The vast majority of galaxies that were selected
for this sample have pp, > 0.6, i.e., this sample contains mainly strong bars (Masters et al.,
2012; Willett et al., 2013). Of the GZ2D sample, there are 1,734 galaxies that have bar length
measurements, which will now be referred to as the Bar Length (BL) sample.

We present a gallery of barred galaxies with a range of py,r and Ly, in Fig. 3.1. Each

row is ordered by absolute bar length.

3.23 GIM2D

Two-dimensional bulge+disk decompositions in the g and r bandpasses of over a mil-
lion SDSS galaxies were performed with GIM2D by Simard ef al. (2011). Improvements to the
sky background determinations and object deblending over the standard SDSS procedures led
to more robust galactic structural parameters than those offered by the standard SDSS pipeline.

Three different models were used in these decompositions: a pure Sérsic model, an
n =4 bulge + exponential disk model, and a Sérsic (free-floating n) bulge + exponential disk
model. The most important GIM2D parameter for the GZ2D sample is the galaxy Sérsic index,
n, from the pure Sérsic model, i.e., the best-fitting single Sérsic index for a given galaxy. The
Sérsic index has often been used to separate early-type and late-type galaxies and is widely
regarded as a good proxy for bulge dominance (Blanton er al., 2003; Shen et al., 2003; Bell
et al., 2004a; Schiminovich et al., 2007; Drory and Fisher, 2007; Bell, 2008; Wuyts et al.,

2011; Bell et al., 2012; Wake et al., 2012b; Cheung et al., 2012).
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Although a similar parameter, fracDeV from the SDSS database, has been explored by
previous works (e.g., Masters et al., 2011; Skibba et al., 2012), n is a more common parameter
in the literature and has been thoroughly studied (e.g., Graham and Driver, 2005). It is also the
basis of most galaxy fitting programs (e.g., GALFIT, BUDDA, and GIM2D; Peng et al. 2002; de
Souza et al. 2004; Simard et al. 2002), which allows for easier and more consistent comparisons
to other works. For reference, we compare n and fracDeV in Fig. 3.2 for our GZ2D sample.
Clearly, the two parameters are correlated. However, the overdensity of galaxies at fracDeV=1,
which accounts for ~ 15% of the GZ2D sample, indicates that there is a saturation of galaxy
structural information in the fracDeV parameter. Indeed, for fracDeV=1, log n ranges from
0.5 to 0.9, corresponding to n ~ 3—8. A similar effect occurs at fracDeV=0, which accounts
for another ~ 12% of the GZ2D sample. Our use of Sérsic index in this paper should be more
sensitive than fracDeV to the complicated structures of galaxies.

Another similar parameter is the Petrosian concentration index from SDSS. This pa-
rameter has been shown by Gadotti (2009) to be a better proxy for bulge fraction than the
global Sérsic index. We would like to note, however, that the global Sérsic indices that Gadotti
(2009) used were from the New York University Value-Added Galaxy Catalog (Blanton ef al.,
2005a,b), which fitted one-dimensional profiles extracted from two-dimensional images using
circular annuli. The GIM2D fits were done using elliptical annuli, and are two-dimensional
fits. As noted by Simard et al. (2011), this difference in methodology, i.e., using circular and
elliptical apertures, results in a systematic offset between the NYU and GIM2D galaxy half-
light radius and galaxy Sérsic index. At the request of the referee, we tested our results using

R90/R50 in Appendix B.2 — we find no major impacts to our conclusions.
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Figure 3.2: ]
Comparison of n from the GIM2D single Sérsic model fit and fracDeV (r band) from the
SDSS database. The cluster of galaxies at fracDeV=1 and fracDeV=0 accounts for ~ 27% of

the total GZ2D sample, indicating that there a loss of galaxy structural information in the
fracDeV parameter.

The most important GIM2D parameter for the BL sample is the semi-major axis ex-
ponential disk scale length, ry; this is needed to properly scale the bar length. The disk scale
length is available in both the n =4 bulge + exponential disk model and the Sérsic bulge + expo-
nential disk model; we use the latter model®*. As is noted in Simard ez al. (2011), the quality of

the GIM2D bulge+disk decompositions is highly dependent on the spatial resolution and signal-

ZWe find no change in our main conclusions if we use the n = 4 bulge + exponential disk model.
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Figure 3.3: ]

Average bar likelihood, ppay, in bins of: @) SSFR vs. stellar mass My, b) SSFR vs. Sérsic index
n, ¢) SSFR vs. central surface stellar mass density ¥} kpe- Each bin is adjusted so that it
contains ~ 100 galaxies (individual points are shown for poorly populated bins). Bin colors
indicate the average value of py,, in the bin (see color bar at top), while the contours show the
density of points. The gray dashed vertical line in panel b represents the division between
galaxies containing disky pseudobulges (n < 2.5) and classical bulges (n > 2.5; see Drory and
Fisher 2007). This plot shows that the trends of bar likelihood with galaxy properties depend

on the SSFR of the galaxies. The relationship of py, with n and 37 kpe is bimodal with SSFR.

to-noise of the SDSS images. Therefore, it is important to ensure that we only allow model fits
that are reliable. However, since we are only concerned with ry, picking out reliable decomposi-
tions is not difficult. From Simard (priv. comm.), galaxy models with B/T < 0.5 (the B/T from
the Sérsic bulge + exponential disk model) accurately model the disk component, and hence we
consider all these galaxies. This is understandable since these galaxies are disk-dominated and
their corresponding GIM2D models will likely yield reliable disk measurements. For models
with B/T > 0.5, Simard (priv. comm.) recommends considering only galaxies with P,s < 0.32,
where P,,g represents the probability that a bulge+disk model is not required compared to a pure
Sérsic model (Simard er al., 2011). Thus B/T > 0.5 galaxies that have a high probability of
requiring a bulge+disk model are also considered.
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To avoid the effects of the SDSS point-spread function on the GIM2D disk model, we
only allow disk models with r; > 2”.0. Furthermore, we impose a strict face-on requirement
such that all GIM2D model disks have inclination angles of less than 55 degrees. This corre-
sponds to axis ratios greater than 0.6, a parameter space that has been shown by MacArthur
et al. (2003) to produce no systematic variations on rqg when using 2D galaxy decompositions.
Finally, we require that the fractional errors on r4 (rq error/7d» Where rg eror is the formal error of
rq from GIM2D) be less than 2%. This number is approximately two standard deviations above
the average 74 emor/7d Of the BL sample. We choose this conservative cut in order to include
only quality disk models.

We note that, although we only model a bulge and disk for these disk galaxies, ~ 24%
of which are strongly barred, previous works have shown that, while bulge parameters may be
affected by the presence of a bar, the disk scale length is not significantly affected (Erwin, 2005;
Laurikainen et al., 2005). This reliability is evident in the fact that our results are not sensitive
to the choice of GIM2D bulge+disk model, i.e., both rg from the n = 4 bulge+disk model and
the Sérsic bulge+disk model produce the same results. Furthermore, the GIM2D formal errors
on rq are not significantly different from strongly barred systems (ppar > 0.8) and non-barred
systems (ppar < 0.05).

We impose a final cut that eliminates all GIM2D models where the centers are offset
from the input science images by more than one arscecond. Large offsets like these usually
represent a bad fit, and, indeed, upon visual inspection, we find that almost all these cases
contained bright point sources within the galaxy and/or diffraction spikes from nearby stars.

Matching the GZ2D and BL samples to the GIM2D catalogs leave us with 13,328 and 1,159
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disk galaxies, respectively.

3.24 MPA-JHU

Stellar masses and star formation rates are taken from the MPA-JHU DR7 release??.

Stellar mass (M) estimates are calculated using the Bayesian methodology and model grids de-
scribed in Kauffmann et al. (2003b). The models are fit to the broadband ugriz SDSS photom-
etry, instead of the spectral indices from the 3”.0 fiber aperture. These estimates are corrected
for nebular emission and a Kroupa (2001) initial mass function is assumed.

Star formation rates (SFR) are based on the technique presented in Brinchmann ez al.
(2004). For their ‘Star-Forming’ class, which consists of 39,141 galaxies, they estimate the
SFR from model fits that cover a wide range of star formation histories of several emission
lines from the SDSS fiber. For ‘Low S/N Star-Forming’ class, which contains 29,115 galaxies,
they convert the observed Ha luminosity into a SFR. And for the ‘AGN’, ‘Composite’ and
‘Unclassifiable’ classes, which contain a total of 66,986 galaxies, they use the D4000 value
to estimate SFR/M, and SFR. Aperture corrections follow the method of Salim et al. (2007),
resulting in the SFR of the entire galaxy. The specific star formation rate (SSFR), a parameter
that will be used throughout the paper, is defined to be the SFR divided by stellar mass; it was
calculated by combining the SFR and M, likelihood distributions as outlined in Appendix A of
Brinchmann et al. (2004).

Matching the GZ2D and BL samples to the MPA-JHU catalog brings our final sample

to 13,295 and 1,154, respectively. A detailed discussion of the completeness of the GZ2D and

Zhttp://www.mpa-garching. mpg.de/SDSS/DR7/
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Figure 3.4: Average Lqp,, plotted against: a) M., b) n, and c) ¥} kpe- Galaxies were split by their

star formation state, namely, log SSFR > -11 yr™! (star-forming; blue) and log SSFR < -11 yr~!
(quiescent; red). Each bin contains ~ 100 galaxies. The error bars are given by o/ /N, where
o is the standard deviation of Ly, per bin, and N is the total number of galaxies per bin. The
vertical dashed lines in panel b are located at log n=0.4 (n =2.5) and log n=0.6 (n =4).

BL samples is presented in Appendix B. We find that while we are missing some low-mass

quiescent disk galaxies, the effect is small and does not affect our results.

3.3 Results

3.3.1 Bar Likelihood Trends

In this section, we present the trends of bar likelihood with SSFR, stellar mass, and
measures of bulge prominence.

The three panels of Fig. 3.3 plot both galaxy density and average pp,, in a 2D plane
of: SSFR versus stellar mass (M, ; panel a), SSFR versus global Sérsic index (n; panel b), and
SSFR versus central surface stellar mass density (X7} kpe> panel c¢). The locations of the galaxies
are shown by the contours. Bin sizes are adjusted so that they contain ~ 100 galaxies each, and
individual data points are shown for poorly populated bins. Each bin is colored by the average

Poar Of the galaxies in it as indicated by the color bar.
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The well-known bimodality between galaxies (even for disk galaxies) in the star-
forming sequence and those in the quiescent population is clear in our sample and affects not
only the galaxies’ SSFR, baryonic mass, and bulge properties, but also their likelihood of being
barred (Masters et al., 2011). We find that there is a strong correlation between average py,, and
SSFR such that the average values of py, are larger for low SSFR disk galaxies (i.e., quiescent
disk galaxies are more likely to host bars). The observed relationship between py,. and SSFR
is present even at fixed M, n, or X} kpe (Fig. 3.3), indicating that this relationship is nearly
independent of these galaxy properties.

Taking SSFR as a proxy for gas fraction (e.g., Kauffmann et al., 2012) suggests that
the underlying relationship is really between pp, and gas content such that bar likelihood is
increasing as gas fraction decreases. Similar trends between bar fraction and gas content were
also observed by Masters et al. (2012).

We observe that the trends of the average bar likelihood with M, n, and X} kpe depend
on whether the disk galaxy is star-forming or quiescent, as is illustrated by Fig. 3.3. Thus we
look in more detail at the observed trends within the star-forming (log SSFR > —11 yr!) and

quiescent (log SSFR < —11 yr~!) disk galaxy populations. We find:

e Stellar Mass, M, (Fig. 3.3a) — There is a correlation between average pp,r and stellar
mass within the star-forming disks such that py,, is larger the larger their stellar mass.

There is also an anti-correlation of py,, with stellar mass within the quiescent population.

e Sérsic Index, n (Fig. 3.3b) — For the star-forming sequence, pp, is strongly correlated

with n (even more so than it is with M,). Within the quiescent population, we see an
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inverse correlation between pp, and n. This is an important point to note and might
explain the contradictions between the results of previous studies, which found opposite
trends of bar fraction with measures of bulge prominence from light profile shape (e.g.,
Masters et al. 2011 compared to Barazza et al. 2008). Moreover, this observation is in

good agreement with theoretical predictions of bar formation as will be described in §3.4.

o Central surface stellar mass density, >} kpe (Fig. 3.3c) — We find similar trends of py,,
with this parameter as between pp, and n. Star-forming galaxies show a correlation
between pp,r and X} kpe (star-forming disks are more likely to host bars where the central
density is higher), while quiescent galaxies show an anti-correlation (quiescent disks are

more likely to host bars where the central density is lower)

3.3.2 Bar Length Trends

In this section we examine how bar length depends on galaxy properties. We define
a scaled bar length, Lg,, as the bar length divided by a measure of disk size. We choose for
this 2.2r4 (2.2 semi-major axis exponential disk scale lengths) because this is where the rotation
curve of a self-gravitating exponential disk reaches its maximum (Freeman, 1970). Hereafter,
we will refer to the scaled bar length simply as the bar length unless stated otherwise.

Bars become longer over time as they transfer angular momentum from the bar to the
outer disk and/or spheroid (halo and, whenever relevant, bulge). This secular evolution causes
the host disk to expand and increase its scale length while the bar also grows. We will compare
trends of bar length with those of py,, to test if the trends we observe in the average value of pp,,
in the galaxy population are due to the evolution of the bars, or the likelihood of bar formation
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in a galaxy.

Since the BL sample is more than an order of magnitude less numerous than the GZ2D
sample, we find that breaking it up into small bins, as we did in Fig. 3.3 for pp,, results in no
clear correlations. Since we found that the trends of py, had different properties depending
on the SSFR of the galaxies, we split the BL sample into two subsamples (star-forming, or
log SSFR > —11 yr!, and quiescent, or log SSFR < —11 yr!) to look at the trends of average
Lgpar- These trends are shown in Fig. 3.4.

This figure shows that in the star-forming sequence, the average value of Lgp,, in-

*

creases with all three properties (M, n, and X kpc). In the quiescent population we find that the
average bar length decreases with M,. Curiously we find that the average bar length increases
with n and X} kpe UP to a maximum value at around log n ~ 0.6 (n ~ 4) and 21 kpe 1078

M. /kpc? respectively, where the trend reverses.

3.4 Comparison to Theory

In this section, we compare our results in §3.3 with theoretical expectations of bar
formation and evolution. We start with a short summary of theoretical results.
3.4.1 Theoretical Reminders

One can distinguish (at least) two phases in the lifetime of a bar: the formation phase
and the secular evolution phase. AMR13 showed that these two phases are contiguous in gas-

rich cases, while, for gas-poor ones, they are not. In the latter case, there are two further stages
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of relatively short duration in between the formation and secular evolution phases®.

This is illustrated in Fig. 3.5, where we plot the bar strength, A;, which is closely
related to bar length, as a function of time for four simulations from AMR13. The two simu-
lations in each panel have the same initial mass and velocity distribution of the baryonic and
dark matter components. The only difference is the gas fraction, where the black and blue lines
represent gas-poor and gas-rich simulations, respectively. The end of the bar formation phase
is represented by the time when the steep increase of A, terminates, which is at times 2 — 2.5
Gyrs for the gas-poor simulations, and around 4.5 Gyrs for the gas-rich ones. These simula-
tions illustrate that gas slows down bar formation considerably (AMR13). This is due both to
an increase in the duration of the pre-bar phase (i.e., the phase during which the disk can still
be considered as axisymmetric) and a decrease in the rate of the bar growth (i.e., an increase of
the time it takes for the bar to end its growth phase), both being compared to the times of the
equivalent phases in the gas-poor case.

The secular evolution phase, however, starts roughly at 4.5 Gyrs for all cases. In
general, the duration of these phases, as well as the increase of bar strength that they imply,
depend on the mass and velocity distribution of the baryonic and dark matter components within
the galaxy, as well as on the gas fraction. Readers can find more information and a long list of
relevant references in a recent review by Athanassoula (2013). It is also interesting to note in
Fig. 3.5 that, for all times and in both phases, the bar in the gas-rich case is less strong than in
the gas-poor one (see also Berentzen et al., 2007).

Bar formation and evolution is influenced also by galactic bulges. Bulges, how-

»These two extra stages are related to the bar buckling phase (i.e., the formation of a boxy/peanut bulge), which
is much less obvious in gas rich cases.
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Figure 3.5: ]

Bar strength, A,, which can considered as a rough proxy for bar length, as a function of time
for four simulations. Two simulations have a gas-rich disk (blue lines) while the other two
have a gas-poor disk (black lines). The two panels correspond to different types of haloes:

initially spherical (left panel) and initially triaxial (right panel). For a full description of these

simulations and their results, see AMR13. These simulations show that bars grow slower and
are less strong in the gas-rich case.

ever, are an inhomogeneous class of objects (Kormendy, 1993; Kormendy and Kennicutt, 2004;
Athanassoula, 2005). Classical bulges have high Sérsic indices, typically around 4, but certainly
above 2. Disky pseudobulges, on the other hand, have low Sérsic indices, typically around 1,
and usually less than 2 (Fisher and Drory, 2010). The most popular scenario for the forma-
tion of disky pseudobulges in barred galaxies is that they are due to stars, and particularly, gas
pushed inwards by the bar to the central parts of the disk. Here, the high density gas will give
rise to star formation, so that the disky pseudobulges should be primarily composed of gas and
young stars with a smaller fraction of old stars. Their extent is typically of the order of 1 kpc

(Athanassoula, 1992; Heller and Shlosman, 1994; Fisher and Drory, 2010)2°.

%For completeness, we mention the boxy/peanut bulges, which, in fact, are part of the bar. Their Sérsic indices
are smaller, or of the order of that of the disky pseudobulges. Given that all our decompositions here include only
one or two components (§3.2.3), and bars are not included, and our sample excludes highly inclined systems, such
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Figure 3.6: A schematic diagram of bar formation and evolution. Top row illustrates the gas-
rich scenario, in which a bar forms and grows over time. As the bar enters the secular evolution
phase, a disky pseudobulge is created. The growth of the disky pseudobulge follows that of the
bar. Middle row illustrates the gas-poor scenario with a classical bulge. The evolution of the bar
in the gas-poor case is faster than that of the gas-rich case. Botfom row illustrates the gas-poor
scenario with a classical bulge and a central mass concentration (CMC). The development of a
CMC weakens the bar.

These two different types of bulges have different dynamics and, therefore, different

bulges do not enter in our discussion. However, we do note that they may still be present in the sample and may not
be well fit by our decompositions.
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effects on the bar formation and evolution phases. Classical bulges predate the bar, so they
will influence both phases. Their influence has many similarities to that of the dark matter halo.
Namely, they slow down bar formation in the first phase, but, during the secular evolution phase,
they help the bar grow by absorbing angular momentum, leading to stronger bars (Athanassoula
and Misiriotis 2002, A03). Thus, simulations predict that bars in galaxies with classical bulges
should be stronger than bars in galaxies without classical bulges, assuming all other properties
are the same.

On the other hand, disky pseudobulges in barred galaxies are formed by material
pushed inwards by the bar, i.e., they do not predate the bar and thus cannot influence its for-
mation phase. Moreover, disky pseudobulges should not help the bar grow during the secular
evolution phase either, since they cannot absorb angular momentum. This is because the radii
of disky pseudobulges are considerably smaller than the corotation radius, and also because
disky pseudobulges are flat (spherical-like density distributions, like the classical bulge or the
halo, can absorb angular momentum). However, although disky pseudobulges do not affect bar
formation or evolution, bars do affect disky pseudobulges. In fact, bar-driven secular evolution
is the primary process of disky pseudobulge creation and growth (Kormendy and Kennicutt,
2004; Athanassoula, 2005). Thus, the theoretical prediction is that stronger bars push more gas
inwards, resulting in more massive disky pseudobulges.

A visual approximation of bar formation and evolution is presented in Fig. 3.6.
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3.4.2 The Effect of Gas Content on Bar Formation

We explain the trends we observe between the likelihood of disk galaxies being barred
and their SSFR (present even at fixed M., n, or X ; see Fig. 3.3) as being due to the effect of
gas on bar formation. In the models, bars form later in disk galaxies with significant gas content,
and after they form, they grow slower than disk galaxies with comparably less gas (AMRI13
and Fig. 3.5). This predicts that the bar likelihood should be higher in gas-poor galaxies (i.e.,
the quiescent population), simply because some of the gas-rich galaxies (i.e., the star-forming
sequence) have not yet formed their bars. Thus, taking SSFR as a tracer of gas content, then
there is good agreement between simulation results and the trends we find (see also Masters
etal.,2012).

Within the star-forming sequence (defined here as log SSFR > —11 yr!) disk galaxies
do not all have the same pp,, but neither do they all have the same gas content. There are well
known trends between SSFR, stellar mass, and gas content of disk galaxies (e.g., Catinella et al.,
2010; Saintonge et al., 2011). The trend we observe here for py,, to increase as SSFR declines
(and M, increases) can be explained as being due to decreasing amounts of gas in the disks
of these galaxies. Indeed, Masters et al. (2012) showed that if you correct for the typical HI

content of a disk galaxy, those galaxies with more HI than is expected for their stellar mass are

less likely to host bars.

3.4.3 The Effects of Classical Bulges and Disky Pseudobulges on Bar Formation

We observe trends of bar likelihood with the Sérsic index (n, Fig. 3.3b) and central

*

surface stellar mass density (2} kpe?

Fig. 3.3c), where these latter two parameters are considered
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Figure 3.7: Average Lqp,, plotted against: a) M, b) n, and c¢) X} kpe- The details of this figure
are identical to that of Fig. 3.4, with the exception that each bin contains ~ 75 galaxies and
also, galaxies are further separated by bulge type, as identified by n. Purple points represent the
star-forming disky pseudobulge galaxies, light blue points represent the star-forming classical
bulge galaxies, and red points represent the quiescent classical bulge galaxies. The correlations
of Lgpar with n and 37 Kpe for the disky pseudobulge galaxies match the predictions of bar-driven

secular evolution.

to be measures of bulge prominence. In the star-forming sequence bar likelihood increases with
both increasing n and ¥} kpe? while the opposite trend is observed in the quiescent population. In
order to interpret these trends, we need to remember that there are two main types of bulges — the
classical bulge and the disky pseudobulge, a distinction which will help explain this dichotomy.

The best way to distinguish these types of bulges involves the use of high resolution
imaging of the bulges (e.g., Fisher and Drory, 2008), something that is not available for our
large sample. However one can approximately separate the types with a threshold in the global
galaxy Sérsic index (Drory and Fisher, 2007)%’. Disky pseudobulges generally lie in galaxies
with global n < 2.5 while classical bulges are found in galaxies with global n > 2.5. Although

this method is less accurate than those using high resolution imaging, this is a simple option

that is adequate for our purposes. Hence, we adopt this Sérsic threshold for the rest of the paper

¥ Gadotti (2009) advocates using the Kormendy relationship to separate classical bulges from disky pseudobulges.
For this work, however, we choose to use the more simple global galaxy Sérsic threshold.

98



to distinguish the two types of bulges®®. This threshold is illustrated with a vertical dashed line
atlog n=0.4 (n=2.5) in Fig. 3.3b.

Our sample confirms the well known observation (e.g., Drory and Fisher, 2007) that
quiescent (red) disk galaxies primarily have classical bulges while star-forming (blue) disk
galaxies mainly have disky pseudobulges (see Fig. 3.3b). This suggests that the decreasing pp,r
with n and ¥} kpe observed in the quiescent disk galaxies is due to pp, decreasing in galaxies
with larger classical bulges, while the increasing pp,, with n and X} Kpe observed in star-forming
disks shows that py,, is larger in galaxies with more massive disky pseudobulges.

The classical bulge, like the halo, slows down bar formation due to it ‘diluting’ the
non-axisymmetric forcing of the bar (Athanassoula, 2013). This predicts that bar likelihood
should decrease with increasing prominence of the classical bulge, as we indeed observe.

Disky pseudobulges result from the material that a bar pushes inwards to the central
part of the disk. Since these bulges formed after the bar, and are in fact, a product of the bar,
they cannot influence the bar formation phase. However there is a clear link predicted between
the existence of the bar and the amount of mass in the disky pseudobulge, (or central 1 kpc;
Athanassoula 1992; Heller and Shlosman 1994; Fisher and Drory 2010). For galaxies of a given
gas mass (or SSFR), a higher bar likelihood should result in more massive disky pseudobulges,

as we observe (Figs. 3.3b and 3.3c¢).

BOf course, there are n < 2.5 galaxies that have no bulge (e.g., Simmons ef al., 2013). However, for simplicity,
we consider all galaxies with n < 2.5 to contain a disky pseudobulge even if it might be a pure disk galaxy. This will
not affect our discussion since pure disks and disky pseudobulges are closely related (see Kormendy and Kennicutt,
2004).
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3.4.4 Evidence for Secular Evolution

Bar length trends (§3.3.2) can help us understand the secular evolution phase of the
bar. We can safely assume that during the secular evolution phase of any non-interacting galaxy
its bar length may be considered a proxy of bar age. However, this may not be true for any
two galaxies, because the galaxy with the youngest bar can have the longest bar, provided its
halo can absorb larger parts of the angular momentum emitted by the bar region (A03). Our
comparisons, however, do not concern two galaxies but ensembles of a relatively large number
of galaxies. For example in Fig. 3.4b we compare ensembles of galaxies with different n values.
But the number of galaxies in each ensemble is sufficiently large for us to assume that galaxies
with a variety of halo properties are included in a roughly similar manner in all ensembles. This
subtle, but important point is intrinsic in our analysis and will be discussed further in §3.6.

The strongest Lg,o, trends we observe are found within star-forming disk galaxies (the

average Ly, increases monotonically with M., n, and X} see Fig. 3.4). To better understand

kpe?
the underlying physical processes responsible for these trends, we separate the data in Fig. 3.4
by bulge type; this is shown in Fig. 3.7. Recall that galaxies with n < 2.5 are considered to
contain disky pseudobulges while galaxies with n > 2.5 are considered to contain classical
bulges. Note that quiescent galaxies with n < 2.5 are very rare, hence they are not shown.
During the secular evolution phase, bars become stronger, longer, and more efficient
at funneling gas into the central regions of galaxies, leading to more massive disky pseudobulges

(AMR13). This prediction matches our observations in Figs. 3.7b and 3.7c, where it is clear

that Ly, is correlated with n and X7 kpe for the disky pseudobulge galaxies (purple). These
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correlations give evidence for the secular evolution phase of bars.

The Lgpa trends with classical bulges are much more complex and also much less
straightforward to interpret. Simulations show that classical bulges should foster secular evo-
lution by absorbing some of the angular momentum emitted by the bar region (A03). Hence
the expectation is that galaxies with more massive classical bulges should have longer bars, but
also longer disk scale lengths.

Figs. 3.7b and 3.7c show that the classical bulge galaxies (light blue and red) gen-
erally have longer scaled bar lengths than galaxies without a classical bulge, i.e., the disky
pseudobulge galaxies. However, there is little evidence of increasing scaled bar length with

increasing n and >* In fact, there actually appears to be a decrease in scaled bar length for

lkpe*
log n larger than 0.6 (i.e., n larger than about 4, equivalent to a more concentrated light profile

than the standard r'/# de Vaucouleurs profile). Similarly the scaled bar length stops increasing

*

1kpc larger than roughly 108 M,/ kpc2 (although there seems to be

in the rightmost panel for X
an final increase in scaled bar length at the highest E*Ikpc)‘

This decrease in scaled bar length with large n and X7, . does not disagree with sim-
ulation results, and can be attributed to the presence of a very high central mass concentration
(CMC)?. Indeed, our last averaged point is roughly at a log n value of 0.8, which corresponds
to a Sérsic index of roughly 6.5. This could well be due to a luminosity spike in the center of the

galaxy which would hamper the bar growth and evolution if it pre-existed the bar, or if grown

later, that would bring a decrease of the bar length and strength (e.g., Shen and Sellwood, 2004;

We note that this is just one of the possible reasons for this observed decrease. This could also correspond to
the regime where the bulge is so massive that it has significantly delayed the onset of bar formation, resulting in a
lack of bar evolution.
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Athanassoula et al., 2005). This strong CMC will thus bring a decrease of bar length at the
highest values of n, as seen in Fig. 3.7b (and Fig. 3.4b).

Nevertheless, at least part of this decrease could be spurious and due to the fact that
the bar component is not specifically included in our 2-component decompositions, which is
more worrisome for galaxies with stronger and longer bars. To test it we scaled the absolute
bar length with the r-band isophotal radius at 25 mag arcsec™> from the SDSS pipeline and
re-created Figs. 3.4 and 3.7. The results can be found in Appendix B.1. We find then that the
decrease seen with the disk scale length at high n and X7, is considerably lessened. We do
not fully understand the bar length trends with the classical bulge galaxies at the highest n and
X7 kpe» MOTE work needs to be done. Let us note, however, that the correlations of the scaled bar
length with the disky pseudobulge galaxies are still present even when scaling with the isophotal

radius, thus enhancing our confidence in the corresponding decompositions and trends.

3.5 Discussion

3.5.1 Are We Observing Secular Evolution?

In §3.3 and §3.4, we showed evidence which suggests that disky pseudobulges are
more massive in populations of galaxies which are more likely to host bars and which host
longer bars (specifically that average values of ppar and Ly, increased with n and ¥} Kpe for
disky pseudobulge galaxies). We interpreted this as observational evidence of bar-driven secular
evolution growing disky pseudobulges (Kormendy and Kennicutt, 2004; Athanassoula, 2005).

Our interpretation hinges on the assumption that bar length traces the evolution of bars. This

102



assumption is based on both simulations of bar growth as well as observational data. Elmegreen
et al. (2007) showed that bar length mirrors bar strength (see also Block et al., 2004). The
simulations of bar growth shown in Fig. 3.5 — and a large number of others, as reviewed by
Athanassoula (2013) — demonstrate that isolated bars typically grow stronger with time.

Furthermore, the simulations of AMR13 argue that bars in isolated galaxies are long-
lived structures — in the ~ 10 Gyrs that their simulations covered, not one of their bars dissolved
(see also Debattista et al. 2006 and Berentzen et al. 2007 for a similar conclusion). Recent
zoom-in cosmological simulations by Kraljic et al. (2012) also support the idea that bars are
long-lived structures. Their simulations show that most of the bars that formed at z < 1, when
mergers have become less frequent, persist down to z = 0. Observational studies have now
observed bars with modest frequencies out to z ~ 1 (Abraham et al. 1999; Jogee et al. 2004;
Elmegreen et al. 2004; Sheth et al. 2008; Cameron et al. 2010; Melvin et al. 2014), and one
upcoming study detects bars as far out as z ~ 1.5 (J. Herrington et al. 2013, submitted.), with
the implication that many of the bars we observe in the local Universe could have formed at
z ~ 1 or earlier. This gives a substantial time window for secular evolution to grow longer bars
and stronger disky pseudobulges.

Previous works have shown a trend between bar length and Hubble type — that bars
are longer in earlier type disks — and used this to argue that secular evolution had been observed
(e.g., Athanassoula and Martinet, 1980; Elmegreen and Elmegreen, 1985; Martin, 1995; Regan
and Elmegreen, 1997; Erwin, 2005; Laurikainen et al., 2007; Elmegreen et al., 2007; Menéndez-
Delmestre et al., 2007; Gadotti, 2011). Our result is novel in that it looked for trends of bar

length with the central mass density in the very centers of galaxies, a quantity that is directly
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linked to secular evolution in models. Our sample is also nearly an order of magnitude larger
than any previous study. Thus, we argue that our result is the best evidence yet for bar-driven
secular evolution in disk galaxies.

Recent results from several high resolution simulations present mechanisms for the
formation of disky pseudobulges that do not rely on secular evolution (Inoue and Saitoh, 2012b;
Okamoto, 2013), but rather involve dynamical instability in clumpy galaxies or high-redshift
starbursts. While the bulges of these simulations do have characteristics of local disky pseudob-
ulges®, our results here suggest that secular evolution does have a major effect, both in creating
disky pseudobulges and in building up the stellar mass in the bulge region of barred galaxies.

Nevertheless, there are substantial numbers of disk galaxies that are non-barred and
are hosting disky pseudobulges (Kormendy and Kennicutt, 2004). Up to a third or more of
the local disk galaxy population is unbarred in even the most conservative reckoning. This
observations argues that disky pseudobulges have more than one formation mechanism. Perhaps
disky pseudobulges in non-barred galaxies were created through high redshift channels, while
the disky pseudobulges in barred galaxies may have been created, and are still in the process of

growing through bar-driven secular evolution, at much later times.

3.5.2 Can Bars Quench Star Formation?

The highest values of pp, are found among quiescent galaxies with n ~ 2.5 (see
Fig. 3.3b). Here we consider the question of whether these bars were formed in situ or if they

could be implicated in the processes which turned these disk galaxies quiescent. We ask ‘were

Not all bulges made from clump coalescence have characteristics of disky pseudobulges. For example,
Elmegreen et al. (2008) show that their bulges made through clump coalescence have properties of classical bulges.
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these bars formed in n ~ 2.5 quiescent galaxies, or did they form in star-forming galaxies (with
n < 2.5) that evolved into the n ~ 2.5 quiescent disk galaxies?” We refer to this latter process
as ‘bar quenching’ and explore this idea further.

Bars have been associated with enhanced central star formation in galaxies for decades
(Hawarden et al., 1986; Dressel, 1988; Friedli and Benz, 1993; Giuricin ef al., 1994; Huang
et al., 1996; Martinet and Friedli, 1997; Martin and Friedli, 1997; Ho et al., 1997; Ellison et al.,
2011; Oh et al.,2012; Wang et al., 2012). This is a natural consequence of the evolution of gas in
a disk galaxy under the influence of a bar. The bar-induced gravitational torques funnel gas into
the centers of galaxies (Matsuda and Nelson, 1977; Simkin et al., 1980; Athanassoula, 1992;
Wada and Habe, 1992a, 1995; Friedli and Benz, 1993; Heller and Shlosman, 1994; Knapen
et al., 1995; Sakamoto et al., 1999; Sheth et al., 2005), where it should quickly form stars, thus
enhancing the central star formation. If this secular evolution were efficient, it could accelerate
the depletion of the gas supply within a considerable fraction of the disk, namely the region
within corotation. If this process were not balanced by an increased inflow of cosmological gas,
this would ultimately, produce a quiescent barred galaxy (Masters et al., 2011, 2012).

Large surveys such as SDSS (Abazajian et al., 2009), COSMOS (Scoville et al.,
2007), and AEGIS (Davis et al., 2007) have painted a clear picture of the structural properties
of quiescent galaxies — they are massive, centrally concentrated, and have high central veloc-
ity dispersions (e.g., Franx et al., 2008; Bell et al., 2012; Wake et al., 2012b; Cheung et al.,
2012; Barro et al., 2013; Fang et al., 2013; Williams et al., 2014). Cheung et al. (2012) re-
cently found that the most distinguishing structural parameter of quiescent galaxies (compared

to star-forming galaxies) is their central surface stellar mass density (within a radius of 1 kpc).
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Almost all quiescent galaxies in the sample of Cheung ez al. (2012) have high values of X7,

while star-forming galaxies mainly have low values of X7 kpe- 1his is clear evidence that the
process(es) that quench star formation in these galaxies are related to the buildup of the central
stellar mass density (see also Fang et al., 2013). We consider here if secular evolution is able to
build high enough central densities to act as a quenching mechanism.

Indeed, Fig. 3.7c shows that the ¥} kpe values of the disky pseudobulge galaxies over-
lap partly with the 3} kpe Values of the classical bulge galaxies. The most massive of the disky
pseudobulges we argue are grown by bar-driven secular evolution are comparable in central
density to the smallest of the classical bulges. This suggests that secular evolution can build the
high central densities that are observed in quiescent galaxies. This appears to be circumstantial
evidence for an interesting, and potentially important galaxy evolution process — bar quench-
ing. We caution, however, that our identification of disky pseudobulges in quiescent barred
disk galaxies is based on global Sérsic fits. If it is indeed the case that there exist quiescent
disk galaxies which host only disky pseudobulges, and show no evidence for classical bulges,

this will be strong evidence for the process of *bar quenching’ having acted in these galaxies.

However, more accurate identifications of disky pseudobulges are needed to verify this claim.

3.6 Conclusion

In this paper, we use hundreds of thousands of visual classifications measurements
of galactic bars provided by “citizen scientists” through the Galaxy Zoo project (Lintott et al.,

2008, 2011; Willett et al., 2013). We first select a sample of disk galaxies in which reliable
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bar classifications can be made — we call this the Galaxy Zoo 2 Disk (GZ2D) sample, which
comprises 13,295 oblique (i.e., face-on or mildly inclined) disk galaxies in a volume limit to
z=0.06. This sample is similar to the GZ2 samples used previously to study trends of the bar
fraction by Masters et al. (2011) and Masters et al. (2012). Strongly barred galaxies identified
in GZ2 were part of a small Galaxy Zoo project which used a Google Sky interface to collect
measurements of bar lengths (Hoyle et al., 2011). In this paper we also make use of this Bar
Length (BL) sample, which comprises 1,154 galaxies. We use these data to analyze the de-
pendence of bar likelihood (ppar, a weighted and debiased fraction of GZ users identifying a
bar, and which acts like a probability of a galaxy containing a visually identifiable bar; Willett
et al. 2013) and scaled bar length (Lgpar = Lbar/2.2r4; @ measure of bar strength, linked to how
evolved a bar is) on other galactic properties. Specifically we test how the likelihood and length
of bars depend on specific star formation rate (SSFR; estimated through nebular emission lines
from the SDSS fiber, and the broadband ugriz SDSS photometry, as measured by MPA-JHU)
and inner galactic structure (i.e., bulge prominence) parameterized by global Sérsic index, n, as
measured by GIM2D, and central surface stellar mass density, ¥} kpe> a5 estimated from a 1 kpc
radius circular aperture projected onto SDSS images.

Our main observational results (§3.3) are:

1. There exists an anti-correlation between pp,r and SSFR; this relationship is present even

at fixed My, n, or ¥} Kpe-

2. The structural trends of pp, are bimodal with SSFR. In the star-forming sequence, ppar

correlates with n and X7

T kpe? while in the quiescent population, py,, anti-correlates with n
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*
and X kpe-

3. The structural trends of Lg,,, are also bimodal with SSFR. Within the star-forming se-

*

quence, Ly, correlates with n and X7, .,

in a similar way to pp,.. However within the
quiescent population, Lg,,, shows a rather different behavior, with a peak at values of

n~4and Xf,  ~ 1078 Mg/kpe?.

We compare these results to simulations of bar formation and evolution in §3.4. We
find that the underlying physical processes become clearer upon separating these galaxies by
those that contain disky pseudobulges (rn < 2.5) and those that contain classical bulges (n > 2.5).

This comparison reveals the following:

1. Assuming that SSFR is a good tracer of gas content, the anti-correlation of pp, With
SSFR is consistent with the expected effects of gas on bar formation. Simulations show
that gas delays the formation of bars, thus many gas-rich galaxies simply have not yet

formed bars, while most gas-poor disk galaxies have.

2. The observed trends of pyar and Lgp,, With n and 37 Kpe for classical bulge galaxies are
consistent with the effects of classical bulges and CMCs on bar formation and evolution.
The gravitational forcing of classical bulges ‘dilute’ the non-axisymmetric forcing of
the bar, which delays the formation of a bar. This diluting effect is more powerful in
more massive classical bulges, resulting in a longer delay of bar formation. After the
bar has formed, however, classical bulges are expected to promote secular evolution by
absorbing the angular momentum emitted from the bar region; this process also scales
with the mass of the bulge and leads to both longer bars and longer disk scale lengths.
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Our results suggest that for Sérsic index up to roughly n = 4 the bar length may increase
faster than the disk scale length. For yet higher values of n, a strong ensuing CMC could
lead to a decrease of the bar strength by generating instabilities of the main family of

bar-supporting orbits.

3. The correlations of ppar and Lgpy, With 7 and 37 kpe for the disky pseudobulge galaxies are
in agreement with the predictions of bar-driven secular evolution. Bars drive gas toward
the centers of galaxies, where the gas should eventually form stars and give rise to disky
pseudobulges. As bars grow stronger and longer, the ability to funnel gas grows stronger

as well, resulting in more massive disky pseudobulges.

The comparison of the observational results we present here with simulations of bar
formation and growth shows general agreement, indicating that many of the underlying physical
processes of bar formation and evolution are understood. An implication of this is that we are
confident in our basic understanding of the relationship between bars and their host galaxies.
Bars are clearly not stagnant structures, rather they are dynamic, evolving, and furthermore
directly influence the evolution of their host galaxies.

While this work only concerns the universe at z ~ 0, the ramifications of this idea
reach far beyond the local universe. There is increasing evidence that bars have been present
since z ~ 1 (Abraham et al. 1999; Jogee et al. 2004; Elmegreen et al. 2004; Sheth et al. 2008;
Cameron et al. 2010; Melvin et al. 2014; J. Herrington et al. 2013, submitted.), indicating that
the evolution of disk galaxies has been affected by bars for the last ~ 8 billion years. Moreover,

if the observed evolution of bar fraction with redshift is extrapolated into the future (there is
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now an agreement that bar fraction increases towards lower z), then bars will soon be present
in nearly all disk galaxies, and hence become an even more dominant driver of disk galaxy
evolution.

We can not yet claim to understand all aspects of the symbiotic relationship between
bars and their host galaxies. We do not fully understand the complicated behavior we observe
between bar length and inner galactic structure in disk galaxies hosting classical bulges. Our
tentative explanation is that these trends are due to the presence of CMCs, however this should
be tested with much higher resolution imaging to probe the very centers of galaxies. Further-
more, in this work we have not explored many of the parameters that are predicted to affect bar
formation and evolution (e.g., the dark matter halo and the velocity dispersion of the stars in the
disk, Athanassoula and Sellwood 1986; A03). Even so, we found a good agreement between
theory and observations and all observational trends could be well explained by simulations.
This may be due to the large size of our sample, which allows for a variety of halo properties
and of disk velocity dispersions in a roughly similar manner in all ensembles we compared.
Finally, the role bars may play in processes which quench star formation is an interesting, and
potentially important issue for galaxy evolution that warrants further study.

The most notable success in our comparison between observation and theory is the
evidence we present for secular evolution. Unlike galaxy mergers, secular evolution is a slow
and gentle process that is not immediately obvious in images. There has been previous ob-
servational evidence of secular evolution in galaxies (e.g., Athanassoula and Martinet, 1980;
Courteau et al., 1996; MacArthur et al., 2003; Elmegreen et al., 2007; Laurikainen et al., 2009;

Coelho and Gadotti, 2011; Sanchez-Janssen and Gadotti, 2013), however the combination of our
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large dataset and the observed correlations of bar likelihood and bar length with inner galactic
structure for star-forming disk galaxies makes our results one of the most compelling pieces of
evidence of not only the existence of secular evolution, but also of the role of ongoing secular

processes on the evolution of disk galaxies.

111



Chapter 4

Galaxy Zoo: Bars are not Responsible for the
Feeding of Active Galactic Nuclei at

02<z<1.0

4.1 Introduction

Most simulations of galaxy evolution require active galactic nucleus (AGN) feedback
to reproduce key observations, such as the color bimodality of galaxies (e.g., Springel et al.,
2005; Croton et al., 2006). Yet, the mechanism that funnels gas toward the central supermassive
black hole that feeds the AGN is still unknown (see Fabian 2012, Kormendy and Ho 2013, and
Heckman and Best 2014 for recent reviews).

Major mergers are often cited as a key trigger for AGN activity (Sanders et al., 1988;
Barnes and Hernquist, 1991; Mihos and Hernquist, 1996; Di Matteo et al., 2005; Hopkins ef al.,
2005a,b). Although major mergers seem to drive the most luminous and rapidly accreting AGN
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(Sanders et al., 1988; Koss et al., 2010; Kartaltepe et al., 2010; Trump, 2011; Treister et al.,
2012; Hopkins et al., 2013), low to moderate luminosity AGN, which make up the majority of
AGN by number, seem to be fueled by processes that do not visibly disturb the disky structure
of galaxies (Schawinski et al., 2010; Cisternas et al., 2011; Schawinski et al., 2011; Simmons
et al., 2012; Kocevski et al., 2012).

An obvious process that satisfies this constraint is secular evolution (Kormendy and
Kennicutt, 2004; Athanassoula, 2013). A major driver of secular evolution in disk galaxies is
large-scale bars®!, and they are predicted to affect galaxies in a variety of ways, including the
fueling of AGN (Simkin et al., 1980; Noguchi, 1988; Shlosman et al., 1989, 1990; Wada and
Habe, 1992b). The non-axisymmetric potential of a bar funnels interstellar gas into the central
kpc (Athanassoula, 1992; Sakamoto et al., 1999; Sheth et al., 2005), where a possible nested
bar may further funnel gas to the inner ~ 10 pc. From this distance, cloud-cloud collisions
may lead to inflows onto the AGN accretion disk. Collectively, this scenario is known as “bars
within bars” (Shlosman et al., 1989, 1990; Hopkins and Quataert, 2010, 2011). Observations at
low redshift, however, find no excess of bars in active galaxies (Ho et al. 1997; Mulchaey and
Regan 1997; Malkan et al. 1998; Hunt and Malkan 1999; Regan and Mulchaey 1999; Martini
and Pogge 1999; Erwin and Sparke 2002; Martini et al. 2003; Lee et al. 2012b; Oh et al. 2012;
Cisternas et al. 2013, but see Knapen et al. 2000; Laine et al. 2002; Laurikainen et al. 2004,
see Jogee 2006 for a review). There is also no direct correlation between large-scale bars and
nuclear bars, with ~ 30% of all disk galaxies having a nuclear bar (Mulchaey and Regan, 1997;

Regan and Mulchaey, 1999; Martini and Pogge, 1999; Erwin and Sparke, 2002; Laine et al.,

31Unless otherwise stated, we use “bars” to refer to large-scale (kpc-sized) structures.
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2002). These results indicate that bars do not fuel AGN.

All previous observational work on the bar-AGN connection has been limited to the
local universe, where the number density of AGN is low. Thus a compelling link between bars
and AGN might still be found at earlier epochs, when the number density of AGN is higher
(Ueda et al., 2003; Silverman et al., 2008; Aird et al., 2010). In this work we focus on galaxies
at 0.2 < z < 1.0. The upper limit of z =1 is chosen because we are confident that the Hubble
Space Telescope optical imaging detects all large scale bars to z =1 (see Sheth et al., 2008;
Melvin et al., 2014).

We describe the data in §2. Our sample selection, and in particular, our selection of
control samples of inactive galaxies is detailed in §3. §4 presents and discusses our main result
that there is no statistically significant excess of bars in AGN hosts. Conclusions follow in §5.
We assume a flat cosmological model with Hy = 70 km 7! Mpc_l, Q,, =0.30, and Q25 =0.70

throughout this paper.

4.2 Data

Our sample is drawn from the AEGIS (Davis et al., 2007), COSMOS (Scoville et al.,
2007), and GOODS-S (Giavalisco ef al., 2004) surveys. All three surveys have optical imaging
from the Advanced Camera for Surveys on board the Hubble Space Telescope (HST/ACS) as
well as catalogs of derived galaxy properties. In this work, we use measurements of stellar
masses (M,), spectroscopic redshifts (z), rest-frame colors (U —B or U —V), and structural

parameters (global Sérsic index n, effective radius r., and axis ratio b/a). These parameters

114



N/Neno

N/Nones

N/Niax

0.0

N/Nnox

N/Neno

0.0

Figure 4.1: Each histogram shows the difference in the indicated parameter values between the
AGN and their associated control galaxies. From top to bottom, the parameters are: stellar mass
(M), rest-frame color (U — B or U —V), effective radius (r.), global Sérsic index (n), and spec-
troscopic redshift (z). Each panel overlays 100 histograms, one for each AGN-control sample
realization. The shading reveals the amount of overlap. Most of the histograms peak around
zero, implying that the AGN and control galaxies are generally well-matched. The histograms
of GOODS-S are slightly broader and more skewed than those of AEGIS and COSMOS, which

0.5f

0.5¢

0.5F

-3 -2-1 0 1 2 3

0.5

AEGIS

-0.4-0.2 0.0 0.2 04
log M, son/ M., contrar

-0.4 -0.2 0.0 0.2 0.4
(U-Buon) = (U=Beonya)

-0.6 -0.3 0.0 0.3 0.6
10g 7, xon/Te, contral

Ten ~ Neontrol

-0.4-02 0.0 02 04

Zacn ~ Zcontrol

0.0

0.0

-3 -2 -1 0 1 2 3

0.0

COSMOS

-0.4 -0.2 0.0 0.2 0.4
10g M., aon/ M., concol

-0.4 -0.2 0.0 0.2 0.4
(U-Vaow) = (U=Veonra)

-0.6 -0.3 0.0 0.3 0.6

109 T, po/Te, Contro

Touen ~ Mcontrol

-0.4 -0.2 0.0 0.2 04
ZagN ~ Zcontrol

is due to the relatively small sample size of GOODS-S.
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are used to select our parent sample of disk galaxies in §4.3.1. Readers are referred to the
following works for the technical details behind these measurements: Cheung et al. (2012) for
AEGIS; Lilly et al. (2009), Muzzin et al. (2013), and Griffith e al. (2012) for COSMOS; and
Barro et al. (2011a), Williams et al. (2014), Guo et al. (2013), and Griffith et al. (2012) for
GOODS-S.

To identify AGN, we use full-band (0.5-10 keV for AEGIS and COSMOS, 0.5-8
keV for GOODS-S) X-ray fluxes from deep Chandra observations described by Laird et al.
(2009), Civano et al. (2012), and Xue et al. (2011) for AEGIS, COSMOS, and GOODS-S,

Y'=2 where

respectively. We calculate X-ray luminosities using the equation Lx = 47d? f,(1+z
dr is the luminosity distance, z is the redshift, f; is the flux, and I' is the power-law photon

index. We set I' = 1.8, which is a typical power-law photon index for intrinsic AGN spectra. In

§4.3.2, we select AGN using these X-ray luminosities.

4.2.1 Galaxy Zoo: Hubble

Our work relies on bar identifications made possible by the Galaxy Zoo: Hubble
citizen science project (GZH; Melvin et al. 2014). Volunteers were asked to visually classify
the morphologies of galaxies at z ~ 1 based on HST/ACS optical imaging from the surveys
listed above. Like the previous Galaxy Zoo project, Galaxy Zoo 2 (Willett et al., 2013), GZH
used a decision tree with multiple branches and nested, dependent questions.*> These questions
include, “Is there a sign of a bar feature through the center of the galaxy?”, which can only be

reached if a volunteer identifies some type of a feature (e.g., clumps, spiral arms, rings, bars) or

32The complete decision tree is available at http://data.galaxyzoo.org/data.
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a disk within a galaxy. Thus a galaxy must have a feature or a disk in order to be classified as
barred.

Each galaxy is classified by at least 33 volunteers, with the median number of vol-
unteers per galaxy being 47. These classifications produce vote percentages that we refer to
throughout as “likelihoods”; e.g., if 25 out of 50 volunteers classified a galaxy as having a bar,
then the bar likelihood is py,r = 0.5. Classifiers who consistently disagreed with the majority are
significantly downweighted when calculating likelihoods (see Lintott et al., 2008, 2011; Willett
etal.,2013).

GZH targets in AEGIS and COSMOS have HST/ACS F814W < 23.5 magnitude, and
those in GOODS-S have HST/ACS F850LP < 23.5 magnitude. Although there are biases in all
magnitude-limited samples, as the experiment that we are conducting is a relative comparison
within each sample, it is weakly affected by any incompleteness and contamination within these

samples.

4.2.1.1 Selecting Barred Galaxies

We consider galaxies to be barred if they have bar likelihoods greater than 0.5 (ppar >
0.5) and no obvious dust lanes*® (pqust 1ane < 0.5; dust lanes may be mistaken for a bar). The
bar threshold of pp,- = 0.5 is based on previous Galaxy Zoo works that have shown it to be a
reliable indicator of strong bar features (Masters ef al., 2011, 2012; Willett et al., 2013; Melvin
etal.,2014).

To calculate the bar fraction, fi,r, one divides the total number of barred galaxies by

3The exclusion of this criterion does not affect our conclusions
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Figure 4.2: HST/ACS images of two matched sets of AGN-control galaxies for AEGIS (left),
COSMOS (middle), and GOODS-S (right). Each AGN (upper-left image of each block) has
three matched, non-AGN control galaxies. Galaxies with pp, > 0.5 are considered barred.
Each set of AGN-control galaxies is similar in appearance, demonstrating the quality of our
matching technique. Images are from Griffith et al. (2012).

the total number of disk galaxies in the sample. Varying the bar likelihood threshold between
0.3 < ppar < 0.6 does not change our conclusions.

In our analysis, we also use the average bar likelihood, py,,, defined as the average
of all the bar likelihoods of a sample of galaxies. This parameter is another measure of bar
presence and has been used by other studies (e.g., Skibba et al., 2012; Casteels et al., 2013;

Cheung et al., 2013).

118



4.3 Sample Selection

Since our study seeks to determine if AGN activity is linked with bars, we first con-
struct a parent sample of face-on, disk-dominated objects whose bars can be robustly identified
(§4.3.1). We then select AGN-hosting galaxies from this parent sample based on their X-ray
luminosity (§4.3.2). Finally, we construct sets of matched AGN-control galaxies using these

samples (§4.3.3). The number counts of these samples are listed in Table 4.1.

4.3.1 Face-on Disk Selection

The face-on disk samples for each field are defined by the following criteria:

1. 0.2 < z < 1.0 — To obtain the most accurate X-ray luminosities and to identify broad-line
AGN (which may contaminate their host galaxy measurements), we choose only galaxies
with secure spectroscopic redshifts. Including photometric redshifts does not change our

conclusions.

2. b/a > 0.5 — Since bars in highly inclined galaxies are difficult to identify, we exclude

edge-on galaxies with global axis ratios less than or equal to 0.5.

3. r. > 8 pixels — Selecting galaxies with r. larger than 8 pixels, which corresponds to about
twice the FWHM of the HST/ACS PSF, ensures that any bars with semimajor axes 2 3

kpc will be identified.

4. NBar question /Ntotas > 0.15 — In order to answer the bar question, the GZH decision tree

requires a volunteer to classify a galaxy as displaying some kind of feature or disk. Thus
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Figure 4.3: X-ray luminosity vs. spectroscopic redshift for all sources detected in the AEGIS
(left), COSMOS (middle), and GOODS-S (right) surveys in our chosen redshift range (see
§4.2). The dashed horizontal lines represent the lower and upper limits of our AGN selection.
Our AGN samples, i.e., the red points encircled in green, are evenly distributed in Lx —z space.

demanding that at least 15% of a galaxy’s classifiers answer the bar question results in
an effective selection for disk galaxies. Our result is not sensitive to the exact threshold,

e.g., requiring Ngar question/ NTotal = 0.75 does not change our result.

5. Pmerge < 0.65 — In order to separate out the effects of mergers from our analysis, we
choose non-interacting galaxies by requiring a merging likelihood less than 0.65 (Melvin
et al., 2014). This criterion eliminates a small fraction of our sample, and not applying

this criterion does not affect our results.

4.3.2 AGN Selection

Out of these face-on disk samples, one from each survey, we select AGN hosts with
X-ray luminosities 10 erg s7! < Ly < 10* erg s™'. The lower limit removes starburst galaxies
with weak X-ray emission, and the upper limit excludes quasars that may have optical point

sources which would contaminate the other measurements of their host galaxies.

120



We also discard luminous unobscured AGN which might also contaminate the visible
appearance of their host galaxy measurements. In AEGIS and COSMOS, we use broad emission
lines since such AGN dominate the optical spectra of their host galaxies. There are zero broad-
line AGN in AEGIS and five broad-line AGN in COSMOS, which we reject from our sample.
GOODS-S lacks a public catalog of broad-line AGN, and so we instead use low X-ray hardness
(HR < —0.3; Mainieri et al. 2007) as a proxy for unobscured AGN: this results in the rejection
of one AGN. The rejection or inclusion of these six potential-contaminant AGN does not affect
the conclusions.

Table 4.1 lists the final AGN count for each survey.

4.3.3 Control Selection

For each AGN host galaxy, we find three unique, non-AGN control galaxies from the
same survey (AEGIS, COSMOS, or GOODS-S) that are matched in M,, U —-B3*, n, re, and
z. These parameters have been shown to correlate with both AGN presence and bar presence
(e.g., Kauffmann et al., 2003a; Nandra et al., 2007; Schawinski et al., 2009b; Masters et al.,
2011; Cheung et al., 2013) and thus must be controlled for in order to uncover any underlying
bar-AGN connection.

For a given AGN host galaxy, we first select a pool of control galaxies satisfying the

following conditions:
e |Alog Mx| < 0.35

o [AWU-B)| <04

¥U -V for COSMOS
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o |Alog re| <0.48
° |An| <2.0

o |[Az] <04

These limits are tuned in order to find enough control galaxies for each AGN. Our
conclusions are not sensitive to the exact limits, e.g., reducing these limits by 50% does not
change the conclusions.

With this initial pool of control galaxies, we perform a 5-stage matching process that
iteratively reduces the pool until it reaches a final set of three unique and matched control
galaxies. The first stage cuts the initial pool of control galaxies to the 15 closest matched
galaxies in one of the matching parameters, i.e., My agn, U —BAGNZY, 1AGN, Te, AGN»> OF ZAGN.
Each successive stage matches the remaining control galaxies to one of the unused matching
parameters and eliminates the three worst matched galaxies. Thus the second stage reduces the
pool to 12, the third stage reduces the pool to 9, the fourth reduces the pool to 6, and finally,
the fifth stage reduces the pool to 3. Ultimately, for each survey we have a control sample that
contains no duplicates and is three times larger than the AGN sample (see Table 4.1).

This 5-stage matching process was performed for each AGN host in our sample. How-
ever, there were four AGN—one from AEGIS, one from COSMOS, and two from GOODS-S—
that were discarded due to a lack of control galaxies for the AGN host. These host galaxies con-
tained abnormally high n for their rest-frame colors and/or M, compared to the pool of control
galaxies. As the discarded AGN hosts have pp,: < 0.5, their inclusion could serve only to lower

the bar fraction in the AGN samples, bringing the AGN and control samples to even greater
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agreement in fp,r and ppye (see Fig. 4.4). Thus they do not affect our conclusions.

The AGN and control samples that this matching technique produces are affected by
the order in which we match the AGN hosts to the control galaxies and the order in which
the matching parameters are used. In order to adequately sample the parameter space, we
repeat this 5-stage matching technique 100 times for each survey, with each iteration randomly
shuffling the order of the AGN hosts, the order of the control galaxies, and the order of the
matching parameters. Ultimately, we generate 100 AGN samples and 100 control samples for
each survey. For brevity and clarity, we define an “AGN-control sample” to be all AGN hosts
and their corresponding control galaxies for a given survey and for a given matching iteration.
We use the median counts and the resulting fpar and py,, of the 100 AGN-control samples in
presenting our results (see Table 4.1).

To demonstrate the quality of our matching procedure, Fig. 4.1 presents stacked his-
tograms of the distribution of parameter differences between the AGN hosts and their matched
control galaxies. Each panel stacks 100 translucent histograms, with each histogram represent-
ing one AGN-control sample. To elaborate, each histogram represents the difference in a param-
eter between each AGN and its three control galaxies for a given realization. The highly shaded
regions represent the most populated parameter space, which are generally centered around 0,
indicating that our matching technique works well. Note that the histograms of GOODS-S are
slightly broader and more skewed than those of AEGIS and COSMOS. The relatively small
sample size of GOODS-S (see Table 4.1) makes it difficult to identify well-matched control
galaxies for the GOODS-S AGN hosts. However, §4.4 shows that the results from the GOODS-

S sample are consistent with those of AEGIS and COSMOS, indicating that the skewness of the
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Figure 4.4: Left: The bar fraction, fi,r, of the AGN (green squares) and control samples (purple
triangles) for the AEGIS, COSMOS, and GOODS-S surveys. Right: The average bar likelihood,
Doar» of the AGN and control samples for the three surveys. The error bars on fi,r and py,, are
the 68.3% binomial confidence limits and standard error, respectively. There is no statistically
significant difference in fi, or py,, between the AGN and non-AGN control samples across all
three surveys, indicating that there is no excess of bars in AGN hosts.

GOODS-S AGN-control samples does not bias our analysis.

To further illustrate the quality of our matching technique, we show images of two
matched sets of AGN-control galaxies from each survey in Fig. 4.2. Each set of AGN-control
galaxies is reassuringly similar in appearance, confirming that our matching technique is rea-
sonable.

The X-ray luminosity-redshift distribution of all X-ray sources in our chosen redshift

range, i.e., from the second row of Table 4.1, is shown in Fig. 4.3. The black points encircled in
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Table 4.1: Sample Statistics

Number AEGIS COSMOS GOODS-S
Area (degz) 0.197 1.8 0.07
02<z<1.0 3,648 6,673 1,023
Face-on Disk 1,179 2,126 214
AGN 25 85 9
Control 75 255 27
Barred AGN 2 12 0
Barred Control 6 27 2
fbar, AGN 80tgg% 141%8% 00_:_11678%
Jhar, Control 8.0"51% 10.6572%  7.4'54%

Poar acy  21.2£3.9% 18.3+£2.4% 12.2+34%
Poar, conwol 153 E1.6%  15.4+1.2%  13.0+2.4%

Note. — The first row lists the total area covered by each
survey. The second row represents the total # of galaxies at
0.2 < z < 1.0 with secure spectroscopic z’s and HST/ACS imag-
ing in our sample, and the third row represents the # of face-on
disk galaxies that are in the second row. The rest of the table
shows the median counts from the 100 AGN-control samples
(see §3.3), and the resulting bar fraction, fy,:, and average bar
likelihood, Py,

green represent the AGN that satisfy our face-on disk criteria, and hence are eligible to undergo
our matching process. The red points encircled in green represent the face-on disk AGN that
have enough control galaxies, and thus are in our AGN samples. Fig. 4.3 shows that our AGN

samples are evenly distributed in Lx-z space.
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4.4 Results & Discussion

The main result of this paper is shown in Fig. 4.4, which plots the bar fraction, fi,r,
and the average bar likelihood, py,,, of the AGN and non-AGN control samples for the AEGIS,
COSMOS, and GOODS-S surveys. The uncertainties shown for fy,,, are 68.3% binomial con-
fidence limits, calculated using the beta distribution (Cameron, 2011). The uncertainties shown
for Py, are calculated as o/+/N, where ¢ is the standard deviation of pp,, and N is the total
number of galaxies.

We find no statistically significant enhancement in fp,, or py, in AGN hosts compared
to the non-AGN control galaxies. The probabilities that each survey’s pair of f,,’s are different,
given the binomial errors, are insignificant (< 10). Conducting a two-sample Kolmogorov-
Smirnov (K-S) test on the pp,, distribution of each survey’s AGN-control samples reveals that
the AGN-control samples are consistent with being drawn from the same parent sample to the
99.9% level. Therefore, we conclude that there is no excess of bars in AGN hosts.

A slightly different, but related question is, “Are bars efficient fuelers of AGN?” We
answer this question by studying the AGN fraction of barred and non-barred galaxies, as pre-
sented in Fig. 4.5. From our face-on disk sample (see §4.3.1), we select barred galaxies with
the criteria described in §4.2.1.1. We then create a control sample of non-barred galaxies by
demanding that pp, < 0.05 and by using our 5-stage matching technique that we described
in §4.3.3. That is, for each barred galaxy, we find three non-barred galaxies matched in stel-
lar mass, rest-frame color, size, Sérsic index, and redshift. Using the AGN criteria defined in

§4.3.2, Fig. 4.5 shows that there is no statistically significant excess of AGN among barred
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galaxies.

At z ~ 0, several works have previously found no link between bars and AGN (Ho
et al. 1997; Mulchaey and Regan 1997; Malkan et al. 1998; Hunt and Malkan 1999; Regan
and Mulchaey 1999; Martini and Pogge 1999; Erwin and Sparke 2002; Martini et al. 2003;
Lee et al. 2012b; Oh et al. 2012; Cisternas et al. 2013, but see Laine et al. 2002; Knapen
et al. 2000; Laurikainen er al. 2004), and our results show that this absence of direct bar-driven
AGN activity persists out to z = 1. Our chosen redshift range corresponds to an epoch where
approximately half of the local supermassive black hole mass density was formed (Aird et al.,
2010), indicating that bars are not directly responsible for the buildup of at least half of the
local supermassive black hole mass density. Moreover, the expected paucity of bars at z > 1
(Kraljic et al. 2012; Simmons et al. 2014, in preparation) indicates that bars were probably
not associated with AGN at z > 1 either. Therefore, large-scale bars are likely not the primary
fueling mechanism for supermassive black hole growth over cosmic time.

However, before ruling out bars as the primary fueling mechanism for supermassive
black hole growth, one must ask if the bar—AGN connection can be concealed if a bar dissolves
while a black hole is still accreting the bar-funneled gas. In the present analysis, we are assum-
ing that the bar instantaneously funnels gas to the central black hole upon its formation, and
moreover, that there is no delay in AGN activity.

The typical lifetimes of AGN and bars are uncertain. For AGN, the current estimates
range from 10° to 10% years (Haehnelt and Rees 1993; Martini 2004, see Hanny’s Voorwerp in

Keel et al. 2012 for an example of an AGN with a short lifetime). For bars, early simulations
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Figure 4.5: The AGN fraction, fagn, of the barred (green squares) and control samples (purple
triangles) for the AEGIS, COSMOS, and GOODS-S surveys. The error bars on fagn are the
68.3% binomial confidence limits. There is no statistically significant difference in fagn be-
tween the barred and non-barred control samples across all three surveys, indicating that there
is no excess of AGN in barred galaxies.

of isolated disk galaxies by Bournaud and Combes (2002) indicate that they are short-lived,
with a lifetime of 1-2x 10° years. The latest simulations of isolated disk galaxies by Athanas-
soula et al. (2013), however, indicate that bars are long-lived, with a lifetime as long as 1010
years. This latter result is supported by recent zoom-in cosmological simulations by Kraljic
et al. (2012), who show that bars formed at z = 1 generally persist down to z = 0. Despite the
uncertainty of both AGN and bar lifetimes, even the shortest bar lifetime is an order of magni-

tude larger than the longest AGN lifetime, meaning that the bar-AGN connection is not likely
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to be concealed by short bar lifetimes.

Small-scale, nuclear bars may also fuel supermassive black hole growth. Unfortu-
nately, we are unable to resolve such small structures in our images. However, work in the local
universe shows that nuclear bars are not more frequent in AGN hosts compared to non-AGN
hosts (Mulchaey and Regan, 1997; Regan and Mulchaey, 1999; Martini and Pogge, 1999; Erwin
and Sparke, 2002; Laine et al., 2002). This result mirrors that of large-scale bars, suggesting
that nuclear bars do not fuel supermassive black hole growth at z ~ 0 either. Whether nuclear
bars can fuel AGN at z > 0 will be left for future work.

Interestingly, studies of the relative angle between AGN accretion disks and host
galaxy disks are consistent with our interpretation that bars do not fuel AGN. If AGN accre-
tion disks are fueled by bar-funneled gas, then one would expect this gas to have an angular
momentum vector that is parallel to the bulk of the gaseous disk of the galaxy. However, it
appears that the accretion disks are randomly orientated with respect to their host galaxies (Ul-
vestad and Wilson, 1984; Kinney et al., 2000; Schmitt et al., 2002, 2003; Greenhill et al., 2009),
which fits with our interpretation that bars do not directly fuel AGN.

This misalignment could be interpreted even more generally—there simply may not
be a galactic-scale black hole fueling mechanism. Instead, a collection of processes, including
minor mergers (e.g., Kaviraj, 2014b,a), cooling flows (e.g., Best et al., 2007) and multi-body
interactions with star clusters or clouds (e.g., Genzel et al., 1994), may work to transport gas
into the vicinity of the black hole. This process, known as “stochastic fueling,” (Sanders, 1984)
has been implemented in models that successfully reproduce observations of low to intermediate

luminosity AGN (Hopkins and Hernquist, 2006; Hopkins ef al., 2013).
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4.5 Conclusion

In this paper, we present the first study of the bar-AGN connection beyond the local
universe. We combine Chandra and Galaxy Zoo: Hubble data in the AEGIS, COSMOS, and
GOODS-S surveys to determine whether AGN are preferentially fed by large-scale bars at 0.2 <
z< 1.0.

Using GZH classifications and galaxy structural measurements, we select non-merging,
face-on disk galaxies that have sizes large enough to accurately identify large-scale bars. From
this face-on disk sample, we identify AGN with X-ray luminosity 10%? erg s™! < Lx < 10* ergs™!.
We then construct control samples of non-AGN galaxies matched in stellar mass, rest-frame
color, Sérsic index, effective radius, and redshift. With these samples, we find no statistically
significant excess of barred galaxies in AGN hosts (and no excess of AGN in barred galaxies).
The obvious interpretation is that AGN are not preferentially nor directly fed via large-scale

bars at 0.2 < z < 1.0.
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Appendix A

Completeness of Chapter 1

A.1 Surface Brightness Limits

One might be concerned that our ‘final’ sample may be missing low surface bright-
ness galaxies; in this Appendix, we show that this is not the case. We demonstrate our ‘final’
and ‘starting’ samples’ surface brightness limits in Fig. A.1 by plotting the effective radius in
arcseconds vs. V and I (see §2.3 for sample definitions). The master GIM2D sample is plotted
in gray and the ‘starting’ and ‘final’ sample are overplotted in red and blue, respectively. In each
panel, we draw two lines of constant surface brightness to give an idea of our samples’ surface
brightness boundaries. There is obviously an edge to the distribution of the master GIM2D
sample at low surface brightnesses. Whether this is a selection limit or a reflection of where
real galaxies lie is unclear. But it is clear that the master GIM2D sample contains galaxies with
the lowest surface brightnesses, indicating that our ‘starting’ and ‘final’ samples are sensitive to

them.
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In these plots, the relevant difference between the ‘starting’ and ‘final” sample is the
imposed mass limit of the ‘final’ sample. The main concern in terms of sample completeness
boils down to whether the ‘final’ sample is missing massive low surface brightness galaxies. It
is clear that there are many galaxies in ‘starting’ sample (and the master GIM2D sample) with
much lower surface brightnesses than those in the ‘final” sample. Hence if such massive low
surface brightness galaxies existed, the ‘final’ sample should certainly contain them, thus our

‘final’ sample does not miss low surface brightness galaxies.

A.2 GIM2D Measurement Quaility

In this appendix, we show that the errors on the GIM2D measurements are well-
behaved even at the sample limits. The most important quantities are the GIM2D model
HST/ACS V and I magnitudes since every structural measurement is based on them. Fig. A.2
plots the V and I 1-o errors as a function of V, I, and log M,. These errors are confidence
limits derived through full Monte Carlo propagations of the parameter probability distributions
computed by GIM2D (Simard et al., 2002).

Shown are the master GIM2D catalog (gray), ‘starting’ sample (red), ‘final’ sample
(blue), and galaxies within the ‘final” sample with Sérsic indices n < 1 (pink). The 5-¢ limiting
magnitudes for the HST/ACS images are V =26.23 and I = 25.61, consistent with the master
GIM2D distribution. Within our ‘final’ sample, the limits of the magnitude distributions are
=~ (0.5 mag and ~ 1.0 mag brighter than those limits, respectively. And most importantly, the V

and / magnitude errors at the mass and magnitude limit of the ‘final’ sample are small, < 0.06
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mag, with the majority < 0.03 mag.

To further illustrate the quality of the ‘final’ sample’s GIM2D fits, we plot in Fig. A.3
the 1-o error of the Sérsic index, fractional 1-o error of the effective radius, and the 1-o error
of the bulge-to-total ratio B/T (in the I band) as a function of V, I, and M,. The errors of the
Sérsic index measurements are almost all < 0.2. A typical late-type galaxy has n ~ 1 while a
typical early-type galaxy has n ~ 4. An error of 0.2 on n will not affect this division and hence
these errors are tolerable. The errors on the effective radius measurements are presented as
fractional errors, i.e., 1-o effective radius error divided by the effective radius. Note that these
radii are semimajor axis effective radii and not circularized effective radii. The fractional errors
are small, almost all are < 6%. The errors on the B/T are almost all < 0.05. Most star-forming,
blue galaxies in our ‘starting’ sample, which are presumably late-type, have B/T < 0.10 while
most quiescent, red galaxies in our ‘starting’ sample, which are presumably early-type, have
B/T > 0.40. Thus an error of 0.05 will not push blue galaxies to B/T values of red galaxies and
vice versa. In summary, these plots demonstrate that our ‘final’ sample contain quality GIM2D

measurements down to the mass and magnitude limits of the ‘final’ sample.

A.3 Sérsic Index Bias?

One might be concerned that the Sérsic index may be sensitive to surface brightness
and stellar mass. Fig. A.4 plots the Sérsic index against these quantities. The top row is the
pin V and I. The vertical green dot-dashed line represents the approximate edge of the ‘final’

sample’s surface brightness distribution as seen in Fig. A.1. The contours represent the number
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Figure A.1: Semimajor axis effective radius in arcsecond is plotted against V and I. The two
lines of constant surface brightness in each panel roughly marks the edge of the ‘starting” and
‘final’ samples’ surface brightness distribution. The contours represent the number density of
the master GIM2D sample.

density of the master GIM2D catalog, which clearly shows that the majority of these galaxies
have low n. At faint p, the ‘starting’ sample clearly has less n > 3 galaxies compared to the
n < 3 population, but we would argue that is a reflection of the universe, i.e., high n galaxies
generally have bright i For the ‘final’ sample, however, this proportional dearth of n > 3, faint
1 galaxies seen in the ‘starting’ sample seems to have been greatly reduced.

We also plot the Sérsic index against stellar mass in the lower panel. At low stellar
masses, the ‘starting’ sample also has less high n galaxies than low n galaxies. However, this
absence does not seem as severe as with faint x. And within our ‘final’ sample, it seems that
this disparity in Sérsic populations have decreased. Moreover, it is important to note that even at
the lowest masses, our ‘final’ sample still contains Sérsic index values across the entire possible
range, indicating that GIM2D does not preclude high  fits for low mass galaxies. In fact, the

absolute count of galaxies with Sérsic index n > 3 in every mass range is approximately the
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Figure A.2: V and I magnitude errors as a function of V,/, and log M..

same. Hence there is no predisposition against n > 3 galaxies in our ‘final’ sample. The fact
that our ‘final’ sample has a large concentration of low n galaxies is most likely due to the fact
that there are many late-type galaxies at low masses.

One might wonder how the low n galaxies fared near the limits of the data. As can
be seen in Fig. A.4, the low n galaxies make up a significant fraction of our ‘final’ sample.
To see the reliability of the measurements of these galaxies, we’ve highlighted this population
(n < 1 galaxies in the ‘final’ sample) in magenta in several of the previous figures, specifically,

Fig. A.2 and A.3. In most cases, these low n galaxies have errors consistent with the rest of the
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Figure A.3: Sérsic index error, effective radius fractional error, and bulge-to-total ratio errors as
a function of V, /I, and log M.,.

population, i.e., low n galaxies fare fine near the limits of our ‘final’ sample.
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Figure A.4: Sérsic index is plotted against (V) and p(Z) in the top row. Contours represent
the number density of the GIM2D master sample in gray. The vertical green dot-dashed line
represents the approximate edge of our ‘final’ sample’s surface brightnesses distribution (as
seen in Fig. A.1). The bottom panel plots the Sérsic index against stellar mass. The ‘final’
sample does not show a strong disparity of high and low n populations at faint (low) surface
brightness (mass).
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Table A.2: Subcomponent Properties

DEEPID Mp Mp U-B U-B M, M,
Bulge Disk Bulge Disk Bulge Disk

(1) (2) (3) 4) (5) (6) (7
13049654 -1595 -17.22 1.15 0.73 8.99 9.02
13018599 -19.17 -19.64 1.53 1.05 10.27 10.12
12020067 -18.85 -18.68 0.73 0.61 9.39 9.14
12007757 -20.30 -20.55 1.00 0.66 10.18  9.63
13040619 -19.62 -19.88 1.07 1.52 10.11  10.57
13048556 -19.15 -19.52 0.54 0.66 9.13 9.49
13049852 -19.33 -20.34 1.34 1.42 10.23 10.70
13026131 -17.65 -18.11 1.24 0.74 948 9.07
12020067 -18.85 -18.68 0.73 0.61 9.39 9.14
12015606 -19.84 -20.20 1.20 0.60 1033  9.66
13058131 -19.60 -20.08 1.50 1.06 10.45 10.29
12016156 -18.85 -18.91 0.67 0.41 9.25 8.79
13012297 -21.05 -19.37 1.25 1.18 10.89 10.16
12007918 -19.91 -19.75 1.01 0.50 10.15 9.29
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Table A.2

(cont’d): Subcomponent Properties

DEEPID Mg Mg U-B U-B M., M,
Bulge Disk Bulge Disk Bulge Disk
(1 (2) 3) 4) ) (6) (7N
13011795 -18.66 -18.93  1.37 1.18 10.00 9.96
13064645 -21.00 -21.29 0.75 0.88  10.63 10.96
12016799 -20.27 -19.62  1.31 097 1059 9098
12023870 -18.35 -17.82 0.71 0.47 9.14 8.51
12004470 -18.40 -18.64 0.64 0.48 9.07 8.86
12020439 -18.26 -18.41  0.95 0.52 941 8.81
Note. — The same twenty randomly-selected galaxies from Ta-
ble A.1 is shown. The entire catalog is available at: http:
//people.ucsc.edu/~echeungl/data.html. Col. (1):

Unique DEEPID. Col. (2): Absolute B-band magnitude of bulge de-
rived from Eqn. 2.3,2.4. Col. (3): Absolute B-band magnitude of disk
derived from Eqn. 2.3-2.4. Col. (4): U — B rest-frame color of bulge
derived from Eqn. 2.5. Col. (5): U — B rest-frame color of disk derived
from Eqn. 2.5. Col. (6): M, of bulge derived from Eqn. 2.3, 2.6. Col.
(7): M, of disk derived from Eqn. 2.3, 2.6.
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Table A.3: GIM2D: Single n Catalog

DEEPID 1% I n e Fe x> x>
(pixels) V-band [I-band

(1 @ 6 @ O (6) (7 ®)

13049654 22.07 21.56 1.11 0.68 18.31 1.16 1.07
13018599 24.17 2270 136 0.62 1554 1.05 1.16
12020067 2246 2196 1.70 043 10.71 1.13 1.05
12007757 23.73 2284 1.17 058 23.76 1.09 1.03
13040619 22.89 2142 6.00 0.13 19.63 1.04 0.92
13048556 2228 21.75 4.16 0.66 78.14 1.05 0.93
13049852 21.80 20.41 479 023  27.88 1.00 1.12
13026131 2395 23.12 1.09 053 1539 0.97 0.95
12020067 2246 2196 170 043 10.71 1.13 1.05
12015606 2248 2154 1.59 0.03 1541 1.08 0.98
13058131 2295 2136 5.07 0.29 34.61 1.01 0.92
12016156 23.85 2323 140 049 2993 1.12 0.99
13012297 2331 21.67 2.82 0.15 13.04 0.89 0.82
12007918 22.65 2197 1.63 041 10.73 1.18 1.10
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Table A.3 (cont’d): GIM2D: Single n Catalog

DEEPID V I n e Te X2 x>
(pixels) V-band I-band

ey @ 6 @ O (6) @) ®)

13011795 24.10 2251 594 030 16.12 0.88 0.81
13064645 2397 2249 599 0.25 1285 0.96 0.93
12016799 23.02 21.76 136 046 21.21 1.15 1.09
12023870 23.13 22770 4.64 0.46 8.98 1.21 1.18
12004470 22771 2234 1.66 0.41 5.67 1.62 1.48
12020439 23.69 23.09 132 0.68 6.24 1.10 1.15

Note. — The same twenty randomly-selected galaxies from Table A.1 is
shown. The entire catalog is available at: http://people.ucsc.edu/
~echeungl/data.html. Every value in this table is from the GIM2D
decomposition that only fits for a single Sérsic index. These are the primary
data we use throughout this paper, including the basic V and I of the galaxy.
Col. (1): DEEPID. Col. (2): V-band magnitude of galaxy. Col. (3): /-band
magnitude of galaxy. Col. (4): Sérsic index of galaxy. Col. (5): Ellipticity
of galaxy. ¢ = 1-b/a, b = semiminoraxis, a = semimajoraxis) Col.
(6): Effective radius of the galaxy measured along the major axis in units of
pixels. Col. (7): X2 of fit in the V-band. Col. (8): XZ of fit in the /-band.
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Figure B.1: The number density distribution of the: a) volume-limited parent Galaxy Zoo 2
(GZ2) sample and b) Galaxy Zoo 2 Disk (GZ2D) sample; both are scaled to the same. c): The
completeness of the GZ2D sample relative to the GZ2 sample. For each bin, we calculate the
fraction of GZ2D galaxies in the GZ2 sample and color it according to the color bar to the right.
The black contours outline the number density of the GZ2D sample and only bins with at least
2 GZ2 galaxies are shown. The completeness of GZ2D is bimodal such that it recovers ~ 50%
of high SSFR (> 107! yr!) galaxies and ~ 20% of low SSFR (< 107! yr™!) galaxies.

Appendix B

Completeness of Chapter 2

B.0.1 Galaxy Zoo 2 Disk Sample

The Galaxy Zoo 2 Disk (GZ2D) sample was selected on the basis of hundreds of
thousands of visual morphological classifications collected via the Galaxy Zoo website. In order

for a galaxy to be in this sample, the majority of volunteers classifying it must have identified
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Figure B.2: The ratio of the number of galaxies in the GZ2D sample to the edge-on GZ2 disk
sample. The black contours outline the number density distribution of the GZ2D sample. Only
bins with n > 2 edge-on GZ2 galaxies are shown. GZ2D does not seem to be strongly biased
against low mass quiescent disks.

‘features’ in it, and identified it as not being an edge-on disk (see Masters ef al., 2011; Willett
et al., 2013). In addition we apply an extra cut at b/a > 0.5 to ensure disks are face-on enough
to identify bars. This results in a sample of disk galaxies with a broad mix in Hubble types.
Objects might contain an obvious disk (e.g., SBc, Sc) or a subtle disk (e.g., SO). While we do
not expect problems in identifying the former in any orientation, SO galaxies are notoriously
difficult (even for the most expert classifiers) to separate from ellipticals, if viewed face-on. We

consider in this section if any face-on disk galaxies are missing from our sample. Presumably,
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if a galaxy had a bar, it would be readily identify as ‘featured’ and included in this sample,
thus we assume any missing disk galaxies will be non-barred and therefore introduce potential
biases into our results.

We use as a comparison sample, the volume-limited parent Galaxy Zoo 2 sample (see
§3.2.2 for details of our initial Galaxy Zoo 2 sample) that the GZ2D sample was originally
drawn from, as well as a sample of edge-on disk galaxies in which we expect all types of
disks will be equally easy to identify. As a reminder, the parent Galaxy Zoo 2 sample has the

following criteria:

1. 0.01 < z < 0.06, where z is the SDSS spectroscopic redshift.

2. M, <-20.15, where M, is the rest-frame absolute Petrosian r-band magnitude.

Hereafter, this sample will be referred to as the Galaxy Zoo 2 sample, or simply, the
GZ2 sample. We match the GZ2 sample to the MPA-JHU catalog for stellar masses and star
formation rates, resulting in a total of 43,221 galaxies.

To identify edge-on disks, we use thresholds in the Galaxy Zoo vote fractions for
‘features of disk’ (pfeatures > 0.5) and for ‘edge-on disk’ (pedge—on > 0.80), this is slightly more
conservative that the recommended thresholds for selecting a ‘clean edge-on’ sample as given
in Willett et al. (2013), but we do not expect the selection to introduce any bias with Hubble
type for disk galaxies.

Fig. B.1 compares the number density distribution of the GZ2D sample (panel b) to
that of the whole volume limited GZ2 sample (panel a). Both panels are scaled so that the
blue scale indicates the same range of density and only bins with at least 2 galaxies are shown.
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Using the GZ2 sample as the fiducial completeness standard, panel ¢ displays the completeness
of the GZ2D sample (i.e., the fraction of the GZ2 sample which is in GZ2D) as indicated by
the legend. To aid the eye, contours of the GZ2D number density distribution are over-plotted.
We point out that completeness levels of greater than 50% are not expected since the selection
on axial ratio (b/a > 0.5) removes approximately half of all disk galaxies. In this plot we
observe the expected bimodality, such that the completeness of high SSFR (> 107! yr~!; “star-
forming’) galaxies is much higher (=~ 50% complete) than it is for low SSFR (< 107! yr7!;
‘quiescent’) galaxies (= 20% complete). This reveals the well know correlation between SSFR
and morphology - that most star-forming galaxies have disks, and many quiescent galaxies are
elliptical, so do not have obvious ‘features’ to be selected as part of the GZ2D sample.

This test, however, cannot reveal if the GZ2D sample represents a fair selection of
all disks. To test that, we isolate a sample of edge-on disk galaxies in which we expect all
disks (even SOs) will be identified. If the GZ2D sample is fairly representative of all disk galax-
ies, then the ratio of GZ2D (face-on disk) galaxies to the sample of edge-on disks should be
uniform throughout the SSFR-mass diagram (this assumes all disk galaxies are randomly orien-
tated, which we expect they should be, but also see Simard et al. 2011, and that the inclination
introduces no systematic biases into estimates of SSFR or stellar mass, which is less clear).

Fig. B.2 compares the number density of the edge-on GZ2 disks to our GZ2D sample
of mildy inclined or face-on disk galaxies. We show the ratio of the number of galaxies in
the GZ2D sample to the edge-on GZ2 disks sample. Only bins with at least 2 galaxies from
the edge-on GZ2 disks sample are shown and the black contours represent the number density

distribution of the GZ2D sample. For high SSFR galaxies, there are ~7 galaxies in the GZ2D

211



sample for every edge-on GZ2 disk galaxy. This is likely due to a combination of the expected
number ratios for edge-on and not edge-on disk galaxies (e.g., for random orientations, we
expect one galaxy with i > 85° for every five with i < 65°), and the possible effects of increased
internal extinction in the egde-on sample causing SSFR to be underestimated. However we do
not expect to be missing systematically any star-forming disk galaxies.

Because of the extinction of edge-on galaxies, the sample of low SSFR (log SSFR <
—11.6 yr'!) edge-on GZ2 disks may contain a combination of truly low SSFR disks and red-
dened intermediate SSFR disks. However, we assume that the reddened intermediate SSFR
contribution to the low SSFR regime of the edge-on GZ2 disks sample is uniform across stellar
mass and only changes the absolute scaling of the number ratio between GZ2D and edge-on
GZ2 disks. We therefore examine the uniformity of the low SSFR regime in Fig. B.2 to gauge
whether the GZ2D sample is missing any quiescent disks.

The number ratio between edge-on quiescent disks and face-on quiescent disks is
largely uniform (at ~ 5 oblique disks per edge-on disk). There is, however, hints of a small
dearth in the GZ2D sample at low masses. Averaging the number ratios at low masses (log M, <
10.6) reveals that we find ~ 10% less GZ2D galaxies compared to the average number ratios of
the high mass quiescent disks. The total number of low mass quiescent galaxies in our sample is
= 900, so this suggests we may be missing ~ 90 low mass quiescent disk galaxies. Presumably,
if a galaxy had a bar, it would be readily spotted and included in this sample, thus we assume
the missing disk galaxies are non-barred. We assume that the missing disks have values of n

and X7

T kpe typical for GZ2D galaxies of the same mass and SSFR. We find that the n and X7

1 kpc

values of these low mass quiescent disks are roughly uniformly distributed, meaning that the
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Dbar trends with n and 27 kpe fOr the quiescent population are unaffected by this incompleteness.
We can estimate how many unbarred quiescent disk galaxies we are missing for every bin by

simply dividing the total number of missing galaxies (=~ 90) by the total number of bins that

*

| kpe» Which turns out to be ~ 20 bins. Thus we are

the quiescent population spans in n and X

missing /= 5 unbarred quiescent disks in every N = 100 bin of n and X7}

I kpe (see Figs. 3.3b and

3.3c). Even if all five galaxies have pp,e = 0 this would reduce the average pp,, in each bin by at
most 5% (by simply adding 5 more galaxies in the denominator).

The number of missing low mass disks in the affected part of Fig. 3.3a works out to
be ~ 10 per low mass quiescent bin (there are ~ 10 bins in the low mass quiescent regime).
Fig. 3.3a shows that the pp, values for the low mass quiescent bins are ~ 0.60. Adding 10
non-barred (pp,r = 0) disk galaxies to these bins, i.e., adding 10 galaxies to the denominator,
reduces these ppor values to ~ 0.50. Our qualitative results and interpretation are unaffected.
Therefore, the missing non-barred low mass quiescent disks do not significantly influence our

results.

B.0.2 Bar Length Sample

Unlike the GZ2D sample, there is not a concern that the BL sample is missing non-
barred disks since, as the sample name implies, the BL (Bar Length) sample only contains
barred disks. Nevertheless, we want to ensure that it is not suffering any selection bias.

Fig. B.3 shows the completeness of the BL sample relative to the GZ2D sample. The
completeness of BL is approximately bimodal with SSFR. In the high SSFR regime (log SSFR >

—11 yr 1), the BL sample is ~ 10% complete, while in the low SSFR regime (log SSFR <
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Figure B.3: a): The number density distribution of the Bar Length (BL) sample scaled to a
quarter of panel a of Fig 8. b): The completeness of the BL sample relative to the GZ2D
sample; the black contours in this panel represents the number density distribution of the BL
sample. Only bins with 2 or more GZ2D galaxies are shown.

—11 yr ), itis ~ 20%.

This completeness bimodality is reasonable because the BL sample is primarily com-
posed of strong bars, which as illustrated in Fig. 3.3, strong bars mainly lie in the quiescent
population. However, since our analysis splits the BL. sample into star-forming and quiescent

(i.e., Fig. 3.4 and Fig. 3.7), this difference in completeness should be inconsequential to our

results and interpretations.

B.1 Bar Length Scaled by Isophotal Radii

Comparing the trends of bar length scaled by the isophotal radii (Fig. B.4 and B.5)
to those of Ly, (Fig. 3.4 and 3.7) shows a good agreement. The only noticeable differences
are at the highest n and ¥} kpe? which is hard to interpret and may be due to a number of

issues. These GIM2D disk scale lengths may be affected by the prominent bars present in
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Figure B.5: Average Ly, /125 plotted against: a) M., b) n, and ¢) X} kpe- The details of this figure
are identical to that of Fig. B.4, with the exception that each bin contains ~ 75 galaxies and also,
galaxies are further separated by bulge type, as identified by n. Purple points represent the star-
forming disky pseudobulge galaxies, light blue points represent the star-forming classical bulge
galaxies, and red points represent the quiescent classical bulge galaxies.

these galaxies. But the better sky background determination and better object deblending of
the GIM2D decompositions could also lead to a more accurate measurement of the disk scale
length. More work needs to be done to truly understand the differences, but this is outside the
scope of this paper. Moreover, this paper does not put a strong emphasis on the bar length trends

at the highest n and X} kpe? thus it does not affect our major conclusions.
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B.2 R90/RS0

Fig. B.6 shows the effects of using the Petrosian concentration index from SDSS,
R90/R50, where R90 and R50 are the radii enclosing 90 and 50 % of the galaxy luminosity,
respectively. The trends with py,. in Fig. B.6a are almost identical to that with Sérsic index
(Fig. 3.3b). Fig. B.6b and B.6c¢ show that the trends with R90/R50 for the star-forming sequence,
star-forming disky pseudobulge galaxies, and the star-forming classical bulge galaxies are the
same as with n (Fig. 3.4b and 3.7b), i.e., L, increases with increasing n or R90/R50.

For the quiescent population (Fig. B.6b) and the quiescent classical bulge galaxies
(Fig. B.6¢), however, there is a noticeable difference between the trends of Lgy,, at the highest
values of R90/R50 and n. Namely, while there is a decrease of Ly, at the highest n (Fig. 3.4b
and 3.7b), there seems to be a steady increase of Ly, With increasing R90/R50. It is unclear
why this is the case. It could be due to the improved sky background determination and object
deblending in the fits of Simard et al. (2011) compared to the standard SDSS pipeline. How-
ever, no matter the reason, this minor difference does not affect the paper since we leave the
interpretation of the bar length trends for the highest n values open.

Comparing the trends of bar length scaled by the isophotal radii between n (Fig. B.4b
and B.5b) and R90/R50 (Fig. B.6d and B.6e) shows general agreement between all populations.

Thus the results from R90/R50 and n are largely similar, and the use of either would

not change the main conclusions of the paper.
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Figure B.6: Replacing Sérsic index with R90/R50. a) plots average pp,r in bins of SSFR and
R90/R50. b) & c) plot bar length scaled by GIM2D bulge+disk model disk scale length vs.
R90/R50. d) & e) plot bar length scaled by the isophotal radii vs. RO0/R50.
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