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Abstract

Active Galactic Nuclei and Merging Galaxies, or

the Cause and Effect of Black Hole Growth at z ~ 1

by

Christina M. Pierce

This thesis investigates the causes and effects of AGNs by studying the color and mor-
phology characteristics of their host galaxies. AGNs were selected based on their X-ray
luminosities, radio powers, and/or optical spectra signatures. Extensive multiwave-
length data from two complementary surveys, the All-wavelength Extended Groth Strip
Interational Survey (AEGIS) and the northern field of the Great Observatories Origins
Deep Survey (GOODS-N) were used to select AGNs and corresponding control sam-
ples. It was found that AGN host galaxies are more likely than galaxies in the cor-
responding control samples to be morphologically classified as interacting, early-type,
bulge-dominated, and/or E/S0/Sa, suggesting that they are currently interacting or
may have undergone a merger in the recent past. AGN hosts were not more likely to
have a close kinematic companion, potentially restricting the intial start of significant
nuclear activity to well into interaction. Simulations used to test the reliability of the
color and morphology measurements used here indicate that the measurements are po-
tentially sensitive to low-luminosity contributions from AGNs, but that the AGN should
also become visible as an optical point source at these low luminosities, and so would

be identifiable as a potential source of contamination.



Chapter 1

Introduction

1.1 Review of relevant background

Numerous authors have described a strongly bimodal distribution among the
rest-frame colors of galaxies out to redshifts of at least z ~ 1 (e.g., Bell et al. 2004b;
Strateva et al. 2001; Baldry et al. 2004; Balogh et al. 2004; Weiner et al. 2005; Cirasuolo
et al. 2007). This distribution separates galaxies into a “red sequence” and a “blue
cloud”, so named because of the relatively smaller spread in the colors of red galaxies as
compared to the spread in the colors of blue galaxies (see, e.g., Baldry et al. 2004, Figure
1). It has further been found that the optical colors of a galaxy correlate well with its
morphological characteristics. The red sequence, especially at redshifts z < 0.7, consists
mainly of spheroidal or spheroid-dominated galaxies that are typically experiencing
minimal star formation, if any, while the star-forming galaxies populating the blue

cloud generally have later Hubble types (e.g., de Vaucouleurs 1961; Blanton et al. 2003;



Bell et al. 2004b; Weiner et al. 2005; Scarlata et al. 2007b).

Baldry et al. (2004) found that the red and blue peaks of the u—r optical color
bimodality are well fitted by a pair of Gaussians, and their work clearly showed a lack of
galaxies with colors between the two peaks (see their Figures 3 and 4), often referred to
as the “green valley” and representing a probable transition region. In contrast, Wyder
et al. (2007) found that the NUV — r UV-optical colors revealed a substantially more
heavily populated green valley. Their Figures 12-14 show that the UV-optical red and
blue peaks are still well fitted by Gaussians, but the number of galaxies with colors
falling between the two peaks significantly exceeds the sum of the Gaussians. In spite
of the differences between the number of galaxies populating the green valley, both
the optical colors and the UV-optical colors exhibit significant red-blue bimodalities.
Furthermore, the number of green valley galaxies is less than would be expected from
normal aging of the stellar population following a shut-down of star formation that had
been caused exclusively by gas exhaustion. In addition, it has recently been discovered
that the current (z = 0) total mass of red sequence galaxies is a factor of 3 higher than
it was at z = 1 (Bell et al. 2004a; Faber et al. 2007; Brown et al. 2007).

The relatively empty green valley and the significant growth of the red sequence
may result from internal and/or external influences that have the ability to cause blue,
star-forming, disk galaxies to transition rapidly to red spheroid-dominated systems.
Possible explanations for the rapid growth of the red sequence, as well as the dearth
of galaxies populating the green valley, include mergers between gas-rich and gas-poor

galaxies (Mihos & Hernquist 1996; Bell et al. 2004b, 2006a,b; Blanton 2006), virial



shock heating of the gas (Birnboim et al. 2007), galaxy harassment (Moore et al. 1998),
and various kinds of feedback from an active galactic nucleus (AGN; e.g., Hopkins et
al. 2008a,b; Cox et al. 2006; Springel et al. 2005; Di Matteo et al. 2005; Croton et
al. 2006). Three important results offer a measure of support for scenarios in which
galaxy interactions and/or AGN feedback provide the sought after influence to rapidly
drive galaxies from the blue cloud to the red sequence and to increase the mass of red
sequence galaxies roughly threefold between z = 1 and the present.

First of all, for many years, observations have been providing evidence that
spheroids consistently contain supermassive black holes, the masses of which scale with
both the mass (Mpn ~ 1074 M,) and the stellar velocity dispersion of the spheroid,
though the correlation is much tighter with the latter (e.g., Kormendy & Richstone
1995; Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000). Together
these indicate a strong relationship between the growth of a supermassive black hole
and the growth of the spheroid in which it resides — either the black hole affects the
growth of the stellar spheroid, or vice versa.

Secondly, although the majority of morphologically classified AGN host galax-
ies have been determined to be early-type or spheroid-dominated (e.g., Grogin et al.
2003, 2005; Pierce et al. 2007), a number of authors have reported spheroid-dominated
systems that are observed to have morphological evidence of a recent interaction (e.g.,
Schweizer et al. 1990; van Dokkum 2005), and this may be particularly true for spheroidal
systems that host an AGN (e.g., Bennert et al. 2008; Urrutia et al. 2008).

Finally, many of the researchers who have completed simulations and semi-



analytic models of galaxy interactions and evolution have included supermassive black
holes at the centers of the initial galaxies (e.g., Kauffmann & Haenelt 2000; Croton
et al. 2006; Ciotti & Ostriker 2007; Hopkins et al. 2005a,b, 2008a,b; Somerville et al.
2008), and they invariably find that the black holes become active during some stage of
a merger event between gas-rich galaxies of similar masses (a “major merger”, typically
defined as a merger between galaxies having a mass ratio between 1:1 and 1:3). Most of
these authors found that some form of radiative output (or “feedback”) from the AGN
significantly decreased the star formation rate in the galaxy, although the methods by
which this happened differ. For example, Hopkins et al. (2005a,b, 2008a,b) described a
form of AGN feedback that forcefully removes gas from the nuclear regions of a galaxy,
after significant star formation and accretion onto the black hole has used up much
of the gas. Croton et al. (2006) presented an alternative scenario, a “radio mode”, in
which AGN feedback heats the nuclear gas to temperatures sufficient to shut down star
formation, without necessarily removing the gas from the galaxy.

Both forms of feedback significantly decrease the growth of both the black
hole and the stellar spheroid, potentially moving the galaxy through the green valley
more rapidly than should be expected if the nucleus was not active. Some observational
support for the scenarios derived from the simulations and semi-analytic models has
recently been provided by Schawinski et al. (2007) and Georgakakis et al. (2008).

After visually examining ~16,000 low-redshift early-type galaxies and spectro-
scopically classifying each as experiencing star formation, black hole growth, a combi-

nation of the two, or neither, Schawinski et al. (2007) presented evidence that radiative



output from an AGN may cause its host galaxy to transition from a star-forming sys-
tem to a quiescent system. Approximately 20% of their galaxies were detected to have
emission lines (placing them into one of the first three categories listed above), and
Schawinski et al. found that the optical colors of these systems were typically bluer
than the quiescent systems, and that the magnitude of the offset from the red sequence
depended on the type of activity observed.

Most of the systems dominated by emission from low-ionization nuclear emis-
sion line regions (LINERs) joined the inactive galaxies populating the red sequence,
while the remaining LINER hosts and the Seyfert hosts typically had colors on the red
edge of the green valley. Early-type systems undergoing star formation were found in
the blue cloud, and the systems exhibiting emission lines characteristic of both an AGN
and star formation typically populated the green valley. After also considering the star
formation histories of the four galaxy samples, they concluded that the AGN must con-
tribute to the observed decrease in star formation among low- and intermediate-mass
early-type galaxies; they also suggested that the AGNs in high-mass galaxies may al-
most entirely prevent star formation. Both of their conclusions seem to support the idea
that AGN feedback negatively influences the star formation rates of the host galaxies.

Georgakakis et al. (2008) stacked the X-ray emissions of three samples of galax-
ies at z ~ 0.7; the samples were comprised of galaxies with optical colors placing them
on the red sequence, the green valley, or the blue cloud. After stacking, they found sig-
nificant X-ray detections from the red sequence and green valley samples, indicating the

presence of a significant population of obscured AGNs among red sequence and green



valley galaxies. They concluded that their results indicate the following: (1) accretion
onto the central supermassive black hole may continue after the star formation has
ceased, and thus (2) if AGN feedback is responsible for the cessation of star formation
in these galaxies, then the method by which this occurs does not completely remove gas

from the nuclear regions.

1.2 Thesis Outline

To further our understanding of the increasingly fascinating relationship be-
tween the population of red spheroids and the supermassive black holes that inhabit
them, this thesis addresses the cause and effect of significant black hole growth (a.k.a.,
AGNs) at z ~ 1. Chapter 2 begins with a description of the exquisite mulitwave-
length data available for such a study (and the reasons why such data is necessary). It
continues by describing the three techniques used here to select AGNs and concludes
with comments regarding the amount of overlap between the various selection methods.
Chapter 3 provides descriptions of the morphology measurements used to study the host
galaxies of AGNs selected by the methods described in Chapter 2, and it defines various
morphology classifications to be referenced in later chapters.

Employing a collection of relatively simple simulations, the next chapter probes
the extent to which various methods used to measure observable characteristics (e.g.,
color and morphology) of AGN host galaxies are contaminated by the presence of the

AGN. This is particularly relevant when determining the potential significance and



timing of any influence that an AGN might exert on the star formation rates of its host
galaxy (i.e., are AGN hosts that are determined to be in the green valley actually red?)
and when using the morphological characteristics of AGN hosts to study the possible
relationships between interactions and the activation of the central black hole (i.e.,
could the many AGN host galaxies classified as bulge-dominated systems actually have
disk-like or disturbed morphologies which have been hidden by light from the nuclear
region?).

After quantifying the extent of the reliability of various color and morphology
measurement methods, the next two chapters explain the results (based on the same
color and morphology measurements) of a detailed study of the AGN host galaxies
introduced in Chapter 2. Also discussed are the implications from this study regarding
the causes and effects of AGNs, the relationship between AGNs and their host galaxies,
the presence of the galaxy color bimodality, and the growth of the red sequence.

The final chapter begins with a summary of the conclusions described through-
out this thesis, and then it goes on to provide a discussion of suggested studies which will
continue to help us understand many of the facets of galaxy evolution discussed above.
Throughout this thesis, {h, Qa, Qas} = {0.7, 0.7, 0.3}, and AB magnitudes are used,
unless otherwise noted. In addition, numerical fractions are generally accompanied by

1-0 uncertainties, calculated following Gehrels (1986).



Chapter 2

Multiwavelength Observations, and

Selection of Active Galactic Nuclei

2.1 AEGIS and GOODS-N: The Fields, the Data, and the

Data Products

Determining the cause and effect of AGNs on their host galaxies, at z ~ 1,
requires a plethora of multiwavelength data; two principal reasons are especially relevant
here. For one, UV /optical/IR images and photometry are essential for determining
various properties of the host galaxies, such as morphologies, stellar masses, and specific
star formation rates; optical spectra are also extremely useful for the determining the
redshifts. Efforts to create a complete and reliable sample of AGNs also benefit greatly
from multiwavelength data. AGN selection techniques are used to identify AGNs that

meet a certain set of criteria for which the technique is best suited. For example, a



sample of AGNs identified by the appearance of broad lines in their optical spectra
will not include highly obscured AGNs, whereas techniques using radio power or X-ray
luminosities may be better suited for the identification of such systems.

The present study makes use of the All-wavelength Extended Groth Strip
International Survey (AEGIS; Davis et al. 2007) and the northern field of the Great
Observatories Origins Deep Survey (GOODS-N; Giavalisco et al. 2004). The surveys
provide optical images taken with the Hubble Space Telescope/Advanced Camera for
Surveys (HST/ACS), optical spectra from the DEIMOS spectrograph (Faber et al. 2003)
and the MMT Observatory, photometry from a variety of instruments, deep Chandra X-
ray Observatory images, and Very Large Array (VLA) images at 1.4 GHz. The following

sections describe these data in more detail.

2.1.1 AEGIS: The All-wavelength Extended Groth Strip International

Survey

The Extended Groth Strip (EGS) has been studied in great detail for more
than a decade (e.g., Fomalont et al. 1991; Lilly et al. 1995; Beck-Winchatz & Anderson
1999; Flores et al. 1999; Miyaji et al. 2004; Nandra et al. 2005; Georgakakis et al. 2006;
Sarajedini et al. 2006). The data used here has recently been made available by the
combined efforts of a large group of observers from several countries. Together, they
have created the All-wavelength Extended Groth Strip International Survey (AEGIS),
providing an exceptional sample of multiwavelength data well-suited for the work de-

scribed here. The EGS is centered at o = 14"17™, § = +52°30’, and areal coverage



Table 2.1: AEGIS observations used for the current work

Band, Aeg, or Limiting mag. Area
Telescope/Instrument | wavelength range | (AB & 50, unless noted) | (deg?)
HST/ACS |4 28.14 0.197
I 27.52 0.197
Keck/DEIMOS 6400-9100A R=241 0.5
MMT Spectrograph
CFHT /MegaCam u* 26.3 1
q 27.0 1
r’ 26.5 1
i 26.0 1
2! 25.0 1
Chandra/ACIS 2-7 keV 82x 107 ergcm™2 571 | 0.67
0.5-2 keV 1.1 x 1076 ergem™2 s | 0.67
VLA 1.4 GHz/20 cm 100 pJy beam™! 0.64
Spitzer/IRAC 3.6 pm 0.9 pJy 0.33
45 pm 0.9 puly 0.33
5.8 pm 6.3 udy 0.33
8.0 ym 5.8 udy 0.33
CFHT/CFH12K B 24.5 [80] 1.31
R 24.2 [80] 1.31
I 23.5 [80] 1.31
Palomar/WIRC J 23.0 (Vega) 0.2
K, 20.6 (Vega) 0.7
GALEX NUV 25 [30] 1.13
FUV 25 [30] 1.13

ranges from 0.0128 deg? - 1.31 deg?, depending on the individual survey (Davis et al.
2007). Recent observations have been taken at X-ray, far-ultraviolet (FUV) and near-
ultraviolet (NUV), optical (including both optical spectra and imaging), near-infrared
(IR), mid-IR, and far-IR, and radio wavelengths. Please refer to Davis et al. (2007)
and references therein for complete descriptions of the numerous surveys included in
the AEGIS; details presented here (summarized in table 2.1.1) will focus on the data

most relevant to this work.
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High spatial resolution (0.03"” /pixel) images were taken with the Advanced
Camera for Surveys (ACS) on the Hubble Space Telescope (HST). These observations
are available for 0.197 deg? of the AEGIS; the rectangular strip covers the central region
of the EGS, thus overlapping with the majority of the other observations (Davis et al.
2007). The AEGIS region was observed in the F606W (V) and F814W (I) passbands
to 5 o limiting magnitudes of V' = 28.14 and I = 27.52 for a point source; the limiting
magnitudes are slightly lower for extended objects (Davis et al. 2007). These images
have already been used by numerous authors for a variety of purposes, including a
study of how galaxy mergers and morphologies evolve at z < 1.2 (Lotz et al. 2008a), an
exploration of AGN host galaxy morphologies (Pierce et al. 2007) and a close look at the
host galaxy of a dual AGN (Gerke et al. 2007), a visual search for strong gravitational
lenses (Moustakas et al. 2007), and the characterization of galaxies identified as having
very red IR colors (Conselice et al. 2007; Wilson et al. 2007). The HST/ACS-imaged
galaxies in the EGS have been analyzed using codes that determine various morphology
measurements, as described by Lotz et al. (2008a) and R. Griffith (in preparation);
details of these measurements will be provided in the next chapter.

Optical spectra were taken with the DEIMOS spectrograph (Faber et al. 2003)
on the Keck-II telescope, as part of the DEEP2 Redshift Survey (Davis et al. 2003, 2007),
and with the MMT spectrograph at the MMT Observatory (A. Coil et al., in prepara-
tion). In addition to providing high quality spectroscopic redshifts, the DEEP2 optical
spectra can be used to identify AGNs, as has been done recently for the AEGIS galaxies

by R. Yan, following the methods described by Yan et al. (2006) and summarized below.

11



The DEEP2 Redshift Survey provides optical spectra for AEGIS galaxies to a
limiting magnitude of Rqp = 24.1 (Davis et al. 2003, 2007). A 1200 line mm ™! grating
was used for the survey, which covers the wavelength range of 6400-9100A. Each target
was observed for a minimum of one hour (Davis et al. 2007). After being checked by at
least two observers, every redshift in the DEEP2 Redshift Survey catalog was assigned
a quality code z, indicating the level of confidence in the reliability of the redshift,
where z, = 3 and z, = 4 indicate 95% and 99% confidence levels, respectively, in the
reliabilities of the assigned redshifts. Throughout this paper, “high quality” redshifts
refer to spectroscopic redshifts with z, > 3. Within the HST/ACS-imaged region of the
EGS, there are ~3700 high quality DEEP2 redshifts.

The MMT spectrograph observations were designed to target AEGIS X-ray
sources in an effort to improve the qualities of QSO host galaxy redshifts (A. Coil et
al., in preparation). Redshifts determined from the resulting spectra were individually
verified and assigned qualities having the same meanings as those that were used for
the DEEP2 redshifts. Eighty-two high quality MMT redshifts are available in the EGS
HST/ACS-imaged region, two of which are for galaxies that lack high quality DEEP2
redshifts. For the 80 galaxies that have high quality spectroscopic redshifts from both
spectroscopic redshift surveys, the maximum difference is A, = 1.43 x 1079, so al-
though the MMT redshifts are used where available, it is essentially irrelevant which
set of redshifts are chosen.

Supplementing the DEEP2 and MMT spectroscopic redshifts in the EGS, deep

Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) u*¢'r'i’2’ observations have

12



been used by multiple authors to determine photometric redshifts of four fields (e.g.,
Lilly et al. 1995; Ilbert et al. 2003; S. Gwyn et al., in preparation; J.-S. Huang, in
preparation). The 1 deg? CFHTLS field D3 includes the EGS but does not completely
encompass the HST/ACS-imaged region. The observations used for AEGIS studies
have exposure times (in hours) and limiting magnitudes of 1.7/26.3, 1.8/27.0, 4.1/26.5,
13.0/26.0, and 1.0/25.0 in the u*, ¢, v/, ¢, and 2’ passbands, respectively

Huang provides ~6900 photometric redshifts in the HST/ACS-imaged region
of the EGS; ~3900 of these match galaxies for which we do not have high quality spec-
troscopic redshifts. For the 3055 galaxies that have both photometric redshifts and high
quality spectroscopic redshifts, the spectroscopic redshifts are always preferred. Follow-
ing Ilbert et al. (2006), a catastrophic error in the determination of the photometric
redshift is defined to have occured when |Az|/(1+ z) > 0.15. Based on the 3055 galax-
ies for which photometric and spectroscopic redshifts are available, it is determined that
2.26% of the photometric redshifts suffer catastrophic failures; this fraction decreases
to 2.18% if the photometric redshifts are constrained to the range 0.2 < z < 1.2.

Figure 2.1 shows the spectroscopic and photometric redshift for galaxies at
z < 2. As indicated on the figure, the upper panels feature AEGIS galaxies, and
the left and right panels of each row show the spectroscopic and photometric redshift
distributions, respectively. For the sake of clarity, the peak of each distribution is scaled
to 100, thus the vertical scale is arbitrary.

The Chandra X-ray Observatory Advanced CCD Imaging Spectrograph (ACIS)

instrument observed a strip of eight pointings (0.67deg? total area) in the EGS for

13
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Figure 2.1: Spectroscopic and photometric redshifts of AEGIS and GOODS-N galaxies
in the HST/ACS-imaged regions.

approximately 200 ks per pointing (Nandra et al. 2005; Davis et al. 2007; Laird et
al. 2008), and additional observations of three of the central pointings are underway.
Once complete, these three pointings will have been imaged for a total of 800 ks each.
Laird et al. (2008) presented the AEGIS-X survey (comprised of the 1325 X-ray sources
detected in the EGS) and the methods used to reduce and analyze the observations. As
they described, X-ray “sources” are defined as X-ray-detected objects that have Poisson
detection probability thresholds < 4 x 10~%; in other words, 5-0 detections are required.

At z = 1, the on-axis flux limit for hard-band!-selected sources (3.76 x 1016

erg cm ™2 s71) corresponds to Ly_1g ey = 2.4 x 102 erg s71.

This slightly exceeds
the minimum luminosity used to define the sample of X-ray-selected AGNs described

below, which means that although the X-ray AGN sample is complete at low redshifts,

'X-ray energy bands: full (0.5-7 keV), soft (0.5-2 keV), hard (2-7 keV), and ultra-hard (4-7 keV)

14



it may miss some of the lower luminosity AGNs at the higher redshifts. Georgakakis et
al. (2008) described the methods used to match X-ray sources to galaxies in included as
part of the DEEP2 Redshift Survey, and the current work uses the resulting matched
catalogs. Using an early version of the Chandra observations, Nandra et al. (2007)
examined the color-magnitude relationship of X-ray-selected AGNs, and Fang et al.
(2007) presented the X-ray characteristics of groups and clusters found by the DEEP2
Redshift Survey. The final 200-ks X-ray observations were used by Bundy et al. (2008)
to study the possible link between AGNs and the quenching of star formation.

VLA observations at 1.4 GHz were used to create samples of high-power ra-
dio sources and radio-selected AGNs. The AEGIS data were taken in the VLA’s B
configuration for 18 hours per pointing (Davis et al. 2007; Ivison et al. 2007). The B
configuration provides an antenna distribution with maximum spacing of 11.4 km and
a circular synthesized beam of width 3.8” at 1.4 GHz; the corresponding PSF is 4.2"”
(Davis et al. 2007). For this survey, which covered an area of 0.64 deg?, the noise level
was 10uJy beam ™!, with a limiting flux density of S; 4 sanz = 50pJy, which corresponds
to a rest-frame 1.4 GHz power P4 gHs = 2.3 x 1022 W Hz !l at 2 = 1 (Ivison et al.
2007). Unlike the AEGIS X-ray AGN sample, the AEGIS radio AGN sample (defined
below) is complete out to high redshifts because the radio power criteria used to de-
fine the AGN sample significantly exceeds the power corresponding to the limiting flux
density. Ivison et al. (2007) stacked radio sources from the AEGIS20 catalog that they
presented to explore the characteristics of several galaxy populations, and Le Floc’h et

al. (2007) examined the radio emissions from an ultraluminous starburst. Willner et al.
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(2006) presented observations of the EGS taken at 4.8 GHz; these are not used here.

The Spitzer Space Telescope/Infrared Array Camera (IRAC) observations of
the EGS at 3.6/4.5/5.8/8.0 ym cover an area 0.33 deg?, approximately enclosing the
HST/ACS-imaged region, to limiting magnitudes of 0.9/0.9/6.3/5.8 uJy; the PSF for
each of the bands is ~ 2" (Davis et al. 2007). A full catalog was presented by Barmby
et al. (2008), and it has been used, in combination with the AEGIS20 radio catalog, by
Park et al. (2008) to identify and study a sample of obscured AGNs. In addition, S.
P. Willner et al. have matched the IRAC observations to radio sources, minimizing the
problem related to matching radio sources (with the large PSF) to HST/ACS images;
the results from Willner et al. are used here. The EGS has also been observed by the
Spitzer/Multiband Imaging Photometer for Spitzer (MIPS; Davis et al. 2007). Although
the MIPS observations are not used for the current work, they have been combined
with IRAC and Chandra observations by Alonso-Herrero et al. (2004) and Barmby et
al. (2006) to study systems detected at both the X-ray and IR wavelengths.

Bundy et al. (2006) described the measurement of galaxy stellar masses in the
four DEEP?2 fields, based on BRI observations taken with the CFHT /CFH12K mosaic
camera (Cuillandre et al. 2001) and K band images from the Wide-Field Infrared
Camera (WIRC) on the Palomar 5-m telescope. The BRI observations cover a 1.31
deg? region of the EGS to limiting magnitudes of 24.5, 24.2, and 23.5, respectively, and
the Palomar/WIRC K imaging of the EGS is complete to Ks = 20.6 (Vega; Davis et
al. 2007); both sets of observations completely overlap the HST/ACS-imaged region.

(The J band images taken with the Palomar/WIRC are not used for the current work.)
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For the DEEP?2 fields, Bundy et al. (2006) first created a spectral energy dis-
tribution (SED) for each galaxy based on the BRI K s observations. The observed SEDs
were then compared to a grid of synthetic SEDs (Bruzual & Charlot 2003) exhibiting a
range of properties, including star-formation histories, ages, metallicities, and dust con-
tent. At each point on the grid Bundy et al. calculated the stellar mass, minimum x?2,
and the probability that the synthetic SED represented the observed SED, assuming an
initial mass function (IMF) from Chabrier (2003). Each galaxy was then assigned the
median stellar mass of the corresponding probability distribution. The work by Bundy
et al. provides us with stellar masses for 3382 AEGIS galaxies in the HST/ACS-imaged
region.

A Galaxy FEvolution Explorer (GALEX; Martin et al. 2005; Morrissey et al.
2005, 2007) observation of the EGS covers a 1.13 deg? circular region of the EGS, com-
pletely encompassing the region observed by the HST/ACS, to a 3-o limiting magnitude
of 25 in both the NUV and FUV (Davis et al. 2007). Ivison et al. (2007) used these
data, as well as other AEGIS data, to explore the radio characteristics of a sample of
UV-selected galaxies.

Applying the methods described by Salim et al. (2005, 2007) to AEGIS galax-
ies, S. Salim combined GALEX and CFHTLS wu*¢'r’i’z’ observations with Ks-band
photometry to calculate rest-frame UV-optical colors (NUV — R). For nearby Type-2
(narrow-line) AGNs, Kauffmann et al. (2007) showed that UV-optical colors are reliable
tracers of the star formation occuring in the outer parts of a galaxy, and the colors are

not biased by the presence of an AGN. However, UV emissions from Type-1 (broad-line)
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AGNs may heavily contaminate the measured galaxy colors, so galaxies whose DEEP2
spectra fit a template for Type-1 AGNs were excluded from the determination of the
UV-optical colors.

Specific star formation rates (SSFR=SFR/M.,) were then derived from the
UV-optical colors, using a Chabrier (2003) IMF. Use of the UV continuum to constrain
SFRs was supported by Kennicutt (1998) because of the strong connection between the
UV continuum and emissions from young stellar populations, but he also cautioned that
this method is particularly sensitive to extinction and the selected IMF. The choice of
the Chabrier (2003) IMF offers a measure of consistency between the SSFRs derived
by S. Salim and the stellar masses measured by Bundy et al. (2006). Throughout the
analyses described here, references to blue, green, and red UV-optical colors indicate
NUV —R<3,3<NUV —R <45, and NUV — R > 4.5, respectively.

Using observed colors from the CFHT/CFH12K BRI observations, DEEP2
redshifts, and a set of galaxy spectral energy distributions (SEDs) from Kinney et al.
(1996), Willmer et al. (2006) estimated the appropriate K-corrections and rest-frame
U — B colors for nearly all of the galaxies then available in the four DEEP2 Redshift
Survey fields. Although this initially included only a small fraction of the AEGIS
galaxies, the rest-frame optical colors and magnitudes of almost 99% of the galaxies in
the HST/ACS-imaged region have now been determined. Willmer et al. found that the
root-mean-square (rms) errors for the rest-frame colors and the K-correction between R
and B (Kgrp) depended strongly on redshift. Galaxies with redshifts allowing significant

overlap between the observed bands and the Kinney et al. SEDs experienced the smallest

18



errors (U — B: 0.03 mag; Krp: 0.01 mag), while at z > 1.2 the measurements attained
larger errors (U — B: 0.12 mag; Kgrp: 0.15 mag; Willmer et al. 2006). Following Willmer

et al. (2006) and Nandra et al. (2007), the current work uses the following optical colors:

Red: U— B> —0.032(Mp + 21.52) 4+ 0.454 — 0.25 4+ 0.05 and (2.1)

Blue: U — B < —0.032(Mp + 21.52) + 0.454 — 0.25 — 0.05; (2.2)

green optical colors are those U — B values that fall between the red and blue colors.

2.1.2 GOODS-N: The Northern Field of the Great Observatories Ori-

gins Deep Survey

Giavalisco et al. (2004) described the optical and near-IR observations taken
of the northern and southern fields of the Great Observatories Origins Deep Survey
(GOODS). Research presented in the current work is based in part on observations
taken of the northern field (GOODS-N), portions of which are also known as the Hubble
Deep Field-North (HDF-N; Williams et al. 1996; Ferguson et al. 2000) and the Chandra
Deep Field-North (CDF-N; Brandt et al. 2001; Alexander et al. 2003) because of early
observations taken with the specified instruments. The GOODS-N field is centered at
a = 12136™55%, § = 62°14™15° (J2000.0; Giavalisco et al. 2004). Prior to and in the few
intervening years since publication of the report by Giavalisco et al., many others have
presented detailed accounts of additional observations of the GOODS-N field, taken
with a multitude of instruments (e.g., Brandt et al. 2001; Alexander et al. 2003; Capak

et al. 2004; Wirth et al. 2004; Biggs & Ivison 2006), and numerous scientific results
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Table 2.2: GOODS-N observations used for the current work

Band, Aeg, or Limiting mag. Area
Telescope/Instrument | wavelength range | (AB & 50, unless noted) | (deg?)
HST/ACS B <27.8 [100] 0.044
1% <27.8 [100] 0.044
i <27.1 [100] 0.044
P <26.6 [100] 0.044
Keck/DEIMOS 4800-9800A R =244
KPNO/MOSAIC U 27.1 0.40
Subaru/SuprimeCam B 26.9 0.27
V 26.8 0.27
R 26.6 0.27
1 25.6 0.27
2! 25.4 0.27
UH/QUIRC HK' 22.1 0.11
Chandra/ACIS 2-8 keV 1.4x 1070 ergem™2 s~ | 0.029
0.5-2 keV 2.5x 107" ergem™2 571 | 0.029
VLA 1.4 GHz/20 cm 20 pJy beam ™! 0.089
Palomar/WIRC K, 22.4 < 0.062

coming from these observations (e.g., Alexander et al. 2002; Barger et al. 2003, 2005,
2007; Bundy et al. 2005; Donley et al. 2005; Grogin et al. 2005; Laird et al. 2005).
Details relevant to the current work are presented in Table 2.1.2.

HST/ACS observations provide high spatial resolution (0.03"” /pixel) images
for 0.044 deg? of the GOODS-N (Giavalisco et al. 2004). The GOODS-N region was
observed in the F435W, F606W, F775W, and F850LP passbands (BV'iz) to 100 limit-
ing magnitudes of better than 27.8 (BV), 27.1 (i), and 26.6 (z; Giavalisco et al. 2004).
Grogin et al. (2005) used these images to characterize the morphologies of a sample
of X-ray-selected AGNs from this field, and stellar masses determined by Bundy et al.
(2005) were based in part on photometry derived from the HST/ACS images. GOODS-

N HST/ACS-imaged galaxies have also been analyzed using the code described by Lotz
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et al. (2008a) to determine various morphology measurements; details of these measure-
ments will be provided in the next chapter.

Optical spectra in the GOODS-N are provided by the Team Keck Redshift
Survey (TKRS) for galaxies to a limiting magnitude of Rap = 24.4 (Wirth et al. 2004).
This survey used the 600 lines mm~! grating on the DEIMOS instrument (Faber et al.
2003) and has a wavelength coverage of 4600-9800A. As for the DEEP2 Redshift Survey
(Davis et al. 2003, 2007), every target was observed for an hour. High quality TKRS
redshifts are defined as those with qualities @ = 3 (90% confidence) or Q = 4 (99%
confidence). The HST/ACS-imaged region of the GOODS-N contains 844 galaxies that
have high quality (Q = 3,4) TKRS redshifts. These spectra can also be used to identify
active galaxies, following the methods described by Yan et al. (2006), and fifty-three
additional spectroscopic redshifts were determined by R. Yan while doing so.

The central 0.2 deg? of the GOODS-N was observed in the UBVRIZ'HK'
bands to 5-o limiting magnitudes of 27.1, 26.9, 26.8, 26.6, 25.6, 25.4, 22.8, and 22.8,
respectively (Capak et al. 2004). The region was observed using the MOSAIC prime
focus camera on the Mayall 4-m telescope at the Kitt Peak National Observatory (U;
Jacoby et al. 1998; Muller et al. 1998; Wolfe et al. 1998), the Suprime-Cam instrument
on the Subaru 8.2-m telescope (BV RIz'; Miyazaki et al. 2002), and the QUIRC camera
on the 2.2-m telescope at the University of Hawaii (HK'; Hodapp et al. 1996).

Wirth et al. (2004) briefly explained the derivation of photometric redshifts
for the GOODS-N, using the UBV RIz'HK' observations described by Capak et al.

(2004) to estimate redshifts, and a Bayesian code (Benitez 2000) to assess the reliability
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of the redshift estimates. Upon comparing the photometric redshifts to the TKRS
spectroscopic redshifts, they found that only 3% of the photometric redshifts differ by
more than 30% from the spectroscopic redshifts (Wirth et al. 2004). In the HST/ACS-
imaged region of the GOODS-N, there ~4800 photometric redshifts, of which ~3900
correspond to GOODS-N galaxies lacking high quality spectroscopic redshifts. Following
Ilbert et al. (2006), a catastrophic error in the determination of the photometric redshift
has occured when |Az|/(1+4z) > 0.15. Based on the 897 galaxies for which photometric
and spectroscopic redshifts are available, it is determined that 7.13% of the photometric
redshifts suffer catastrophic failures; this fraction increases to 7.95% if the photometric
redshifts are constrained to the range 0.2 < z < 1.2. Wirth et al. (2004) also explained
that this set of observations has been used to calculate rest-frame optical (U — B) colors
of many of the GOODS-N galaxies, by combining Kinney et al. (1996) SEDs with the
HST/ACS CCD and filter throughputs.

Figure 2.1 shows the spectroscopic and photometric redshift distributions for
galaxies at z < 2. As indicated on the figure, the lower panels feature GOODS-N
galaxies. The left and right panels of each row show the spectroscopic and photometric
redshift distributions, respectively. For the sake of clarity, the peak of each distribution
is scaled to 100, so the vertical scale is arbitrary.

At almost 2 Ms, the GOODS-N Chandra images are the deepest X-ray obser-
vations currently available (e.g., Alexander et al. 2003), and even though some shallower
X-ray surveys (e.g., XBootes: Murray et al. 2005; AEGIS-X: Laird et al. 2008) surpass

the area of the GOODS-N Chandra image (~0.12 deg?), this single pointing allows the

22



study of more than 500 X-ray sources. Many authors have already taken advantage
of this deep X-ray data, studying, for example, X-ray properties of different galaxy
populations (Brandt et al. 2001; Alexander et al. 2002), host galaxy morphologies of
X-ray-selected AGNs (Grogin et al. 2005), and the evolution of X-ray-selected AGNs
(Barger et al. 2005).

Laird et al. (2005) analyzed the central 0.029 deg? of the Chandra image, and
the results of their analysis is used for the current work. As mentioned previously, X-
ray sources are defined as those objects with Poisson detection probability thresholds <
4x107, a 5-0 detection. At z = 1, the on-axis flux limit for hard-band-selected sources
in the GOODS-N corresponds to Lo_1g ey = 7.6 x 10! erg s~1. The longer GOODS-N
observation leads to the identification of several X-ray sources below the detection limits
of the EGS survey at most redshifts, but fewer than 20 of these correspond to X-ray
sources classified as AGNs.

A region of the GOODS-N covering approximately 0.089 deg? has been ob-
served by the VLA at 1.4 GHz for a total of 50 hours (Richards 2000). The observa-
tions were taken with the VLA in the A configuration, providing an antenna distribution
with a maximum spacing of 36.4 km and a synthesized beamwidth of 1.52". Biggs &
Ivison (2006), whose results are used here, reduced 45 hours of the GOODS-N VLA
observations, choosing to exclude the initial several hours, which had been taken sev-
eral weeks earlier and using a slightly different observing strategy than the majority of
the observations. They identified 537 radio sources and reported a noise level of 5.8uJy

beam ™!, with a 5-¢ flux limit of 20uJy beam™! (Biggs & Ivison 2006). At z = 1, this
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flux limit corresponds to a rest-frame 1.4-GHz power Pj4 cu, = 9.1 x 1022 W Hz ™!,
indicating that the sample of radio-selected AGNs in the GOODS-N (defined below)
will be complete.

Stellar masses of GOODS-N galaxies were determined by Bundy et al. (2005),
following the general methods described above for AEGIS galaxies. HST/ACS observa-
tions (Giavalisco et al. 2004) provided the necessary BV Iz’ photometry, and Bundy et
al. used the WIRC on the Palomar Observatory Hale 5-m telescope to collect K s-band
imaging. Three observations were carried out, covering ~70% of the GOODS-N, and
the final K-band catalog used by Bundy et al. had a limiting magnitude of K, = 22.4.
Bundy et al. (2005) provided stellar masses for 947 galaxies in the HST/ACS region of

the GOODS-N.

2.2 Selection of Active Galactic Nuclei

Active nuclei can be identified using a variety of techniques, each based on
a subset of the characteristics unique to AGNs, including extreme luminosities and
unique signatures in their optical spectra. Although our inability to directly observe
activity in the immediate vicinity of a black hole (i.e., at radii < 10'7cm) makes it
impossible to fully explain the origins of the observed activity, observations continue
to provide important clues to the inner workings of these systems. It seems clear that
massive galaxies contain correspondingly massive black holes in their nuclear regions

(Mpy ~ 107% x Mgpn; e.g., Ferrarese & Merritt 2000; Gebhardt et al. 2000), and the
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activity associated with AGNs is believed to be related to the growth of these black
holes as they feed on nuclear gas (e.g., Peterson 1997). The relativistic speeds reached
by infalling gas particles (which probably form an accretion disk around the black hole)
cause the emission of synchrotron radiation, which is then observed as an approximate
power-law continuum at high frequencies; the power-law turns over as the gas becomes
optically thick at lower (e.g., radio) frequencies (Peterson 1997).

Just beyond the accretion disk is a region believed to be responsible for the
broad emission lines associated with Type-1 Seyfert galaxies; however, this broad-line
region (BLR) is still too close to the black hole to be well-studied. Spatial resolution
begins to be achieved for the narrow-line region (NLR), which is identifiable for both
Type-1 and Type-2 Seyfert galaxies. Careful studies have revealed an approximate
continuum, with respect to the strength of observable broad lines, between the two
types of Seyfert galaxies (e.g., Osterbrock 1981). In addition, AGNs are commonly
identified by X-ray, radio, and infrared characteristics that are clearly due to causes
other than star formation. For example, Condon (1992) reported that the 1.49-GHz
radio power associated with normal galaxies (i.e., non-active with respect to significant
black hole growth) is not likely to exceed Lj 49 gr, ~ 2 X 10> W Hz~!; radio powers
exceeding this by an order of magnitude or more indicate significant nuclear activity.

Attempts to explain some of the observed differences (e.g., the presence or
absence of the BLR) between samples of AGNs identified using various techniques has
led to unification schemes. Typically, the basic idea is that the observed characteristics

of many types of AGNs depend strongly on the line-of-sight between an observer and the
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nuclear source of the continuum emission. A likely explanation involves the presence of a
dusty torus surrounding the nuclear region and obscuring the BLR in certain directions.
Thus, an observer may catch a glimpse of the BLR if the torus is oriented such that
the observer’s line-of-sight coincides with the unobscured cone-shaped region on either
side of the torus, but would be limited to studying the NLR if the line-of-sight runs into
the torus (e.g., Osterbrock 1978). Partial observations of the BLR may be explained
by the presence of a scattering medium in the unobscured cone, such as free electrons,
which could reveal the BLR in polarized light (e.g., Antonucci & Miller 1985; Tran et
al. 1992).

For the current work, AGNs are selected based upon hard (2-10 keV) X-ray
luminosity, 1.4-GHz radio power, and/or AGN signatures in the optical spectra. Each
of these techniques, described in detail below, identifies AGNs that are not necessar-
ily selected by either of the other techniques, thereby increasing the completeness of
the AGN sample as a whole, while also allowing the study of the occasionally unique
characteristics associated with the AGNs (and their host galaxies) identified by a given

method.

2.2.1 X-ray Selection

AEGIS X-ray sources were matched to DEEP2 galaxies using the Likelihood
Ratio method (e.g., Ciliegi et al. 2003; Georgakakis et al. 2008). GOODS-N X-ray
sources were matched to optical counterparts by requiring that the positional offset

between the X-ray source and a potential host galaxy not exceed 1.5" for Chandra
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off-axis angles (OAAs) < 5.0" or 2.0” for OAAs > 5.0’. The average offsets were
then added to the optical positions, and the sources were rematched, using the same
maximum positional offset criteria. If a GOODS-N X-ray source was within the allowed
distance of multiple optically detected galaxies, the nearest object was selected as the
host galaxy. Four of the X-ray sources had two potential hosts during the final matching,
and in each case, the difference between the two positional offsets exceeded 0.5, so that
the closer of the two potential host galaxies was clearly a better match to the X-ray
source; none of the X-ray sources were matched to more than two potential host galaxies.

After matching the X-ray sources to optical counterparts (and thus redshifts),
the method described by Teng et al. (2005) was used to convert the X-ray flux in each
of the four energy bands to a 2-10 keV flux, using an assumed power-law slope I' = 1.4
(e.g., Peterson 1997). Hard X-ray luminosities Lo_19 xey were then calculated using the
extrapolated 2-10 keV fluxes and the best available redshifts. In order of decreasing
preference, the final X-ray luminosity assigned to an X-ray source was based on the
flux from the full, soft, hard, or ultra-hard band (i.e., if the X-ray source did not have
a significant detection in the full-band, then the assigned luminosity was based on the
soft band, the hard band, or the ultra-hard band). The order of preference corresponds
to the sensitivity of the bands; the more sensitive bands received higher preference.
Combining the GOODS-N and AEGIS samples, 276 X-ray luminosities were derived
from full-band fluxes, 22 were derived from soft-band fluxes, two were derived from
hard-band fluxes, and one was derived from the ultra-hard-band flux.

Significant hard-band X-ray luminosities are often used to identify AGNs, be-
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cause only the less energetic (i.e., 0.5-2 keV) and/or less luminous X-ray emissions are
expected to orginate in star formation processes (e.g., Grogin et al. 2003, 2005; Barger
et al. 2005; Laird et al. 2005). The current work implements Lo 19 kev > 1042 erg s~ !
as the criterion for X-ray-selected AGNs (e.g., Grogin et al. 2005; Barger et al. 2007),
an order of magnitude higher than a conservative cut observed by Laird et al. (2005),
who sought to exclude AGNs from their sample. Thus, the X-ray-selected AGN sample
used here should be fairly pure, though it may exclude a few low-luminosity AGNs.

Figure 2.2 shows the 2-10 keV luminosity as a function of redshift for AEGIS
(red symbols) and GOODS-N (blue symbols) X-ray sources with redshifts z < 2. Open
squares represent X-ray sources that are also radio sources, ‘S’s represent X-ray sources
that are selected as AGNs based on their optical spectra, filled diamonds represent X-ray
sources that are both radio sources and optical spectra-selected AGNs, and ‘x’s represent
X-ray sources that are neither radio sources nor optical spectra-selected AGNs.

The black vertical and horizontal lines at Ly_10 ey = 10%2 erg s~!, 2z = 0.2,
and z = 1.2, enclose the sample of X-ray-selected AGNs discussed in the current work.
Also plotted are the on-axis flux limits, as a function of redshift, for the AEGIS (blue
dashed curve) and the GOODS-N (red dash-triple dotted curve). As expected, at high
redshifts the deeper GOODS-N observation detects several AGNs at X-ray luminosities

below the AEGIS flux limits. At redshifts 0.2 < z < 1.2, 95 X-ray-selected AGNs were

identified in the AEGIS and 91 were identified in the GOODS-N.
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Figure 2.2: X-ray luminosity vs. redshift for AEGIS and GOODS-N X-ray sources.

2.2.2 Radio Selection

AEGIS radio sources (5-0 detections) were initially matched to Spitzer/TRAC
images by S. P. Willner et al., who identified matches for both compact and extended
radio sources. Radio source positions derived from the Spitzer/IRAC images were then
matched to galaxy positions derived from HST/ACS images; successful matches were
indicated by positional offsets of less than 0.5”. The average offsets from the suc-
cessful matches were added to the HST/ACS-derived positions, and the sources were
re-matched, again allowing a maximum offset of 0.5”. The AEGIS radio survey does
not include the southern-most end of the HST/ACS observations, thereby excluding
any radio sources in this region. Based on the small size of the AEGIS radio sample, it

is estimated that no more than a dozen radio sources would be excluded, up to ~4 of
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which might have high radio powers.

GOODS-N radio sources were matched directly to the optical images, using
a method similar to the matching between GOODS-N X-ray sources and their optical
counterparts, except that the maximum offset was not varied with the distance from the
center of the VLA observation. There were no cases where a radio source was matched
to multiple optical sources within the maximum positional offset. The GOODS-N radio
survey completely encloses the HST/ACS region, excluding the potential for missing
sources.

After radio sources were matched to the HST/ACS counterparts, 1.4-GHz
radio powers Py 4 qu, (W Hz™!) were calculated based on the measured radio fluxes
and the best available redshift for each galaxy, assuming a radio spectral index a =
0.8, where S, oc v (e.g., Condon 1992). [Note that some authors define S, oc v
(e.g., Thompson et al. 2006; Seymour et al. 2008); their radio spectral indices have
the opposite sign with respect to the convention used here.] A radio spectral index
a = 0.8 corresponds to synchrotron emission from star formation (e.g., Condon 1992;
Seymour et al. 2008), thus the derived radio powers indicate the star-formation rates
(SFRs) implied by the observed radio fluxes. The criterion implemented here for radio
power-based AGN selection, P; 4 gz > 10%° W Hz ™!, represents an unrealistically high
SFR, as suggested by Condon (1992) and the exercise explained below.

Approximately 44% of the AEGIS galaxies at 0.2 < z < 1.2 have stellar
masses from Bundy et al. (2006), nearly 90% of which are < 10! M. Figure 1 of

Noeske et al. (2007) indicates that a 10'! Mg-galaxy at z ~ 1 has a SFR of 40 M
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yr~!. Combining equations (21) and (23) from Condon (1992), which relate the SFR
to the radio power originating from star formation and from HII regions, and using
the conditions specified by Haarsma et al. (2000), we find that a SFR of 40 M yr—!
corresponds to P4 chz ~ 3 x 1022 W Hz~!, which is 2-3 orders of magnitude below
our radio power criterion. Approaching it from the other direction, a radio power
P14 giz = 102 W Hz™! corresponds to a SFR~12,000 Mg yr~!, which is well above
the relation indicated by Figure 1 of Noeske et al. (2007).

Attenuation of radio emissions due to ionized gas surrounding the nuclear
regions of a galaxy may result in observed radio fluxes that represent lower limits to the
intrinsic radio fluxes, suggesting that some of the radio sources with 1.4-GHz powers
slightly lower than the criterion may also be AGNs. Therefore, while maintaining the
high-power criterion for “AGNs”, the characteristics of lower power radio sources (104
W Hz ! < P14 gu, < 102 W Hz™!) are also studied. Figure 2.3 shows the 1.4 GHz
power as a function of redshift for AEGIS (blue symbols) and GOODS-N (red symobls)
radio sources. ‘x’s represent radio sources that are also X-ray sources, ‘S’s represent
radio sources that are selected as AGNs based on their optical spectra, filled diamonds
represent radio sources that are both X-ray sources and optical spectra-selected AGNs,
and open squares represent radio sources that are neither X-ray sources mor optical
spectra-selected AGNs.

The solid black vertical and horizontal lines at P4 gu, = 10%°° W Hz7 !, 2 =
0.2, and z = 1.2 enclose the sample of radio-selected AGNs discussed in the current work.

The dotted horizontal line at P; 4 gu, = 10°* W Hz~! represents the lower boundary of
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Figure 2.3: Radio power vs. redshift for AEGIS and GOODS-N radio sources.

the “high-power” radio source criterion. At redshifts z < 1, this lower boundary seems
to separate the radio sources into two distinct populations, supporting the decision to
study all of the sources that have Pj 4 guy > 1024 W Hz~!. At redshifts 0.2 < z < 1.2,
15 high-power radio sources were identified from the AEGIS and one was identified in

the GOODS-N.

2.2.3 Optical Spectroscopy Selection

The optical spectra-selected AGNs discussed here are a combination of Type-2
Seyfert galaxies, broad-line AGNs (BLAGNs), LINERs, and systems that are clearly
active, but whose AGN class is difficult to specify using currently available spectral

data; such objects are classified as “ambiguous”. Most of the optical spectra-selected
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AGNs, identified by R. Yan (following Yan et al. 2006), were identified based on spectral
emission-line equivalent widths and flux ratios, along with U — B galaxy colors.

Selection of the LINER sample required DEIMOS spectrograph observations
of [OII] and Hf3, a 20 detection of the [OII] line, red U — B galaxy colors (as defined by
Willmer et al. 2006), and an [OII] equivalent width exceeding 18xH3 — 6 (Yan et al.
2006). Spectral coverage for the Seyfert galaxy sample needed to include [OIII] and Hf,
with a 20 detection required for the [OIII] line; the galaxy colors were required to exceed
U — B = 0.8. If the HS detection significance was at least 20, then the final criterion for
the Seyfert galaxy sample was an emission-line flux ratio [OIII]/HB > 3; otherwise, this
inequality represented a required lower limit. In the AEGIS, two broad-line AGNs were
identified, and the optical colors assigned to their host galaxies were significantly bluer
(U — B < 0.5) than the host galaxy colors of the majority of the optical spectra-selected
AGNs.

Due to the differing AEGIS and GOODS-N spectral wavelength coverage, LIN-
ERs could be identifed at 0.7 < z < 0.8 (AEGIS) and 0.2 < z < 1.0 (GOODS-N), while
Seyferts could be identified at 0.3 < z < 0.8 (AEGIS) and z < 1.0 (GOODS-N). The fol-
lowing analyses combined LINERs, Seyferts, BLAGNs, and ambiguous AGNs from the
AEGIS and GOODS-N; thus, the final redshift range of the sample of optical spectra-
selected AGNs was approximately 0.2 < z < 0.9. The U — B colors of the galaxies
hosting these AGNs were also significantly restricted by the selection criteria, and these
restrictions are clearly shown by Figure 2.4, a plot of the U — B colors and redshifts

of the host galaxies of optical spectra-selected AGNs from the AEGIS (blue symbols)
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Figure 2.4: U — B color vs. redshift for host galaxies of AEGIS and GOODS-N optical
spectra-selected AGNs.

and the GOODS-N (red symbols). ‘x’s represent optical spectra-selected AGNs that are
also 5-0 X-ray sources, open squares represent AGNs that are also 5-0 radio sources,
filled diamonds represent AGNs that are both X-ray sources and radio sources, and
‘S’s represent optical spectra-selected AGNs that are neither X-ray sources nor radio
sources. The small gray symbols represent all the galaxies in the AEGIS and GOODS-N
for which reliable redshifts and optical colors are available.

The vertical lines at z = 0.2 and z = 1.2 enclose the sample of optical spectra-
selected AGNs discussed in the current work. The 52 optical spectra-selected AGNs
in the AEGIS sample are divided almost equally between LINERs and narrow-line
Seyfert galaxies, in addition to two BLAGNs (both of which are X-ray-selected AGN,

but because of the incomplete overlap between the X-ray and radio surveys, the radio
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Table 2.3: Summary of X-ray-selected AGNs, high-power radio sources, and optical
spectra-selected AGNs, at 0.2 < z < 1.2.

# of Objects

Sample (Total / AEGIS / GOODS-N)
All 281 / 147 / 134
Lo 10 kev > 10*2 erg g1 186 / 95 / 91
P14 gu, > 102 W Hz ! 16/15/1
Optical spectra-selected AGNs 102 / 52 / 50
Lo 10 kev > 102 ergs™1 & 5/4/1
Piy gu, > 102 W Hz ™!

Lo 10 kev > 102 erg s™1 & 18 /11 /7
Optical spectra-selected AGNs

Pigcu, > 102 WHz T & 0/0/0
Optical spectra-selected AGNs

Lo 10 kev > 10*2 erg s & 0 / 0 / 0
Py gu, > 102 WHz ™! &
Optical spectra-selected AGNs

powers of these two AGNs are not known). The GOODS-N contains 50 optical spectra-
selected AGNs at 0.2 < z < 1.2, of which 13 are LINERs, 16 are Seyfert galaxies, and

21 have ambiguous AGN classifications.

2.2.4 AGNs Selected by Multiple Methods

Table 2.2.4 presents the numbers of X-ray-selected AGNs, high-power radio
sources, and optical spectra-selected AGNs that have been identified in the AEGIS and
the GOODS-N at 0.2 < z < 1.2. Various characteristics of the corresponding host
galaxies, including morphologies and colors, will be discussed in Chapters 5 and 6.
Table 2.2.4 also provides the number of objects that have been identified by multiple
methods, such as AGNs selected by both X-ray and optical spectra techniques.

It is clear from this table that there is not a strong overlap between the various
samples, emphasizing the importance of utilizing multiple selection methods. For ex-
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ample, fewer than 20% of the optical spectra-selected AGNs are also identified as AGNs
because of their X-ray luminosities. One possible reason for the differences between the
samples has been mentioned already — obscuration of the nuclear regions. Additional
explanations include the redshift and color biases caused by the optical spectra selection
technique. However, it is not fully understood why there is such a large discrepancy be-
tween the radio and X-ray selection techniques, and a full exploration of this is beyond

the scope of the present work.
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Chapter 3

Classifying Galaxy Morphologies

This chapter describes several of the techniques that have been implemented to
morphologically classify galaxies from the AEGIS and GOODS-N regions. Combining
the available techniques with the high spatial resolution HST/ACS images allows reliable
morphology measurements out to high redshifts, which is necessary for the study of
galaxies at z ~ 1.

Galaxy morphologies depend upon the rest-frame wavelengths of the images
analyzed. At any given redshift, the observed wavelengths that correspond to the rest-
frame B band are highly sensitive to recent star formation and thus provide an accurate
representation of the current galaxy morphology. In contrast, redder rest-frame colors
correspond to older stellar populations and may miss indications of recent activity. This
distinction is particularly relevent for detection of recent or on-going galaxy interactions.
At the specific redshifts (0.2 < z < 1.2) used for the analyses described here, the

rest-frame B-band light approximately corresponds to the observed V-band images for
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redshifts 0.2 < z < 0.6 and to the observed I/i-band images for redshifts 0.6 < z < 1.2.
Therefore, the galaxy morphologies presented are based on the HST/ACS V- and [ /i-
band for galaxies at 0.2 < z < 0.6 and 0.6 < z < 1.2, respectively.

Code written by J. Lotz (e.g., Lotz et al. 2004) analyzes galaxy images and
simultaneously measures the Gini coefficient G, the second order moment of the brightest
20% of a galaxy’s flux My, concentration C, and asymmetry A. Concentration and
asymmetry (Conselice 2003) have been widely used by many authors to describe AGN
host galaxies (e.g., Grogin et al. 2003, 2005), facilitating comparisons between the results
presented here and previous work. Lotz et al. (2004, 2008a) reported that G and
My form a morphological galaxy classification system that is particularly sensitive to
interacting galaxies and is reliable to redshifts z ~ 1. In addition, Lotz et al. (2008b)
have shown that A and G may be more effective than C and A at separating interacting
galaxies from non-interacting galaxies. The light profiles of AEGIS galaxies have been
measured by R. Griffith (in preparation), using the GALFIT program (Peng et al.
2002) to determine Sérsic indices. Also, the incidence of kinematic close pairs has been

determined by Lin et al. (2004, 2007).

3.1 G, Mgo, C, and A

3.1.1 The Gini Coefficient

Abraham et al. (2003) were the first to use G (also an economic statistic used

to characterize the distribution of wealth in a society) to describe the distribution of
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light among the pixels associated with a galaxy. Pixel associations are determined from
segmentation maps of each individual galaxy created by SExtractor (Bertin & Arnouts
1996). If n is the number of pixels assigned to a galaxy and f; represents the flux
from pixel i (ordered such that f; increases with the pixel index), then we can use the

methods described by Lotz et al. (2004, 2008a) and measure G using

1 S 4
_m;(m—n—l)m\. (3.1)

G
High values of G correspond to galaxies in which the light is distributed among a small
fraction of the associated pixels, such as a galaxy featuring a single bright nucleus or for
a galaxy that features multiple bright nuclei; this latter characteristic contributes to the
greater sensitivity to interacting galaxies associated with G-Msg and G-A classifications.
Low values of G correspond to a homogenous distribution of light among the galaxy’s

pixels, such as would be found for a smooth disk galaxy. Gini measurements of 0.3 <

G < 0.7 are common for observed galaxies.

3.1.2 My

The value of Msg depends on the spatial distribution of the light in a galaxy,

relative to the center of the galaxy. Lotz et al. (2004) defined Mg as follows:

MQO = loglo (XJ:MZ—

tot

), while Y f; < 0.2fo, (3.2)

where

Mo = SO Mo= 37 Fillr 20 + (i~ ), 3.3)
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and (x., y.) is the galaxy center, as determined by minimizing M. The presence
of multiple bright nuclei that are spatially separated from a galaxy’s center increases
the value of Myy toward —1.0. However, if the brightest 20% of the galaxy’s light is
positioned very close to the galactic center, as would be the case for an undisturbed
elliptical galaxy, the value of Myy approaches —2.5 or —3.0. Typical observed galaxies

have —0.5 > Myy > —2.5.

3.1.3 Concentration

Concentration C' compares the radius enclosing a large fraction of a galaxy’s
flux to the radius enclosing a smaller fraction of its flux. For this work, we used the

following definition, provided by Conselice (2003):

C =5 x log(rso% /T20% ) (3.4)

where 7,9 represents the radius enclosing n% of the galaxy’s flux. High values of C
correspond to highly concentrated systems, such as elliptical galaxies, and the value
of C' decreases for more diffuse galaxies, generally including disk galaxies and many

interacting systems. Concentrations 2 < C' < 5 are typical values for observed galaxies.

3.1.4 Asymmetry

Measuring the asymmetry A of a galaxy is a three-step process, beginning with
a rotation of the galaxy image by 180° about its central axis. Then, the rotated image
is subtracted from the original image, and finally, the sum of the absolute value of the
residual flux is compared to the flux of the original galaxy (Conselice 2003). Highly
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symmetrical galaxies, such as undisturbed ellipticals or disks, leave minimal residuals,
and A is small; the significant residuals of disturbed and irregular galaxies correspond

to higher values of A. Galaxies with 0 < A < 1 are typical.

3.1.5 Reliability Criteria for GG, My, C', and A

G, My, and C' are considered reliable for galaxies that have (S/N) per pixel
> 2.5, elliptical Petrosian radii re > 0.3”, and contiguous segmentation maps (as de-
termined by SExtractor; Lotz et al. 2004, 2008a). Reliability criteria for measurements

of A differ only in that the (S/N) per pixel must exceed 4.0, instead of 2.5.

3.1.6 Definitions of Morphology Classifications

Based on calibrations using more than 200 low-redshift galaxies, Lotz et al.
(2004) found that the sensitivity of both G and My to multiple nuclei makes this
classification technique particularly well suited for identifying interacting galaxies. They
also defined three morphology classifications for the non-interacting galaxies. Lotz et
al. (2008a) refined the interacting and non-interacting classifications, and we used these

more recent classifications, defined as follows:

Interacting : G > —0.14 My + 0.33, (3.5)
E/S0/Sa: G < —0.14 My +0.33 and G > 0.14 My + 0.80, (3.6)
Sb—1Ir: G < —0.14 M+ 0.33 and G < 0.14 Myy + 0.80. (3.7)

Pairing A with G allows the classification of galaxies as either interacting
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or non-interacting (Lotz et al. 2008a). The current work implements the following
definitions of interacting galaxies and non-interacting galaxies, similar to those used by

Lotz et al. (2008a):

Interacting : G > —0.4 A+ 0.66 or A > 0.35 and (3.8)

Non — interacting : G < —0.4 A+ 0.66 and A < 0.35. (3.9)

A combination of C' and A form a third method that can be used to morpho-
logically classify galaxies. Adopting the definitions suggested by Conselice (2003), the
subset of AEGIS and GOODS-N galaxies that meet the higher (S/N) per pixel value

are classified as interacting, early-type, or late-type as follows:

Interacting : A > 0.35, (3.10)
Early — type: A < 0.35 and C > 3.5, and (3.11)
Late — type : A < 0.35 and C < 3.5. (3.12)

3.2 Sérsic Profiles

The AEGIS galaxy images have been analyzed by R. Griffith (in preparation)
using GALFIT Version 2.1c (Peng et al. 2002) to determine the Sérsic indices. The ad-
vantage of measuring the light profiles of the AEGIS galaxies is the potentially clearer
distinction between galaxies that feature a single bright nucleus and systems exhibiting
multiple bright nuclei; G tends to group such systems into similar categories. GAL-
FIT can perform multi-component fits using profiles such as de Vaucouleurs, Sérsic,
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exponential, and a stellar PSF; the AEGIS galaxies were analyzed using a Sérsic pro-
file and a stellar PSF. R. Griffith (in preparation) used the following SExtractor out-
puts as initial guesses for GALFIT: mag=MAG_BEST, r, = 0.162xFLUX_RADIUS'®7, and
b/a = 1—ELLIPTICITY, following Haussler et al. (2007; see their Table 3), and n = 2.5
as an initial guess for the Sérsic index. Reliable GALFIT results are selected by requir-
ing relative uncertainties of less than 15% of the effective radii and the Sérsic indices
(Are < 0.15 x e and An < 0.15 x n), GALFIT magnitudes and SExtractor magni-
tudes agreeing to within 1.0 mag (|mgarLFIT — MSExtractor] < 1.0), and Sérsic indices
0.2 < n < 8 (R. Griffith, in preparation). Individual galaxies are classified as having
disk-dominated, ambiguous, or bulge-dominated Sérsic profiles, corresponding to Sérsic

indices 0.2 < n < 1.5, 1.5 < n < 2.5, and 2.5 < n < 8, respectively.

3.3 Kinematic Close Pairs

The sample of kinematic close pairs (e.g., Patton et al. 2002), drawn from those
galaxies that have high quality spectroscopic redshifts (Chapter 2), were identified by
Lin et al. (2004, 2007) who required AV < 2 for objects at 0.2 < z < 0.6, Al < 2
for objects at 0.6 < z < 1.2, and a projected line of sight velocity Arp < 50h~! kpc
for objects at all redshifts (e.g., Patton et al. 2002, Lin et al. 2004). The number of
identified pairs is a lower limit because some companions may be missed due to the
incompleteness of the spectroscopic sample. For example, the spectroscopic redshift

sampling rate in the AEGIS among neighbors of AGN hosts is 0.48 + 0.13, compared
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to 0.66 + 0.02 among neighbors of galaxies without AGNs (where neighbors are defined
as systems with separation < 10.0”, AV < 2, and AT < 2.) The lower sampling rate
around AGN host galaxies indicates that the differences discussed in Chapter 5 may

represent lower limits.
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Chapter 4

The Effects of an AGN on Galaxy Color

and Morphology Measurements

4.1 Introduction

Much of the current work relies on a variety of measurements to facilitate
the characterization of AGN host galaxies. The morphology measurements have been
meticulously calibrated using large samples of local and distant galaxies (e.g., Lotz et
al. 2004), and Kauffmann et al. (2007) reported that the amount of AGN light that may
contaminate the measured UV-optical color should be minimal. Seeking to more fully
understand the effect of an AGN on the techniques used here, this chapter presents an
examination of the extent to which an active nucleus may affect measurements of G,
My, C, A, the Sérsic index, and the UV-optical color NUV — R.

The investigation consisted of two independent experiments. The first involved
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the addition of a series of optical point sources to a sample of AEGIS galaxies; the
point sources were scaled to contribute a specified fraction of the total flux coming
from the resulting galaxy-AGN systems. Morphologies of the simulated systems were
then measured and compared to the measured morphologies of the original systems. A
similar experiment was recently performed by Simmons & Urry (2008), who studied the
effect of an AGN (also represented by a point source) on measurements of the Sérsic
index; they found that the its reliability depends on the number of components used
during the fitting (cf. § 3.2).

For the second experiment, a quasar spectral energy distribution (SED) was
added to the SEDs of quiescent galaxies to determine how an AGN affects the UV-
optical colors of its host galaxy. As for the first experiment, the quasar SED was scaled
to contribute a set of specified fractions of the total flux coming from the final galaxy-
AGN systems, and then the colors of the original and final systems were measured and
compared. Finally, the results of these two experiments were combined to more clearly
illustrate the effect that an AGN might have on the observed color and morphology of

its host galaxy.

4.2 Experiment #1: Adding a Point Source to a Galaxy

4.2.1 Data for Morphology Measurements

Galaxy morphologies indicate the history of the galaxy prior to observation,

thereby providing a means of investigating potential AGN triggers. However, AGNs are
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often visible as an apparent point source in the host galaxy, and occasionally nearly
(or entirely) overwhelm the galaxy’s observable light. The most prominent AGNs are
easy to identify and flag as having potentially unreliable computer-determined mor-
phologies. Unfortunately, the optical contributions from lower-strength AGNs, such as
those associated with Type-2 Seyfert galaxies or LINERs, may subtly yet systematically
contaminate morphology measurements, resulting in an inaccurate characterization of
AGN host galaxies.

The galaxies used for this first experiment were drawn from the AEGIS region
observed by the HST/ACS (§ 2.1.1), and they were chosen to represent a variety of
initial morphologies in order to thoroughly investigate the effect of an AGN on the
morphology measurements. Galaxies with X-ray luminosities Lo_19 ey > 10%? erg
s~!, radio powers P4 gu, > 10** W Hz ™!, and/or identified optical spectra-selected
AGNs (§ 2.2) were excluded from the sample so that the effect of an AGN could be
methodically controlled. As mentioned in § 2.1.1, the AEGIS region observed by the
VLA does not completely encompass the HST/ACS-observed region. To avoid including
any unidentified high-power radio sources, the selected galaxies were therefore required
to be located in a region observed by the HST/ACS, Chandra, the DEEP2 Redshift
Survey, and the VLA (§ 2.1.1). The galaxies were also required to have spectroscopic
redshifts 0.2 < z < 0.6, so that all the analyses could be performed using the V-band
images, which approximately correspond to the rest-frame B band (cf. Chapter 3) at
these redshifts.

A sample of galaxies meeting these criteria was created from two of the HST/ACS
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tiles that contained the highest numbers of eligible galaxies, tiles 1403 (34 galaxies) and
1503 (28 galaxies). This sample of 62 galaxies was then refined by imposing the criteria
designed to guarantee the reliability of the individual morphology measurements (§ 3).
Because the morphology measurements, and combinations thereof, require different cri-
teria, the final samples used for each morphology analysis differ slightly; descriptions of
each sample are provided with the results.

Tiny Tim (Krist 1993) was used to determine an appropriate V-band point-
spread function (PSF) for the AEGIS HST/ACS observations, and this PSF was then
systematically added to the V-band galaxy images as a representation of an AGN. For
the current work, the PSF was represented by a square array of 121 pixels x 121 pixels,
designed to complement the size of postage stamps created from the original galaxy
images. The PSF used while running GALFIT to determine the Sérsic profiles was the
same PSF used by R. Griffith (in preparation) to analyze the AEGIS galaxies; this PSF

was determined independently of the PSF added to the galaxies.

4.2.2 Visual Simulation of an AGN

After selecting the 62 inactive galaxies that constitute the initial sample, the
presence of an AGN was simulated in each of them by adding the PSF to each galaxy’s
V-band image. Taking the SExtractor value MAG_BEST as an approximation of the
apparent magnitude of each galaxy, the V-band fluxes of each of the initial 62 galaxies
(f = 10-04x(MAG_BEST-26.56)

, where fg, has units of [counts/s|) were calcluated.

Then, the scaling factors necessary to cause the PSF to contribute a fraction Nagn of
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the total flux observed from the resulting galaxy-AGN system was determined, where
faan = fza1 ¥ [npsr/(Inpsr)]. Values of Nagn ranged from 5% to 50%, and increased
by 5% increments (Nagn = 5%, 10%, 15%, etc.).

When a galaxy’s natural position of maximum intensity (as defined by SExtrac-
tor’s X_PEAK and Y_PEAK; Bertin & Arnouts 1996) is offset from the galaxy’s geometrical
center, increasing the brightness of the geometrical center may result in a galaxy image
containing two bright nuclei. Although this could allow insightful tests of the mor-
phology measurements, the current goal was to increase the intensity of the natural
nucleus. Therefore, when the scaled PSFs were added to the galaxy images, the center
of the PSF array was positioned to coincide with (X_PEAK, Y_PEAK) from the SExtractor
measurements of the original galaxy images.

Although the original sample contained 62 inactive galaxies, application of the
reliability criteria defined in Chapter 3 resulted in samples containing 57 galaxies for
which measurements of G, My, and C are considered reliable, 52 galaxies for which
Sérsic indices are considered reliable, and 47 galaxies for which A measurements are
considered reliable. Therefore, results presented for GG, My, or the combination of the
two were based on the sample of 57 galaxies, results determined using the Sérsic index
alone or combined with G were based on the sample of 52 galaxies, and the sample of 47
galaxies was used for analyses involving A, C, G-A, and C-A. The five galaxies meeting
the G/Mao/C criteria but not meeting the Sérsic criteria have n = 0.2 or n = 8. The 10
galaxies meeting the G /My /C criteria but not meeting the A criteria have 3 < (S/N)

per pixel < 4.
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4.2.3 The Effect of an AGN on Individual Morphology Measurements

Figures 4.1- 4.5 show the results from individual morphology measurements as
a function of the fraction of rest-frame B band light contributed by the simulated AGNs.
Specific details relevant to the results of each individual measurement are described
below.

In each of these figures, the symbols indicate the change in the specified mor-
phology measurement (e.g., AG = GfpalGinitial) as a function of Nagn (the fraction of
rest-frame B-band flux contributed by the simulated AGN). Black triangles represent
systems initially classified as interacting galaxies; red circles represent systems initially
classified by as E/S0/Sa, early-type, or non-interacting galaxies; and blue squares repre-
sent systems initially classified as Sb-Ir or late-type galaxies. Descriptions of the figures
specify which morphology classification methods were used for the galaxies represented
in the corresponding figures. Occasional “missing” symbols, such as in the second col-
umn and second row of Figure 4.1 (object 13017330), indicate that the system failed the
necessary reliability criteria for the corresponding value(s) of Nagn. The solid curves
connecting the symbols and the dashed line at, e.g., AG = 0 serve to guide the eye. ID

numbers of the original galaxies are shown at the top of each plot.

4.2.3.1 G

When a galaxy’s nuclear flux significantly increases, the measurement of the
distribution of light, G, would be expected to monotonically increase because more of

the light would be distributed among fewer of the pixels associated with the galaxy.
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Figure 4.1: AG as a function of Nagn-.

Figure 4.1 shows AG as a function of Nagn. The six rows are paired by initial mor-
phology, as determined by G-Mag (§ 3.1). The first of each pair of rows shows examples
of systems for which G generally behaves as expected, increasing as the fraction of light
contributed by the AGN is increased, and the second row of each pair shows examples
of unexpected cases for which AG &~ 0 or G actually decreases.

G behaves as expected for a majority of the initially Sb-Ir galaxies; the exam-
ples shown represent most of the Sb-Ir galaxies for which G does not smoothly increase
with AGN fraction. The initially interacting galaxies also have examples of smoothly
increasing GG, but they are less common among the sample, and there are a wider va-
riety of unexpected results. E/S0/Sa galaxies tend to experience little change in the

measured G, or else to change erratically.
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Figure 4.2: AMyg as a function of Nagn-.

4.2.3.2 My

In contrast to the expected increase in G with AGN fraction, the value of
Msy would be expected to decrease as the fraction of light contributed by an active
nucleus increased. Increasing the brightness of a few adjacent pixels, such as the nuclear
region of a galaxy, tends to decrease the spatial distribution of the brightest 20% of the
pixels without changing the overall spatial distribution of the galaxy’s pixels, thereby
decreasing Mo relative to its initial value. Figure 4.2 shows AMyy as a function of
Nacn, and the six rows are again paired by initial morphology determined by G-Maq
with examples of expected results preceding examples of unexpected results.

The systems initially classified as interacting or Sb-Ir galaxies have several

examples of expected behavior; in contrast the systems initially classified as E/S0/Sa
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galaxies tend to experience minimal decreases in Myg, perhaps because they already have
some of the lowest expected values of Msy, while the other two classifications include
many systems beginning with high Msyg. Examples of systems that do not behave as
expected include cases in which Myy increases with Nagn and cases for which the
measurements seem to oscillate strongly, so that there is no clear pattern of increase or

decrease.

4.2.3.3 C

The version of concentration used for the current work (§ 3.1 is proportional
to the negative log of the radius enclosing 20% of a galaxy’s light (r90) to the radius
enclosing 80% of the light (rgp). Increasing the light coming from a few adjacent pixels
will cause both radii to decrease, but roy will be more significantly affected, and C
would be expected to increase as the AGN fraction increases. However, as the AGN
fraction approaches and exceeds 20%, rop is effectively measuring the radius of the
point source function, rendering measurements of C' essentially meaningless for galaxies
containing a very bright AGN. Figure 4.3 shows a few examples for which the galaxy’s
concentration smoothly decreases, such as 13025511 and 13026129, but most systems
behave as expected, at least until the AGN fraction reaches 20%. Measurements from
systems with larger AGN fractions are sometimes automatically excluded by failing to
meet the necessary reliability criteria (e.g., 13018058) and sometimes behave erratically
(e.g., 13016227). The initial morphologies indicated in this figure were determined by

the C-A method (§ 3.1).
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Figure 4.3: AC' as a function of Nagn-.
4.2.3.4 A

Asymmetry is not expected to be affected by the brightness of a central nucleus;
increasing the brightness of the center will do nothing to alter the appearance of the
majority of the galaxy. However, the location to which we added the simulated AGN
was selected to coincide with the original location of the brightest spot in the galaxy (cf.
§ 4.2.2), and this location did not always fall in the center. As illustrated by Figure 4.4,
the presence of an offset nucleus can significantly affect systems initially classified by
C-A as late-type galaxies. FKarly-type galaxies seem to be less affected by the presence of
an offset nucleus, but this result could also be caused a lower incidence of off-set nuclei
among early-type galaxies. In general, the asymmetry of a galaxy is not significantly

affected by the fraction of flux contributed by an AGN, unless the AGN is significantly
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Figure 4.4: AA as a function of Nagn.

offset from the galactic center.

4.2.3.5 Sérsic Index

The Sérsic index n is a measure of a galaxy’s light profile, an indication of
whether the galaxy is better represented as a disk (n ~ 1) or a bulge (n ~ 4). Hence,
increasing the brightness of a few adjacent pixels would tend to increase the Sérsic index
toward a bulge profile. Only one of the galaxies in our sample, the galaxy represented in
Figure 4.5 with ID number 13018046, actually experienced a clear decrease in the Sérsic
index as the AGN fraction was increased. Several systems experienced very little change,
such as the galaxies with ID numbers 13018045, 13018003, and 13018010, independent of
the initial morphology. The Sérsic indices of the remaining systems generally increased
with the AGN fraction. The initial galaxy morphologies of the galaxies represented in
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Figure 4.5: An as a function of Nagn-.

Figure 4.5 were determined by G-Msg. The results from a two-component fit differed
insignificantly from the results from a single-component fit; only the latter results are

presented here.

4.2.4 Morphology Classification Methods

After determining the effect that the simulated AGN has on the individual
morphology measurements, the next several figures (Figures 4.6- 4.9) illustrate how an
AGN affects the morphology classifications of its host galaxy. The first panel in each
of these figures graphically illustrates the two or three morphology classifications (as
defined in Chapter 3) for the corresponding set of morphology measurements; these are

represented by solid lines which are reproduced as dotted lines in the remaining panels.
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The second panel, labeled “0%”, shows the locations on the diagram of the initial
galaxies, and the remaining four panels show the galaxy-AGN systems corresponding
to the Nagn indicated in the lower right-hand corner of the panel (10%, 20%, 30%, and
40%).

The shapes and colors of the symbols in each figure indicate the morphology
classification of the initial galaxies, as shown by the “0%” panel, except for Figure 4.7,
a plot of G vs. the Sérsic index; the initial morphologies indicated by the symbols in
this figure are as determined by G-Mayq (cf. Figure 4.6). These symbols are maintained
throughout all the plots in this figure, so that one can observe the effect of an increasingly
bright nucleus on galaxies of different morphologies. Only the galaxies that meet the
reliabilty criteria for the morphology measurements shown (§ 3) are represented in any
given panel, thus the number of symbols is not always constant from one panel to the

next.

4.2.4.1 G-My

Results from the pairing of G with My are presented in Figure 4.6. As ex-
pected, an increase in the AGN fraction has the effect of increasing the measured Gini
coefficient; this is especially noticeable among Sb-Ir galaxies and the interacting galax-
ies that have Moy > —1.5. It is also clear that AGN fractions Nagn > 30% can cause
a significant decrease in the number of objects meeting the reliability criteria. For
Nagn = 50%, less than half of the initial sample continues to meet the reliability cri-

teria, and a significant decrease in the measured elliptical Petrosian radius is almost
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Figure 4.6: G-M>yy diagrams of simulated AGN host galaxies.

always the cause of exclusion. One of the galaxies that failed to meet the reliability
criteria at Nagn = 50%, initially classified as an interacting galaxy, also failed the S/N
and contiguity criteria.

There is also a trend for Msg to decrease as Nagn increases. Sb-Ir galaxies are
significantly affected by the presence of an AGN, even at Nagn ~ 20%, and many could
be mis-classified as E/S0/Sa galaxies by automated methods. The effect on E/S0/Sa
and interacting galaxies is less significant, but there is still concern that up to 50% of

such galaxies would be mis-classified for strong AGNs.

4.2.4.2 G- Sérsic index

Figure 4.7 depicts the pairing of G and the Sérsic index n. The Sérsic indices
indicated in this figure were determined using a single-component fit (the Sérsic profile;
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cf. § 3.2). Of the 52 initial galaxies that meet the required criteria, less than half
continue to meet the criteria when Nagn = 50%. Most of the galaxies that do not meet
the criteria fail the size criterion (i.e., they have rgy < 0.3”); one galaxy also fails the
S/N and the contiguity criteria (this is the same galaxy mentioned in § 4.2.4.1 which
was initially classified as an interacting galaxy by G-May).

AGNSs most significantly affect the Sérsic profiles of systems initially classified
as Sb-Ir galaxies, but the effect does not seem quite as drastic as the it does on the
G-Myg classification. As the AGN fraction increases, about half of the systems initially
classified as Sb-Ir galaxies transition from disk-dominated or ambiguous classifications
into bulge-dominated classifications. Many of the Sérsic profiles of systems initially

classified as E/S0/Sa or interacting galaxies become more firmly bulge-dominated, but
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there are also several objects of all initial morphologies for which the Sérsic index
undergoes an inconsequential amount of change as the AGN fraction increases.

As was shown by the previous figure, the addition of a point source tends to
increase the value of G so that although the galaxy sample initially has a large range
of G values, the final range (as Nagn approaches 40%-50%) is rather narrow. The
Sérsic index also tends to increase as the fraction of light coming from an added point
source is increased, but this pattern does not apply to all galaxies, as indicated by the
wide spread in Sérsic indices at high point source fractions. This suggests that G is
more sensitive than the Sérsic index to the presence of a point source in a galaxy. As
Nagn and n increase, some of the galaxies originally classified as disk-dominated are
instead classified as bulge-dominated galaxies, suggesting that the fraction of AGN host
galaxies that are classified as disk-dominated should be considered a lower limit to the
true fraction of disk-dominated AGN hosts. Similarly, the fraction of AGN host galaxies
classified as bulge-dominated should be considered an upper limit.

One of the advantages of indicating the G-Myq classifications on this figure, in
particular the panel representing a 0% AGN fraction, is that it shows that systems ini-
tially classified as interacting or Sb-Ir galaxies are generally classifed as disk-dominated
or ambiguous, but only about half of the E/S0/Sa galaxies are classified as bulge-
dominated, and some are actually classified as disk-dominated. Comparing the G-Maq
morphology to the Sérsic index suggests that the Sérsic index may not provide a clear
separation between Sb-Ir galaxies and E/S0/Sa galaxies. This apparent inconsistency

needs more careful consideration.
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4.2.4.3 G-A

The third analysis using G pairs it with A, as shown in Figure 4.8. Unless
the AGN was simulated at a location significantly offset from the geometrical center
of a galaxy, the change in A due to the simulated AGN was effectively null. Four of
the initially non-interacting galaxies steadily increased their measured A as the AGN
fraction increased, but the asymmetries of the majority of the galaxies remainied nearly
constant. As shown previously, a the Gini coefficient of a galaxy steadily increases with
Nagn (cf. Figure 4.6 and Figure 4.7).

Among galaxies initially classified as interacting by the G-A method, there is
little change in the measured values of G and A as the fraction of light coming from

the point source increases. However, as Nagn increases, the region indicating inter-
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action suffers from contamination by misclassified non-interacting galaxies. Figure 4.8
also shows that the sample of galaxies classified as non-interacting is consistently pure,
though increasingly incomplete as Nagn increases. This may indicate that the fraction
of AGN hosts identified as interacting represents an upper limit, and the fraction of
AGN host galaxies identified as non-interacting should be considered a lower limit.
With the increase in AGN fraction, the number of galaxies meeting the reli-
abilty criteria steadily decreases; ~ 40% of the original sample have rgy; < 0.3” when
Nagn = 40%. In addition, one galaxy also fails the S/N and the contiguity criteria
(this is the same galaxy mentioned in § 4.2.4.1; it is initially classified as an interacting

galaxy by G-A).

4.2.4.4 C-A

Figure 4.9 shows the results of morphology classifications based on C and A.
It is again clear that A does not significantly change for the majority of the galaxies
in the sample; the few objects for which a significant change is observed are those for
which the simulated AGNs did not coincide with the galactic center (cf. § 4.2.4.3).
Increasing the AGN fraction generally causes an expected increase in C, but many of
the systems initially classified as late-type galaxies retain their classifications. However,
as discussed previously (§ 4.2.3.3), concentration measurements should only be reliable
to Nagn = 20%, otherwise the concentration is effectively a measurement of the PSF
that was added to the initial system.

The C-A classification method has the advantage that few of the early-type
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Figure 4.9: C-A diagrams of simulated AGN host galaxies.

galaxies are incorrectly classified as the AGN fraction increases. However, the early-type
classification becomes significantly contaminated with late-type galaxies, and approx-
imately 40% of the initial galaxies are excluded for large Nagn, again mainly due to
the size criterion. In addition, one galaxy also fails the S/N and the contiguity criteria
(this is the same galaxy mentioned in § 4.2.4.1; it is initially classified as a late-type
galaxy by C-A). To summarize, for AGN hosts, the early-type classification is rather
complete, but impure, while the late-type classification is mostly pure, but incomplete;

the interacting classification is generally pure and expected to be complete.
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4.3 Experiment #2: Adding AGN Spectral Templates to

Quiescent Galaxy Spectral Templates

For the second experiment, an investigation of the effect of an AGN on the
measured UV-optical color of its host galaxy, a spectral template representing a quasar
was added to spectral templates representing three inactive galaxies — an elliptical, an
Sb galaxy, and an Sc galaxy. The quasar template was scaled to contribute specified
fractions of the rest-frame B-band flux of the resulting galaxy-AGN systems, consistent
with the method used for the first experiment (§ 4.2). The spectral templates and
the methods used for this experiment are presented in detail below. The goal of this
experiment was to determine the fraction of the total flux contributed by an AGN that
was necessary to move a red sequence or green valley galaxy (further) into the green
valley or the blue cloud and to later compare the morphology of the analyzed systems
to the morphologies of AGN host galaxies commonly found in the NUV —r green valley

and blue cloud.

4.3.1 Quiescent Galaxy Templates

Kinney et al. (1996) presented spectral templates of several galaxy types —
including elliptical, Sb, and Sc galaxies — based on observations using the International
Ultraviolet Ezplorer (IUE), the Cerro Tololo Inter-American Observatory (CTIO), and
the Kitt Peak National Observatory (KPNO). At wavelengths 1200-3200A, the IUE

observed 200 arcsec? at the center of each galaxy, and the resulting spectra have a
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resolution of ~ 6A. At the CTIO, the Frutti detector on the 1-m telescope gathered
spectra for visible wavelengths, and the CCD detector on the 1.5-m telescope was used
to observe near-IR wavelengths. Optical spectra observed at the CTIO were measured
with slits 10” x 20", designed to match the area of the IUE aperture. The Reticon
spectrograph at KPNO was used to obtain the optical spectra for the Sc galaxy template
used here; the spectrograph has a 10-A resolution, a 13.5”-diameter circular aperature,
and a wavelength coverage of 3200-7700A (McQuade et al. 1995; Kinney et al. 1996).

Table 1 of Kinney et al. (1996) lists properties of the individual galaxies ob-
served, and their Table 2 specifies which galaxies were used for each template. The
elliptical template is based on UV and optical spectra from NGC galaxies 1399, 1404,
6868, and 7169. For the Sb template, Kinney et al. (1996) combined UV spectra from
NGC galaxies 210, 2841, 4102, 4826, and 7083; optical spectra were available for only
two of these galaxies (NGC 210 and NGC 7083). The Sc template is based on NGC
galaxies 598, 1058, 1637, 2403, 3432, 3994, 4259, and 5194; optical spectra were only
available for NGC 598 and NGC 2403.

To create the spectral templates, Kinney et al. (1996) shifted each spectrum
to its rest frame, corrected for any Galactic exitinction, and then averaged the UV
and optical spectra within each galaxy morphology group (e.g., Sc). Optical spectra
were averaged separately from UV spectra, but similar methods were employed for both
averaging processes, and then the two averaged spectra were combined to produce the
final templates. Kinney et al. (1996) compared their quiescent galaxy templates to

results from Kennicutt (1992) and noted that their Sb template does not sufficiently
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represent young stellar populations in the disk. This suggests that colors derived from
the Sb galaxy template may be too red. However, this did not adversely affect the work

reported here.

4.3.2 Active Galaxy Templates

A quasar spectral template was prepared by Francis et al. (1991) as a composite
of more than 700 individual quasar and AGN spectra from the Large Bright Quasar
Survey (LBQS). Roughly 500 of the quasars and AGNs were observed using the MMT;
the remainder were observed using the southern Du Pont Telescope at the Las Campanas
Observatory. Both sets of observations included at least 3200-6800A at a resolution of
approximately 6A and a S/N = 12. See the paper by Francis et al. (1991) for complete

details of the preparation of the spectral template.

4.3.3 Spectroscopic Simulation of an AGN

Before adding the spectral templates described in SS 4.3.1 and 4.3.2, the rest-
frame B-band flux from the quasar template was scaled to contribute specified fractions
(5%, 10%, 15%, ... 50%) of the rest-frame B-band flux from the resulting galaxy-+quasar
spectra. After adding the scaled quasar spectrum to the galaxy spectra, the NUV—r
colors of each of the original and new systems was measured, and the fraction of light
from the AGN spectra that moved a red sequence or green valley galaxy (further) into
the green valley or blue cloud was determined. Varying the flux contribution from the

quasar spectral template effectively simulated the addition of AGNs with a range of
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luminosities.

Synphot!, a package available for the Image Reduction and Analysis Facility?
(IRAF) includes a task named calcphot that measures the flux f, [erg s™! ecm™2 Hz 1]
in a specified passband for an input spectrum. Using this task we measured f, for the
GALEX NUV, SDSS r, and Johnson B passbands from each of the spectral templates.
Scaling of the AGN templates with respect to the quiescent galaxy templates was based

on the B passband fluxes measured from each spectral template as follows:

NUVsystem = NUVgalaxy + (NUVAGN X Bgalaxy/BAGN) X [n/(ln)]/and (4'1)

T'system = Tgalaxy T (TAGN X Bgalaxy/BAGN) X [n/(ln)]7 (4'2)

n represents the specified fraction of the total B band flux contributed by the AGN
spectral template; Bgygtem /galaxy/AGN Tepresents the B band flux contributed by the
combined system, the galaxy, or the AGN; NUV e /galaxy/aaN Tepresents the NUV
flux contributed by the combined system, the galaxy, or the AGN; and rgytem /galaxy/AGN
represents the r band flux contributed by the combined system, the galaxy, or the AGN.

The NUV—7r color was then calculated as follows:

NUV —r = —2.5 x log(NUV /r). (4.3)

This method of calculating the color is equivalent to first converting the fluxes to AB
magnitudes (e.g., NUV = —2.5 x log(fxuv)48.60) and then calculating the difference

between the NUV and r measurements.

Thttp://www.stsci.edu/resources/software_hardware/stsdas/synphot
http://iraf.noao.edu/iraf-homepage.html
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Figure 4.10: NUV — r as a function of the fraction of B-band flux contributed by an
AGN.

Figure 4.10 shows the change in NUV — r color as a function of the fraction
of B-band flux contributed by the quasar template. Red circles represent the elliptical
template, blue squares represent the Sb template, and the magenta stars represent the
Sc template; dotted lines connect the symbols to help guide the eye. The solid black
lines mark the divisions between the NUV —r red sequence, green valley, and blue cloud,
as indicated in the figure and defined in § 2.1.1. The color of the systems resulting from
the addition of the AGN and quiescent galaxy templates tend toward the color of the
AGN as the AGN fraction increases.

The quasar template brings the initially red elliptical galaxy down into the
green valley and then the blue cloud by AGN fractions of 5% and 20%, respectively.

The Sb galaxy is also drawn from its initial location in the green valley down to the blue
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cloud when only 10% of the B-band flux is contributed by the AGN. Although the color
of the Sc galaxy is also affected by the quasar template, it was blue to begin with, so the
effect is less signficant. This suggests that the UV-optical colors of AGN host galaxies
may be more significantly affected by an active nucleus than previously believed (e.g.,
Kauffmann et al. 2007); however, Kauffmann et al. (2007) specifically excluded quasars,

so this might be a result that depends very strongly on the type of AGN observed.

4.4 QObservable results: UV-Optical Color vs. Sérsic Index

Figure 4.11 shows the color-morphology diagram created by matching the sim-
ulated UV-optical color (NUV — r) results to the Sérsic indices using the fraction of
rest-frame B-band flux contributed by the AGN. The large colored symbols outlined
in black represent the initial galaxies, and the matching solid lines connect the symbol
representing the initial galaxy to smaller black symbols representing each successive
simulated system, progressing as Nagn increases. Small gray symbols represent AEGIS
galaxies at 0.2 < z < 0.6, and the ‘x’s represent AEGIS X-ray-selected AGNs at the
same redshift. All of the AEGIS galaxies represented in this figure were required to
meet the reliability criteria for NUV — R and the Sérsic index (§ 3.2).

This figure suggests that AGN hosts with Sérsic indices n > 4 are simply a
result of the presence of the AGN; these are truly bulge-dominated systems. Although
the UV-optical color appears to be significantly affected by the presence of an AGN, it is

evident from Figure 4.11 that there are few observed AGNs that have color-morphology
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Figure 4.11: NUV — r vs. Sérsic index of quiescent galaxies with AGNs added.

characteristics that are similar to those of the heavily contaminated systems. The
simulated systems become very blue while maintaining low Sérsic indices, but the very
blue observed AGN host galaxies have high Sérsic indices. Green valley AGN host
galaxies that have Sérsic indices placing them in the ambiguous classification (§ 3.2) are
the most likely to be incorrectly classified and not easily identified as being problematic,

and thus extra caution should be taken when studying such systems.
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Chapter 5

Morphologies of AGN Host Galaxies

5.1 Control Samples

Intrinsic properties (such as redshifts, stellar masses, and colors) of the AGN
host galaxies discussed here differ slightly between the three samples, and they differ
significantly from the majority of the AEGIS and GOODS-N galaxies observed at 0.2 <
z < 1.2. For example, AGNs from all three samples are hosted by galaxies that have
masses M, > 2 x 10° M, at least an order of magnitude more massive than the least
massive galaxies detected in the AEGIS and GOODS-N. Comparing the morphological
and color characteristics of our AGN host galaxy samples to a set of quiescent galaxies
that have properties known to be highly inconsistent with typical AGN host galaxy
properties will undoutedly, but unpredictably, bias the results. In an effort to minimize
this bias, three control samples (corresponding to the three AGN samples) have been

selected from among the AEGIS and GOODS-N galaxies.
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Most of the AEGIS and GOODS-N galaxies at redshifts 0.2 < z < 1.2 were ini-
tially eligible for inclusion in one or more of the control samples, but any galaxies known
to host 5-0 X-ray or radio sources or an optical spectra-selected AGN were excluded.
Then, for every AGN and high-power radio source in the AEGIS and GOODS-N, all
of the galaxies from the same survey that had |zaaN — ZGalaxy| < 0.03, B magnitudes
|MB; aaN — MB; Galaxy| < 0.4, and colors [(U — B)aay — (U — B)galaxy| < 0.1 were
selected as part of the control sample for that AGN. Thus, if four galaxies met the cri-
teria for an AGN selected by both its radio power and its X-ray luminosity, those four
galaxies became part of both the radio control sample and the X-ray control sample.

Table 5.1 provides the number of systems in each AGN sample and its cor-
responding control sample. In the results presented here, the morphology and color
measurements of the AGN host galaxies are compared to the meausrements of the
galaxies in the corresponding control samples, instead of to the full samples of AEGIS
and GOODS-N galaxies at 0.2 < z < 1.2.. For clarity, this chapter and the following
chapter will refer to the “X-AGN”, “X-control”, “R-AGN”, “R-control”, “S-AGN”, and
“S-control” samples. Throughout this chapter, the X-AGN sample includes all AEGIS
and GOODS-N galaxies that host an X-ray source with luminosity La_ 19 kv > 10%2
erg s~1; the R-AGN sample includes all AEGIS and GOODS-N galaxies that host radio
sources that with powers P4 anz > 104 W Hz!; the S-AGN sample includes all opti-
cal spectra-selected AGNs in the AEGIS and GOODS-N. The X-control, R-control, and
S-control samples are the control samples corresponding to each of the AGN samples.

In the next chapter, these terms will only refer to the AGN and control samples from
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Table 5.1: Summary of control samples.

Sample AGNs (#) | Control Sample (#)
X-AGN and X-control 186 1354
R-AGN and R-control 16 78
S-AGN and S-control 102 669

the AEGIS.

5.2 AGN Host Galaxy Morphologies

This section provides descriptions of the visual and measured morphologies of
the AGN host galaxies; comparisons between galaxies in the AGN and control samples
are also described. The figures presented in this chapter consist of four panels, each
presenting a sub-sample of AEGIS and GOODS-N galaxies at 0.2 < z < 1.2. In all
four panels, red symbols represent GOODS-N galaxies, and blue symbols represent
AEGIS galaxies; in panels (b)-(d), blue and red symbols represent AGN host galaxies,
and gray symbols represent galaxies from the corresponding control samples. Solid
lines shown in the figures represent divisions between morphology classifications, as
defined in Chapter 3; the names of these classifications are shown in panel (a) of each
figure. Symbols represent only those galaxies that meet the reliability criteria for the
specified morphology measurements (see Chapter 3), so the number of symbols may
change between figures.

Panel (a) shows the most general sample possible that meets the relevant cri-
teria for the morphology measurements being presented. Symbols in panel (b) represent
galaxies in the X-AGN and X-control samples, symbols in panel (c) represent galaxies
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in the R-AGN and R-control samples, and symbols in panel (d) represent galaxies in the
S-AGN and S-control samples. For panels (b)-(d), ‘x’s represent either X-ray-selected
AGNs [panel (b)] or X-ray sources (Ly_10 ov > 10%° erg s7!) [panels (c) & (d)], open
squares represent high-power radio sources (P; 4 grz > 10%* W Hz™!), and ‘S’s represent
optical spectra-selected AGNs. Filled diamonds represent sources that are high-power
radio sources, X-ray sources, and optical spectra-selected AGNs. An encircled symbol in
panel (b) indicates that the AGN represented has an X-ray luminosity Lo_ 19 ey > 10%

erg s~1; in panel (c), circles mark radio-selected AGNs (L14 qu, > 102 W Hz™1).

5.2.1 X-ray-selected AGNs

X-ray-selected AGNs inhabit galaxies possessing a wide range of colors and
morphologies. Several of the host galaxies appear “red and dead” with no obvious
signs of interaction or nuclear activity, and many others are very clearly experiencing
an interaction. However, undisturbed disk galaxies rarely host X-ray-selected AGNs;
the few spiral galaxies in the X-AGN sample show evidence of recent disturbances,
including highly asymmetric spiral arms, fragmented rings, and/or a potentially offset
nucleus. Color images made by combining the AEGIS HST V and I band images show
that most galaxies in the X-AGN sample are predominantly red, indicating a lack of
recent star formation. However, there are several hosts that show evidence of current
star formation. There is a stark contrast between the colors of X-ray sources with

042

luminosities Lo_1¢ rev > 1 erg s~ and those with luminosities Lo_ 10 v < 104% erg

s~!: the former are as described above, but the latter, detected only at low redshifts, are
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generally much bluer, consistent with the expectation that most of their X-ray emissions
result from star formation. Several of the galaxies with the lower X-ray luminosities
have what appears to be a visible point source, possibly due to nuclear starbursts.
Many of the most X-ray-luminous AEGIS AGNs (Lo 10 key > 2 X 1043 erg
s~!) contain a clearly visible nuclear point source in the V and/or I band images,

and the incidence of this seems to increase with X-ray luminosity. In contrast, few

042 1

X-ray sources with luminosities Lo 10 ey < 1 erg s~ contain an optically visible
point source. When they are identifiable, the point sources are slightly more prevalent
in galaxies that have some signs of disturbance, but they are also clearly evident in
several undisturbed, red elliptical galaxies. Several of these galaxies are excluded from
later analyses, probably due in part to the effects of the point source on morphological
measurements.

Two of the X-ray-selected AGNs have radio powers P; 4 g, > 102 W Hz ™!
(corresponding to radio-selected AGNs), and an additional 12 have powers Pi 4 gu, >
1022 W Hz~!. The two R-AGNs appear to be undisturbed, red elliptical galaxies at
z =~ 0.7. Nuclear point sources are evident in six of the galaxies with lower-power radio
sources. The wide range of galaxy characteristics evident among X-AGN galaxies is
also evident when the sample is limited to X-AGNs that are also radio sources, with at
least half of the sample showing some indication of interaction or disturbance. Eleven
X-AGNs are also S-AGNs (two LINERs, seven Seyferts, and two broad-line AGNs that

have very prominent nuclear point sources); three of these are also confirmed radio

sources, though not R-AGNs. Only one of these shows strong evidence of a recent
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interaction, although several of them have colors indicating some recent star formation,
and most are elliptical or early-type disks.

Consistent with earlier work (Pierce et al. 2007), the distribution of X-AGN
host galaxies on the G-Myg diagram differs from the distribution of X-control galaxies,
especially with respect to the Gini coefficient. Panel (b) of Figure 5.1 shows this very
clearly. The X-AGN galaxies tend to have values of G and My that place them in
the E/S0/Sa (or “E-Sa”) morphology classification, while the X-control galaxies extend
to lower values of GG. This conclusion, based upon inspection of the diagram, is sup-
ported by the results of Kolmogorov-Smirnov (K-S) tests (Fasano & Franceschini 1987)
comparing the G and My distributions of the AGN and control samples. We found
negligible (<0.01) probabilities that the G or My values of the X-control and X-AGN
samples were drawn from the same parent population.

Considering the highest luminosity AGNs, those represented by circled sym-
bols in Figure 5.1(b), it is found that such objects are rarely found in Sb-Ir hosts, as
expected by the observed correlation between bulge mass and X-ray luminosity. More
interestingly, it appear that most of these AGNs are either currently interacting or may
have recently experienced an interaction, as suggested by the proximity to the dividing
line between interacting and non-interacting galaxies. Inspection of the HST image of
the GOODS-N AGN with G < 0.3 (and Lo_1g kev = 103 erg s71 at z = 1) suggests
that it may actually be an interacting galaxy.

Based on the G-Msyy morphology classifications, we find that 17% of X-AGN

galaxies are classified as interacting galaxies; this is to be compared to 11% of the X-
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Figure 5.1: G-Myg diagrams of the control and AGN samples. Panels and symbols are
as described in § 5.2.

control galaxies. Though these values are consistent within a 2-o level of uncertainty,
the differences between the fractions of galaxies classified as Sb-Ir and as E/S0/Sa is
significant. Approximately half of X-AGN galaxies are classified as E/S0/Sa galaxies,
while only a third of the X-control galaxies are classified as E/S0/Sa galaxies. Con-
versely, a third of the X-AGN galaxies and 58% of the X-control galaxies are classified
as Sh-Ir galaxies. The fractions of AGN and control sample galaxies assigned to each
of the various morphologies is summarized in Table 5.2.1.

Figures 5.2 and 5.3 show the distribution of galaxies in the AGN and control
samples on the G-A and C-A diagrams, respectively. First recall that the higher (S/N)
requirement causes the exclusion of several X-control galaxies with lower G measure-

ments [cf. Figure 5.1(b) and Figure 5.2(b)]. The similarity between C' measurements
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Table 5.2: AGN host galaxy morphologies.

Sample | Mergers E/S0/Sa Sh-Ir

Sample Size % (#) % (#) % (#)

G - My
X-AGN 149 1773 (25) | 52%% (78) | 31+5 (46)
X-control | 1128 | 1141 (123) | 312 (347) | 58+2 (658)
R-ACN 14 14737 (2) | 57135 (8) | 29793 (4)
R-control | 66 1276 (8) | 5875t (38) | 3075 (20)
S-AGN 91 7T (6) | 65780 (59) | 2977 (26)
S-control | 595 8F1 (48) | 42+3 (248) | 5043 (299)

G-A
X-AGN 106 873 (8) | 927170 (98)
X-control | 718 41 (26) | 96+4 (692)
R-AGN 9 22728 (2) | 78732 (7)
R-control | 46 7ti (3) 93% (43)
S-AGN 80 873 (6) | 93712 (74)
S-control | 423 371 (12) | 9745 (411)

C-A
X-AGN 106 375 (3) 5575 (58) | 427 (45)
X-control | 718 2730 (12) | 3142 (220) | 68+3 (486)
R-AGN 9 12 (1) | 67732 (6) | 22739 (2)
R-control | 46 04 (0) | 61717 (28) | 39782 (18)
S-AGN 80 475 (3) | 698! (55) | 23%% (22)
S-control | 423 141 (5) | 4143 (174) | 5844 (244)
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Figure 5.2: G-A diagrams of the control and AGN samples. Panels and symbols are as
described in § 5.2.

of the X-AGN and X-control samples is very small, likely due to the few AGN hosts
with very high concentrations (C' > 6). However, the asymmetry measurements are
statistically quite similar; a K-S test indicated a 72% probability that the two samples
were drawn from the same parent population.

It is clear from these figures that the X-ray-selected AGNs are not classified
as interacting at a significantly different rate than the galaxies comprising the X-ray
control sample, though they are more concentrated. Interacting X-AGN galaxies make
up 3% (C-A) to 8% (G-A) of the sample, and 2% (C-A) to 4% (G-A) of the X-control
galaxies are so classified. The higher fractions of interacting galaxies from the G-A
classification is a result of the finding by Lotz et al. (2008a) that galaxies with low

values of A show signs of disturbance when they also have high values of G. Using the
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Figure 5.3: C-A diagrams of the control and AGN samples. Panels and symbols are as
described in § 5.2.

C-based division between early-type and late-type galaxies (Figure 5.3), a significant
difference is found between the fractions of X-AGN galaxies classified as early-type
(55%) or late-type (42%) and the fractions of X-control galaxies classified as early-type
(31%) and late-type (68%). These results are consistent with results from the G-Myg
analysis.

Close kinematic companions are associated with 25% of the X-control galaxies
and 25% of the X-AGN hosts (for both calculations, we limited the samples to include
only those galaxies for which we have spectroscopic redshifts). Table 5.2.1 lists the
number and fraction of AGN and control sample galaxies for which kinematic close

pairs have been identified.
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Table 5.3: AGN host galaxies with kinematic close pairs.

Sample Pairs
Sample Size % (#)
X-AGN 96 2570 (24)
X-control 578 25+2 (143)
R-AGN 8 0723 (0)
R-control | 37 19720 (7)
S-AGN 100 2178 (21)
S-control | 293 | 3113 (91)

5.2.2 Radio-selected AGNs

The five radio-selected AGNs, all from the AEGIS, have three distinct types
of host galaxies — two undisturbed, red elliptical galaxies, two with obvious signs
of interaction, and one that appears to be a red disk with a faint nucleus and no
bulge. The interacting and elliptical radio-selected AGN host galaxies have visible
nuclear point sources, although the bright nucleus of the less powerful elliptical host
may result from a nuclear starburst. The red disk has a small clump just off one
end, suggesting interaction-related star formation. Radio sources with powers 1024 W
Hz™! < P14 guy < 10%® W Hz™! are similar to their higher-power counterparts in that
most are predominantly red ellipticals, many of which show indications of interactions
and star formation; one notable exception is a very clear merger at z ~ 1.2. Less
powerful radio sources increasingly include disk galaxies, consistent with the expectation
that star formation is the predominent source of radio emissions from such galaxies;
however, there are also a few ellipticals and disturbed /irregular galaxies in the sample.

As mentioned above, there are two radio-selected AGNs that are also X-ray-

selected AGNs; these are the two elliptical host galaxies. In addition, four radio sources
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with 102* W Hz™! < P4 ¢, < 102 W Hz ™! are also X-ray sources (two have 104!

1 and two have Lo_1g ey > 10*2 erg s71). Two

erg s71 < Ly 10 v < 10%% erg s”
of the galaxies that host both a radio source and and X-ray source are potential dry
mergers; a third galaxy is more of a train wreck. Six of the radio sources with 1022 W
Hz ! < Py gu, < 10** W Hz™! are also identified as optical spectra-selected AGNs,
and they are split roughly evenly between elliptical and disk host galaxies. One of the
ellipticals shows evidence of a recent interaction, and two have bright nuclear point
sources. Two of the disk galaxies are also X-ray-luminous (Ls_10 ey < 10*3 erg s71)
and the third appears to have a significant amount of on-going star formation, along
with an older stellar population.

The R-AGN sample is too small to provide statistically significant conclusions
about the distributions of G and My, but there does seem to be a trend similar to the
sample of X-ray-selected AGNs, in that more than half (57%) of the R-AGN galaxies
are classified as E/S0/Sa, Sb-Ir classifications apply to a smaller fraction (29%), and
interacting galaxies comprise the smallest fraction (14%). However, unlike the X-control
galaxies, the R-control galaxies have a similar distribution of morphology classifications
(interacting: 12%; E/S0/Sa: 58%; Sb-Ir: 30%). According to K-S tests, which support
the apparent similarities between the G and My distributions of the R-AGN and R-
control galaxies, the probabilities that the G and Msy measurements were made on
galaxies drawn from the same parent population is 48% and 53%, respectively.

The most powerful radio-selected AGN (L14 g, = 2.6 x 102> W Hz™!) is

classified as an E/S0/Sa by G-Mag, with G = 0.59; this classification is firmly supported
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by visual inspections of the HST images. This source is also a luminous X-ray-selected
AGN. The two radio-only AGNs show evidence of interactions; though only one is
classified as an interacting galaxy by G-Msq, the other has measurements that place it
very close to the division between interacting and non-interacting.

As with the X-ray samples, the higher (S/N) requirement used for measure-
ments of A decreases the size of the samples that can be analyzed. Based on the
asymmetry measurements, there is a high probability (78%) that the radio source and
control samples were drawn from the same parent population. The concentrations are
not quite as similar; a K-S test suggests an 18% probability that the two samples were
drawn from the same parent population.

Figure 5.2(c) and Figure 5.3(c) indicates that R-AGN galaxies are slightly more
likely to be classified as interacting (11% to 22%) than R-control galaxies (0% to 7%),
though the fractions of galaxies classified as early-type (R-AGN: 67%; R-control: 61%)
and late-type (r-AGN: 22%; R-control: 39%) by C-A are fairly consistent. What may
be significant is the result that the radio-selected AGNs are more likely to be classified
as interacting than the lower power radio sources included in these figures.

None of the eight (0%) R-AGN galaxies for which we have spectroscopic red-
shifts have a kinematically identified close companion. However, 19% of the R-control
galaxies (also limited to the sub-sample for which we have spectroscopic redshifts) are
identified as being part of a kinematic close pair. As with the X-ray sample, these

fractions are roughly consistent.
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5.2.3 Optical spectra-selected AGNs

On account of the method used to select the S-AGN sample, the vast majority
of the host galaxies have red U — B colors, and the HST/ACS images are generally
consistent with the measured colors. There are several notable exceptions, especially at
lower redshifts, where we find a higher fraction of Seyferts which appear to have more
recent star formation. Nuclear point sources are apparent in a few of the LINERs and
Seyferts, as well as in the BLAGNs. At least half of the S-AGN galaxies apparently
undisturbed elliptical or early-type disks, and a few of the Seyfert host galaxies show well
defined spiral structure. The remaining S-AGN galaxies could be classified as interacting
or merger remnants, due to the presence of tidal features, rings, or asymmetric star
formation structures.

Twelve of the S-AGN galaxies are also X-ray sources (eleven of which are X-
ray-selected AGNs), and six of the S-AGN galaxies are also radio sources (though none
are radio-selected AGNs); four are known to be both X-ray and radio sources, and three
of the remaining X-ray sources are located in the region not covered by the radio survey.
These galaxies have already been discussed above. The majority of S-AGN galaxies that
are also X-ray or radio sources are Seyferts, but there are also two LINERs with high
X-ray luminosities, in addition to the two BLAGNs. Both of these LINERs are hosted
by apparently undisturbed elliptical galaxies, though the less X-ray-luminous of the two
has a kinematically identified companion.

Optical spectra-selected AGNs fall between the two extremes represented by
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the R-AGN and X-AGN galaxies, in that the distributions of G and My measurements
of the AGN host and control sample galaxies are more similar than the X-ray samples,
but not as similar as the radio samples. K-S tests suggest probabilities <0.01% that
the S-AGN and S-control galaxies were drawn from the same parent population, based
on measurements of Msy and G. Almost 7% of the S-AGN galaxies are classified as in-
teracting, compared to 8% of the S-control galaxies. The fraction of S-control galaxies
classified as E/S0/Sa and Sb-Ir are similar, 42% and 50%, respectively, but the corre-
sponding fractions for the S-AGN galaxies show less consistency; 65% are classified as
E/S0/Sa, and 29% are classified as Sb-Ir.

The probability that the asymmetries of the S-AGN and S-control galaxies were
drawn from the same parent populations is 23%, according to a K-S test, but there is
only a negligible probability that concentrations of the S-AGN and S-control galaxies
were drawn from the same population. These statistics are not conclusive regarding
whether or not the S-AGN and S-control galaxies were drawn from the same parent
population.

According to Figures 5.2 and 5.3, 4% to 8% of S-AGN galaxies are classified as
interacting, compared to 1% to 3% of the S-control galaxies. (Again, the higher fraction
of interacting galaxies is associated with the G-A analysis.) The non-interacting S-
control galaxies are more often classified as late-type (58%), while the S-AGN galaxies
are more often classified as early-type (69%). These differences are roughly consistent
with the inconclusive K-S tests reported earlier. There is a very evident division between

“symmetric” and “asymmetric” galaxies in these samples. The two GOODS-N AGNs
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with A > 0.4 have ambiguous AGN types; the third AGN, from the AEGIS, is classified
as a LINER and is surrounded by at least three blue, star-forming objects.

The fractions of the optical spectra control and AGN samples that are asso-
ciated with a kinematic close pair are less consistent; the fractions are 21% and 31%,

respectively. See Table 5.2.1 for details.

5.3 Discussion

There are no AGNs actually selected as such by all three of our methods.
Although many of the S-AGN galaxies have sufficiently high X-ray luminosities, they
lack sufficient radio powers to be classified as radio-selected AGNs or to be included in
the sample of high-power radio sources (see Figures 2.2 and 2.3). However, many of
the S-AGN galaxies contain a low-power radio source and/or an X-ray source. These
nine objects are all represented on the G-Msy diagram shown in Figure 5.1(d) (five are
also represented in panel (b) of that figure), and all are classified as being hosted by
E/S0/Sa galaxies. Panel (d) of Figures 5.2 and 5.3 also include all nine galaxies, and on
account of their concentrations the hosts are classified as early-type; however, two of the
nine have Gini coefficients that edge them into the interacting region. It has also been
found that the host galaxies of these AGNs are generally more asymmetric than the
majority of the S-AGN galaxies. Combining the E/S0/Sa and early-type designations
with the higher asymmetries suggests that these may be post-merger systems (Lotz et

al. 2008b).
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None of the optical spectra-selected AGNs hosted by interacting galaxies (as
classified by G-Myg and/or C-A) have confirmed radio or X-ray emissions, but many of
the X-ray-selected AGNs and high-power radio sources that are hosted by interacting
galaxies (in particular, those so classified by G-Msg) also contain a radio source or an
X-ray source, respectively. This is significant because it suggests an intrinsic difference
between the optical spectra-selected AGNs and the X-ray-selected AGNs or high-power
radio sources that are associated with interacting galaxies. Also, the interacting hosts
of X-ray and radio AGNs/sources are found to have high values of G and My (and low
values of A) when compared to the interacting hosts of optical spectra-selected AGNs,
suggesting that the different AGN samples may be at different stages in their respective
interactions (see Lotz et al. 2008b). Further exploration of this potential result and a
discussion of the implications are presented in the next chapter.

The fraction of AGN host galaxies classified as interacting is roughly consistent
with the fraction of control sample galaxies classified as interacting. However, the
fraction of all galaxies (that meet necessary reliability criteria) at 0.2 < z < 1.2 that are
hosted by identified AGNs is quite small (<7%). These results indicate that (1) AGN
host galaxies comprise an atypical sub-sample of the galaxies at z ~ 1, especially with
respect to their stellar masses and colors, which has been shown before (e.g., Kauffmann
et al. 2003), and (2) galaxy interactions do not invariably lead to significant nuclear
activity. However, if the AGN host galaxies are compared to control samples that only
include galaxies that have redshifts, U — B colors, and B magnitudes similar to those

of the AGN host galaxies (and for this exercise, not excluding the AGNs), then it is
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found that the fraction of interacting galaxies that host an AGN is 18% (G-Myg) to 35%
(C-A), significantly higher than the fraction determined above. This may offer support
to the scenario in which mergers are expected to consistently lead to significant growth
of a nuclear black hole, if the galazies involved have a certain set of characteristics.

The authors of reports on such scenarios (e.g., Hopkins et al. 2008a,b) have
made it is clear that there are qualifications placed on their scenario, such as the relative
masses of the interacting objects. Mergers between galaxies of similar masses (major
mergers), at least one of which harbors a quiescent black hole, are much more likely to
result in a period of significant black hole growth than a merger between galaxies of
very different masses (minor mergers). Although it is not currently possible to distin-
guish between major and minor mergers among the interacting galaxies in the samples
described here, the fact that high-mass galaxies are much more likely than low-mass
galaxies to host AGNs suggests that absolute galaxy mass may also be important in
determining which galaxy interactions trigger an AGN.

Kinematically close galaxy pairs are neither more nor less frequently identified
among any of the AGN samples as compared to the corresponding control samples.
From this it can be concluded that either the black hole does not begin to accrete
significantly until after the galaxies have merged, or else accretion-related AGN emission
is heavily obscured by gas and dust in the galaxies during the interaction, and prior to

coalescence.
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Chapter 6

Color-Morphology Relationships of

AGN Host Galaxies

6.1 Optical and UV-Optical Galaxy Colors

Baldry et al. (2004) analyzed the optical colors (u — r) of a sample of low-
redshift galaxies and found a bimodal distribution of red and blue galaxies that was
well modeled by the sum of two Gaussians fitted to the individual red and blue galaxy
distributions (see their Figures 3 and 4). Such results suggest a rapid decline in star
formation, leading to an abrupt change in the predominant stellar ages and colors.
However, Kennicutt (1998) explained that the ultraviolet continuum, to which young
stars contribute significantly, provides a more accurate indicator of star formation rates.
Following up on this, Wyder et al. (2007) examined the color-magnitude diagram of the

UV-optical color NUV —r for a sample of galaxies at 0.01 < z < 0.25. Although Wyder
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et al. (2007) found that Gaussians well modeled the peaks of the red and blue galaxy
distributions, they found an excess of galaxies between the two peaks (see their Figures
12-14), in contrast to the results of Baldry et al. (2004) and supportive of a population
of either star-forming galaxies slowly shutting down (likely located near the red edge of
the blue sequence) or nearly quiescent galaxies with low levels of star formation, such
as might be associated with a minor disturbance of an elliptical galaxy or a merger
remnant (likely located near the blue edge of the red sequence). Wyder et al. (2007)
also found that the UV-optical colors exhibit a wider separation between the red and
blue sequences than the purely optical colors studied by Baldry et al. (2004), allowing
a closer examination of the characteristics of the galaxies progressing from blue to red
(or red to blue). Thus, UV-optical colors are particulary relevant for characterizing the
host galaxies of the AGN samples discussed here and studying the possible connections
between AGNs and galaxy interactions and between AGN feedback and the cessation
of star formation.

As explained previously, the UV-optical colors are especially relevant to the
current study. Unfortunately, the requirements for a reliable measurement of the NUV —
R color exclude 48% of the X-AGN galaxies and 67% of the R-AGN galaxies; the
requirements also exclude ~25% of the galaxies from each control sample and 8% of
the S-AGN galaxies. The low level of exclusion for the S-AGN sample is due to the
nature of the reliability requirement — a good fit between the optical spectrum and
a spectral template — and the method of selection for this AGN sample, which out

of necessity requires a reliable optical spectrum. No significant correlations have been
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found between the exclusion of AGN host galaxies and X-ray luminosity, radio power,
redshift, U — B color, Mp, or the elliptical Petrosian radius. In order to maximize
the number of galaxies described, an optical (U — B) color-magnitude diagram (CMD;
Figure 6.1) is presented first, followed by the UV-optical CMD (Figure 6.2).

The figures presented in this chapter consist of four panels, each presenting a
sub-sample of AEGIS galaxies at 0.2 < z < 1.2, following the same pattern as the figures
presented in Chapter 5. Solid lines shown in the figures represent divisions between the
color classifications defined in Chapter 2 and/or the morphology classifications defined
in Chapter 3; the names of these classifications are shown in panel (a) of each figure.
Symbols represent only those galaxies that meet the reliability criteria (see Chapters 2
and 3) for the specified color or morphology measurements, so the number of symbols
in each panel may change between figures.

Panel (a) shows the most general sample possible that meets the relevant
criteria for the measurements being presented. In panels (b)-(d), gray symbols represent
galaxies in the control sample that corresponds to the AGN sample represented by the
blue symbols. Symbols in panel (b) represent galaxies in the X-AGN and X-control
samples, symbols in panel (c) represent galaxies in the R-AGN and R-control samples,
and symbols in panel (d) represent galaxies in the S-AGN and S-control samples. For
panels (b)-(d), ‘x’s represent either X-ray-selected AGNs [panel (b)] or X-ray sources
(La_10 xev > 1090 erg s71) [panels (c) & (d)], open squares represent high-power radio
sources (P4 qu, > 104 W Hz™!), and ‘S’s represent optical spectra-selected AGNs.

Filled diamonds represent sources that are high-power radio sources, X-ray sources, and
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optical spectra-selected AGNs. An encircled symbol in panel (b) indicates that the

1

AGN represented has an X-ray luminosity Lo_1g ey > 10** erg s~1; in panel (c), circles

mark radio-selected AGNs (L1.4 qu, > 10%° W Hz™1).

6.1.1 Optical Colors of AGN Host Galaxies

Figure 6.1 shows the optical CMD of the three AGN samples and the corre-
sponding control samples. Because the galaxies in the control samples were selected
based in part on the similarity between their B magnitudes and optical colors to those
comprising the AGN host galaxy samples, a strong correlation is found between the
locations of the AGN samples on the CMD and the locations of the control samples.
A series of K-S tests supports this quantitatively, giving probabilities 9% - 85% and
0.03% - 8% that the samples were drawn from the same parent population of U — B col-
ors and B magnitudes, respectively. In both cases, the X-AGN and X-control galaxies
show the lowest probabilities, while the R-AGN and R-control galaxies show the highest
probabilities.

Comparing panel (a) to panels (b)-(d) suggests that AGN host galaxies in
general, and high-power radio sources in particular, are among the reddest and most
luminous systems at the redshifts under consideration. Two exceptions are the optical
spectra-selected AGNs hosted by blue galaxies, some of which approach the lower B
magnitudes, and the optical colors of the X-AGN galaxies, which are only slightly more
often red (45%) than blue (43%). For comparison, 73% of the R-AGN galaxies and 60%

of the S-AGN galaxies are red. These fractions are summarized in Table 6.1.1.
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Figure 6.1: U — B vs. Mp diagrams of the control and AGN samples in the AEGIS.

Panels and symbols are as described in § 6.1.

Table 6.1: AGN host galaxy optical colors.

Sample Red Green Blue K-S
Sample Size % (#) % (#) Y% (#) %
X-AGN 93 4578 (42) | 1275 (11) | 4375 (40) | 9
X-control | 878 | 37+2 (324) | 941 (80) | 54£2 (474) | ...
R-AGN 15 73725 (11) | 7R (1) | 20710 (3) | 85
R-control | 77 78+ 60) | 3%3(2) | 1978 (15) | ..
S-AGN 52 60t}51” (31) | 1578 (8) | 2572 (13) | 24
S-control | 516 | 52+3 (268) | 1342 (68) | 35+3 (180)
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The high fraction of red S-AGN galaxies is consistent with the method of
selecting this AGN sample; the S-AGNs hosted by the two very blue galaxies (U — B <
0.5) are BLAGNs and X-ray-selected AGNs, but they are not radio sources (even at
low radio powers). HST/ACS images reveal that both of these galaxies contain visible
point sources which may affect the measured optical colors. The HST/ACS images of
the two X-ray-selected AGNs hosted by the bluest galaxies that are not optical spectra-
selected AGNs also suggest that the AGN may contribute significantly to the measured
optical color; the third-bluest host (at Mp ~ —21.5) consists of a red elliptical with a
significant patch of star formation, probably due to an interaction. The radio-selected
AGN at Mp =~ 19 has a photometric redshift z = 0.8 and a significant radio flux; based
on the HST/ACS image of the galaxy matched to this radio source, the host is a faint,

red elliptical with a small region of possible star-formation just off one end.

6.1.2 UV-Optical Colors of AGN Host Galaxies

As discussed above, UV-optical colors exhibit an excess between the blue and
red color classifications, suggesting that galaxies experience a transitionary period. Fig-
ure 6.2 provides the UV-optical CMD of the AGN and control samples. As with the
optical colors, there are fairly high levels of correlation between the UV-optical colors
of the AGN /high-power radio source host galaxies and the colors of the galaxies in the
corresponding control samples, with probabilities 1% - 78% of having been drawn from
the same parent population. The decrease in the number of galaxies in the samples, due

to the requirements for the measurement of the NUV — R colors, is very clear for the
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Figure 6.2: NUV — R vs. M p diagrams of the control and AGN samples in the AEGIS.
Panels and symbols are as described in § 6.1.

radio sample, but the trends evident in Figure 6.2 are roughly the same as those seen
on the optical CMD. In particular, the galaxies represented in panels (b) - (d) are still
among the reddest and most luminous systems represented in panel (a).

Significant fractions of X-AGN (51%) and S-AGN (48%) galaxies are desig-
nated as “green valley” galaxies. These two AGN samples differ on the second most
common color designation, with 31% of the X-AGNs hosted by blue galaxies and 35%
of the S-AGNs hosted by red galaxies. With only five R-AGN galaxies, it is difficult to
reach any statistically meaningful conclusions about that sample, but it does seem clear
that they are rarely found in blue galaxies, and then only on the red edge of the blue
cloud. Table 6.1.2 provides a summary of these numbers.

The fractions of optically blue AGN hosts that are in the UV-optical green
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Table 6.2: AGN host galaxy UV-optical colors.

Sample Red Green Blue K-S
Sample Size % (#) % (#) % (#) %
X-AGN 49 1878 (9) [ 5172 (25) | 3170 (15) | 1
X-control | 448 | 1942 (86) 3943 (143) | 4843 (217) | ...
R-AGN 5 60735 (3) 0+37 (0) 40753 (2) | 78
R-control | 36 | 50715 (18) o4 | 1172 (1)
S-AGN 48 35t11 (17) 48% (23) | 1775 (8) | 44
S-control | 227 | 3244 (73) | 44+4 (99) | 2473 (55)

valley is consistent with the fraction of optically blue galaxies from the corresponding
control samples in the UV-optical green valley; the same can be said for the optically
red AGN hosts and the corresponding control samples. This supports the expectation
that UV light from the AGNs does not strongly affect the NUV — R colors for most
AGN host galaxies (e.g., Kauffmann et al. 2007) and implies that most AGN hosts are
in the green valley because of increased levels of star formation, relative to the levels of

star formation going on in AGN hosts with red UV-optical colors.

6.2 AGN Host Galaxy Color-Morphology Relationships

Here we describe the color-morphology relationships of AGN host galaxies.
Reliability criteria for the Sérsic profile measurements excluded 32% of the X-AGN
galaxies, 12% of the X-control galaxies, 40% of the R-AGN galaxies, 18% of the R-
control galaxies, 19% of the S-AGN galaxies, and 8% of the S-control galaxies. In order
to discuss a more complete representation of AGN host galaxy Sérsic profiles, the Sérsic
profiles are first shown with the optical colors of the AGN and control sample galaxies
(Figure 6.3), and the UV-optical colors and the Sérsic profiles are presented (Figure 6.4).
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6.2.1 U — B Colors and Sérsic Profiles

The division between red and blue optical colors used by Willmer et al. (2006)
is consistent with the horizontal line shown in each panel of Figure 6.3. Vertical lines
separate the galaxies according to their dominant Sérsic profiles, as defined above.
The decreased sample sizes do not affect the color trends seen in Figure 6.1 among
AGN /high-luminosity radio source host galaxies and the corresponding control samples.
However, the Sérsic profiles presented in Figure 6.3 indicate some disparity between
the X-AGN and X-control galaxies and between the S-AGN and S-control galaxies,
consistent with the low probabilities (<0.4%) that the Sérsic profiles of these AGN
and control samples were drawn from the same parent populations. The high-power
radio sources have Sérsic profiles that seem quite consistent with the radio control
sample profiles, but the small sample size necessitates a high level of caution regarding
significant conclusions.

Table 6.2.1 summarizes the fractions and numbers of AGN and control galaxies
categorized as bulge-dominated, ambiguous, or disk-dominated (following the definitions
from § 3.2. Galaxies in the X-AGN sample are most often classified as bulge-dominated
(68%), with statistically consistent fractions classified as disk-dominated (19%) and
ambiguous (13%). Galaxies in the X-control sample, however, are more often classified
as disk-dominated (49%) and less often classified as bulge-dominated (36%).

What really stands out is a difference in color distribution as a function of

the Sérsic index. The blue galaxies in the X-control sample are very likely to have
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Figure 6.3: U — B diagrams of the control and AGN samples in the AEGIS. Panels and

symbols are as described in § 6.1.

Table 6.3: AGN host galaxy Sérsic profiles.

Sample | Disk-dominated | Ambiguous | Bulge-dominated | K-S
Sample Size % (#) % (#) % (#) %
X-AGN 78 1978 (15) 137} (10) 68751 (53) 3e-5
X-control | 782 4943 (384) | 15+1 (114) 36+2 (280)
R-AGN 11 27121 (3) 18133 (2) 55133 (6) 74
R-control | 66 2378 (15) 975 (6) 68712 (45)
S-AGN 44 2072 (9) 1472 (6) 66715 (29) 0.4
S-control | 466 40+3 (185) 16+2 (75) 4443 (204)
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disk-dominated profiles, while there are roughly equal numbers of blue X-AGN host
galaxies classified as disk-dominated and as bulge-dominated. Furthermore, although
the bulge-dominated galaxies in the X-control sample are almost exclusively red, there
are almost as many blue galaxies among the bulge-dominated X-AGN host galaxies
as there are red galaxies. There are clearly at least three possibile explanations for
this result. (1) The AGNs significantly contribute to the measured colors of their host
galaxies, leading to artificially low U — B colors of bulge-dominated galaxies; (2) the
AGNs strongly affect the measurement of the Sérsic profiles, artificially increasing the
Sérsic indices of AGN hosts with disk-dominated profiles; or (3) bulge-dominated AGN
host galaxies are undergoing higher levels of star formation than a comparable sample of
bulge-dominated galaxies that do not host AGNs. Options (1) and (2) are of particular
concern for objects such as the AGN host with low optical color, high Sérsic index, and
high X-ray luminosity. Based on the discussion of Figure 6.2, option (1) does not seem
to pose a significant problem, except in the case of very luminous, unobscured AGNs,
such as are found in hosts with U — B < 0.5. Option (3) will be further discussed along
with the comparison between the UV-optical colors and the Sérsic profiles.

Figure 6.3(c) presents the optical colors and Sérsic profiles of the radio sam-
ples. As for the X-ray samples, it is reassuring to find that the distribution of optical
colors of the R-AGN and R-control galaxies are very similar, further supported by a
78% probability that the two samples were drawn from the same parent population
(based on a K-S test). In contrast to the X-ray samples, but subject to concerns about

small number statistics, the two samples shown in Figure 6.3(c) have very similar Sérsic
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profiles, consistent with a 74% probability that they were drawn from the same parent
population. Both samples are most heavily represented in the bulge-dominated cate-
gory (R-AGN: 55%; R-control: 68%), with 27% and 23% of the R-AGN and R-control
galaxies, respectively, classified as disk-dominated. Most R-AGN galaxies follow the
color-morphology trends exhibited by the R-control galaxies, with blue (red) galaxy
colors corresponding to small (large) Sérsic indices. A notable exception is the AGN
with blue galaxy colors and Sérsic index ~ 3.5, which could be explained by one or
more of the three possibilities listed above. Examination of the ACS image reveals that
this elliptical galaxy is undergoing probable interaction-related star formation.

The match between the optical colors of S-AGN and S-control galaxies is also
strong, with a 44% probability of having been drawn from the same parent population.
This is easily explained by the color requirement used in the AGN selection process; most
S-AGN galaxies have optical colors U — B > 0.8, so the majority of the control sample
is naturally limited by a similar requirement, with a few exceptions for control sample
galaxies with properties matched to broad-line AGNs. As presented in Figure 6.3(d) and
Table 6.2.1, the colors of S-AGN and S-control galaxies have only a 0.4% probability
of having been drawn from the same parent population. However, if we exclude the
contribution from AGN hosts and control sample galaxies with colors bluer than U—B =
0.8, then the probability increases to 7%.

Regardless of color, the S-AGN galaxies are most often classified as bulge-
dominated (66%) and least often classified as disk-dominated (20%). The control sample

galaxies follow the same trend, but the significance of the results depends strongly on
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whether or not we include the subset of control sample galaxies with U—B < 0.8. If these
bluer galaxies are included, the fraction of bulge-dominated galaxies (44%) is higher,
but it is statistically consistent with the fraction of disk-dominated galaxies (40%).
Without the bluer control sample galaxies, the fraction of bulge-dominated galaxies
(53%) is significantly higher than the fraction of disk-dominated galaxies (30%), and
this may be a more reasonable comparison, given the rarity of broad-line AGNs in the
S-AGN sample and the possibility that measurements of such systems may be subject

to contamination from the AGN, as discussed above.

6.2.2 NUV — R Colors and Sérsic Profiles

The final figure to be discussed in this section, Figure 6.4, compares the Sérsic
indices of the AGN and control galaxies to their UV-optical colors. As mentioned
previously, the criteria required for reliable measurements of the Sérsic index and the
UV-optical colors each exclude a sometimes significant fraction of the control and AGN
samples; together, the two sets of criteria exclude between 21% (S-AGNs) and 65%
(R-AGNSs) of the AGN samples. The R-AGN sample now contains only two galaxies,
both of which are also X-ray-selected AGNs, so although these objects are presented in
panel (c) of Figure 6.4, the results are not discussed. No correlations have been found
between exclusion by the Sérsic reliability criteria and the redshift, U — B color, radio
power, or X-ray luminosity of AGN host galaxies.

There is a significant lack of red (NUV — R > 4.5), disk-dominated galaxies

in Figure 6.4, contrasting the results shown by Figure 6.3. Instead, most of the disk-
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Figure 6.4: NUV — R vs. Sérsic indices of the control and AGN samples in the AEGIS.
Panels and symbols are as described in § 6.1.

dominated galaxies that have red optical colors have green or even blue UV-optical
colors, supporting the expectation that the UV-optical colors are more sensitive to subtle
differences hidden by the purely optical colors. Additional support for this increased
sensitivity comes from a comparison between the optical and the UV-optical colors of
the galaxies represented by diamonds in panels (b) and (d) of Figures 6.3 and 6.4. In
Figure 6.3, the locations of the symbols suggest that the galaxies have similar optical
colors, but the UV-optical colors indicated in Figure 6.4 reveal significant differences
among the current star-formation rates of these galaxies. There is also a difference
between the appearance of the optical red sequence and the UV-optical red sequence;

the latter covers a significantly wider range of color and a narrower range of Sérsic

indices.
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Most disk-dominated X-AGN galaxies have blue UV-optical colors, and the
remaining disk-dominated X-AGN galaxies are in the UV-optical green valley. Approx-
imately half of the X-AGNs hosted by bulge-dominated galaxies are in the green valley,
and the remainder are located on the red sequence at only a slightly higher rate than in
the blue cloud. However, the majority of the bulge-dominated galaxies in the X-control
sample are on the red sequence or at the red edge of the green valley; in fact, there
seems to be a general dearth of bulge-dominated, X-AGN galaxies through the middle
of the green valley.

Two of the most X-ray-luminous AGNs represented in Figure 6.4(b) have
hosts designated as red, bulge-dominated galaxies; these designations are verified by the
HST/ACS images. The third very X-ray luminous AGN has a green, disk-dominated
host galaxy, as determined by color and morphology measurements; the HST/ACS im-
age reveals a highly disturbed galaxy with scattered regions of possible star formation
and a prominent point source. Examples such as these strongly support the reliability
of the measured Sérsic profiles and NUV — R colors.

Galaxies hosting optical spectra-selected AGNs generally follow the color-
morphology patterns set by the control sample, with the exception of the BLAGNSs.
The disk-dominated hosts of optical spectra-selected AGNs are blue and green at ap-
proximately the same rate. Bulge-dominated hosts of optical spectra-selected AGNs are
identified as red about as often as green, with a minimal fraction classified as blue. As
with the bulge-dominated hosts of X-ray-selected AGNs, the bulge-dominated hosts of

optical spectra-selected AGNs are typically absent from the middle of the UV-optical
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green valley.

6.3 Discussion

The host galaxies of X-ray and optical spectra-selected AGNs are roughly
evenly split between red and green NUV — R colors (cf. Figure 6.1). If the green
valley truly represents a transition region from a period of significant star formation
to a period of relative quiescence, then Figure 6.4 suggests that a significant fraction
of AGNs are hosted by galaxies undergoing this transition between high and low levels
of star formation. Although the direction of this transition is not entirely obvious,
the bulge-dominated profiles of many of the AGN host galaxies strongly suggest that
they are remnants of recent galaxy mergers. The interaction between the galaxies
involved would have significantly increased the star-formation in the galaxies, while
also contributing to significant growth of the black hole.

At the time of observation, the galaxies have merged and morphologically
settled to ellipticals, with occasional evidence remaining of the recent interaction. How-
ever, their UV-optical colors indicate higher levels of star formation than is expected
from elliptical galaxies; for example, at similar Sérsic indices, X-control galaxies tend to
have relatively redder colors than the X-AGN galaxies. The relative paucity of bulge-
dominated X-AGN galaxies in the middle of the green valley (consistent with results
from Martin et al. 2007) suggests a rapid decrease in the star-formation rates of these

galaxies, possibly caused by feedback from the AGN.
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Chapter 7

Conclusion

7.1 Summary

The morphologies of AGN host galaxies have been investigated using morphol-
ogy and color measurements of simulations and multi-wavelength observations. Simu-
lations suggest that the color and morphology measurements are generally reliable for
low-luminosity AGNs, but may become severely contaminated by AGNs contributing
20% or more of the B-band flux. However, many of these AGNs would also be identifi-
able as containing a visible point source, so that the results could be flagged as needing
extra investigation.

Morphologies suggest that AGN host galaxies are more likely than galaxies in
a carefully selected control sample to be identified as interacting, but this is not the
case with kinematic close pair identifications; this may restrict the time during which

the AGN is likely to turn on. AGN host galaxies are also generally more likely to be
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classified as bulge-dominated (or early-type or E/S0/Sa) than the control sample. This
confirms previous work with X-ray-selected AGNs, and extends it to high-power radio
sources and optical spectra-selected AGNs. AGN host galaxy UV-optical colors tend to
be redder than the colors of the control sample galaxies, and there is a strong possibility
that the presence of some of the AGN hosts in the green valley is somehow caused by

some form of feedback from the AGN.

7.2 Suggested future work

7.2.1 Stacking X-ray and Radio Images

Models based on merging galaxy simulations (e.g., Hopkins et al. 2008a,b)
advocate violent AGN feedback and predict Compton-thick obscuration of AGNs, be-
ginning when the AGNs are triggered during an interaction and lasting until the original
galaxies have fully merged. If this model is accurate, then the true fraction of AGNs
hosted by interacting galaxies may be significantly higher than the fraction directly
detected with current X-ray and/or radio observations. A more careful investigatation
of this prediction might include a search for populations of obscured AGNs by stack-
ing X-ray and/or radio images, after excluding the 5-0 detections; this work is already
underway using the X-ray images. For example, Georgakakis et al. (2008) stacked the
X-ray images of galaxy samples defined by their optical colors and found that gas ac-
cretion onto a nuclear black hole may last longer than star formation in the stellar

spheroid.
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Another study, still in progress, involves the separation of galaxies into morpho-
logically defined samples. Currently, early-type and late-type galaxies are sub-divided
into red and blue samples (based on the optical colors), and merging galaxies are sub-
divided into early-stage mergers and late-stage mergers (following Lotz et al. 2008b).
If late-stage mergers are found to be more likely than early-stage mergers to host ob-
scured AGNs, this would tentatively support the models by suggesting that (1) AGNs
are triggered during the interaction, because they are more prevalent among mergers in
the later stages of interactions, and (2) mergers may commonly host obscured AGNs.
The 1.8 Ms (total) of additional Chandra time for the AEGIS is expected to provide
more conclusive results. Radio images are also available to conduct a similar study in

search of radio-obscured AGNs.

7.2.2 Higher-redshift analyses

Paralleling the current work at z ~ 1, it would also be educational to study
AGNs at z ~ 2. Using the soon-to-be-installed HST/Wide Field Camera 3 (WF3)!,
it should be possible to morphologically identify mergers, etc., at higher redshifts than
allowed by current instruments and techniques. Investigation of a higher redshift AGN
population will provide insight into very early stages of AGNs and stellar spheroids,

helping researchers to better understand the history of the Universe.

"http:/ /www.stsci.edu/hst/wfc3
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7.2.3 “Observing” Simulated Galaxy Mergers Involving AGNs

To improve our understanding of how well observations support or contradict
current models, we need to know what results the simulations would provide under
the same scrutiny applied to the observations. To this end, it would be instructive to
perform morphological analyses, paralleling the work presented here, using images from
galaxy merger simulations. It would be particularly useful to determine the observable
properties (e.g., morphology, X-ray luminosity) at various stages during the interactions
and during the lifetimes of the AGNs, and then determine what observations might be
expected in fields such as the AEGIS and GOODS-N.

These measurements will be particularly useful because the models make spe-
cific predictions about the bolometric luminosities of the AGNs at various times during
the interactions, and in order to properly compare such predictions to observational
results, we need to know the measured morphologies of the galaxies during the inter-
action stages for which the AGNs have the specified luminosities. It will also be useful
to measure the radio luminosities of the AGNs during the simulated interactions to
facilitate comparisons between the models and the results presented here. Following
the parallel analyses of observations and simulations, a natural final step would be a
thorough comparison between the two sets of results in order to determine the accuracy
of the models and strengthen our understanding of current and future observations and

simulations.
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7.2.4 Investigating the relationship between Mgy and M, heroid

The research presented here focused heavily on the relationship between galaxy
interactions and AGNs, with a more cursory focus on the evolution of the associated
stellar spheroids. A logical continuation of this research would be a more complete
investigatation of the astrophysical processes that cause the observed correlation be-
tween a galaxy’s black hole mass (Mppy) and its stellar spheroid mass (Mgpheroid). One
possible line of research could begin with additional analyses of two sets of current sim-
ulations — those associated with violent AGN feedback models and those associated
with non-violent AGN feedback models — by tracking the evolution of a stellar spheroid
throughout an interaction and the AGN stages. Using these “observations”, one could
then simultaneously measure the black hole mass and the stellar spheroid mass, deter-
mine any time-dependent relationship between the two, and establish which of the two
initiates and halts the growth cycle, according to each set of simulations.

The resulting predictions could then be tested by analyzing observations of
AGN hosts and /or spheroid-dominated galaxies, depending on the outcome of the sim-
ulation analysis. Potential results include (1) indications that black hole growth and
stellar spheroid growth last for approximately the same amount of time, but that these
periods of growth are offset in time (e.g., black hole growth begins before stellar spheroid
growth begins and then ends before stellar spheroid growth ends, or vice versa); (2) a
situation in which the black hole and the stellar spheroid experience alternating growth

spurts; or (3) a system in which the black hole (or stellar spheroid) is the first to begin
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and the last to end its growth cycle. In order for each of these situations to remain con-
sistent with observed mass relationships, the amount of time that passes between the
beginning or ending of the spheroid and black hole growth must be relatively short so
that neither the stellar spheroid mass nor the black hole mass experiences a significant
deviation from the Mpgg-o relation; the time resolution of recent simulations should be
sufficient to make the necessary distinction.

The numerous surveys already available, such as the GOODS-N and the AEGIS,
will serve as a starting point for testing the results suggested by the simulations, but
it will undoubtedly be necessary to complete new observations specifically designed to
support (or contradict) predictions. For instance, if the results indicate a series of al-
ternating growth spurts, one might want to study two samples of star-forming galaxies
which have significant bulges — one composed of galaxies having similar stellar spheroid
masses and the other composed of galaxies having similar black hole masses. One would
then carefully measure the corresponding black hole and stellar spheroid masses of the
two samples, along with the ages of the stellar spheroids. A correlation between scatter
about the established Mpf-o relationship and the ages of the stellar spheroids, at a
given redshift, may support hypothetical predictions, although it would also raise more
questions, such as why the growth of the black hole and the stellar spheroid seemingly
take turns following each other on a rather short timescale.

This proposed research builds upon current research by looking at stellar
spheroid evolution from a different perspective. While the work presented here ex-

amined the potential causes and effects of the growth, the proposed research may allow
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a determination of the pattern of growth by tracking the development of both the black
hole and the stellar spheroid using simulations and observations. The predicted rapid
decline of stellar spheroid growth due to AGN feedback suggests a reason for the ob-
served galaxy color bimodality — as the stars age, there will be a net change from
young, blue stars to old red stars. The results obtained by investigating stellar spheroid
evolution will address the galaxy color bimodality and help us to better understand how

and why galaxies evolve as observed.
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